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Abstract

Purpose—To assess ‘ue feasiiity of spatial-temporal constrai~.ca recor-truction for accelerated
regional lung perfusion u.ing highly under<-.. nled dyna. uic contosi-enianc 2d (DCE) 3D radial
MRI with ultra-short echu time (17T5).

Methods—A combinc 1 stratees was used to accelerate DC E MRT £ir 3D j uln onary perfusion
with whole lung coverage. A highly undersamnled 3D radial UTE MRT ~_quisi‘ion was combined
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with an iterative constrair. =d reconstruction exnloiti1 g principa' compone~: analysis and wavelet
soft-thresholding for dimensiona. ity 1 >duct.on in ,pace and time Tne performince ~f the method
was evaluated using a 3D fractal-bisea DCF uigital lung phantom. simulated pex “usidn maps and
contrast enhancement curves wers comr.red to groi ud 1-uth using the struc‘ur.! simj arity index
(SSIM) to determine robust thr 'sho’. and regularizat on 1 *vels. Feas:~lity studic, werz then
performed in a canine and a hun.an subject with > radial JTE (TE = (.58 ms) arquisition t2
assess feasibility of mapping regional 3™ perfusior.

Results—The method was able to a~zurately recover pertue’ o maps i1 the phantor with a
nominal isotropic spatial resolution of 1.5 mm (SSTM 01 0.949)  The canine ~..u humar . bjet
studies demonstrated feasibility for providi=.g artifact-*. ce perfusion maps i1 a s.mple 3D hreath-
held acquisition.

Conclusion—The proposed method is prom sing f~. tast and Texicle 3D pul nor ary e fus.on
imaging.
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Movies 1-6 (Supplemental). Reconstructions of in vivo data obtain d in canir~ ,ubi- ct usir g PILS, PILS with view sharing (VS),
FISTA, PCB and PCB+ST.
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\NTRODUCTIO*

xobu<. methods for the «..sessment vf re rion2! yuli1onary structure and function are highly
v-.iuable for the early detection and » _curate dia<..0sis of a vast array of pulmonary diseases.
uurortunately, a. curate assessiment reciues separat. inodalities for structure and function.
Cuuenuy nuclear imaging te ~.uques inc'uuing scintig -aphy, single photon emission
tomography (SPECT) [1,2] and = usitron emis ston t¢ mog raphy (PET) [3] are the most
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pupuial 1maging tecl niques to .ne~sure pu'moi ary ventile tion and perfusion. These imaging
=9dal lLivs 1ec uire 17 uloactive labeled tracer s an ! have intrinsically low spatial resolution
tha* lim. it< cheir wdlity for diagnosis of regionally heterogeneous lung diseases. In recent
year 3, dual- _nergy iodine-enhanced comr-.ed tomogi.nhy (CT) has been actively
ivesticated for perfusion measuremer s [4]. 10dine enhinced CT provides high spatial

1 stution, Jast acquicilion with whole lur g coverace, ar.d short-examination times.

Ui rortunate’;,, tne high resolution obta.ned by CT is ~.ssociated with substantial radiation
exposur, especially for longitudinal follow-up exami=auons in children, young adults or
pregi ant vomen [5,6].

Magne..c resorunce imac.g (MRI), in contrast to nuclear ~.ed.zine and CT, does not rely
on ionizing, radi>*ion. Due to well-known physic2! and technica: challenges for visualization
of low prcton lensity tissue <opecia'ly in the g esence of resp ratc ry and cardiac motion,
pulmonary MR dex_iopment ks pbeen slow. However - cent ad- ances in MR technology
have significcntly im=:oved pulmonary MRI. Speificall>; rapid : hor - echo time pulse
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sequences with optimized data acaniciti~q trajectories for stat:_ or tir ie-resolved functional
imaging combi.'ed with multi-channel ph. sed array ~ous for n~zailel imaging have shown
great promise in overcomit g the conv~.ational limitatizus of milmoi ary 1 1R1. Emerging
pulmonary MRI methocs now off~. a broad spectrum of methods “or i11ag ng of lung
morphology and physiriogy Fy employin ; staadard pro on, hype.o..rizec gas or oxygen-
enhanced techniques [7-17].

One of the most clinically estak'.;ned meth2.'s fo - the study of b-..g tunctien is verfusion
MRI using dynamic con cast-enh>=.ced (DCE) im2zing [12,17 ]. DT MRI urtiizot a Fme-
resolved acquisition to image and characterize t=.c d_namics o. = intravz.ously de'ivered,
T1 shortening contrast agent. Current i-..aging pre*ucols apply Cr.tesian th.ce-Ji=.cnsional
(3D) time-resolved T-weightzu sequenr<, with some form of viw sharine 'L 5-17 Simple
visual assessment is common.v =sed clirically; howeve: descriptive klnetic prraseters
using tracer models are in developn-ent [17].

Quantitative kinetic modeling of )CE MRI would lik :ly ¥ ield more p.wert 11 1:.gnostic
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information, especially for longitu lina, curveille=ce. Ur.ortunately, accurate or.atificati~ .
requires high temporal resolution imco<eing that is roLust to ~<. ‘ounding 1 ctors. ¥*in the
application of parallel imaging and k-space view st.ung, sever.l techniques have
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demonstrated sn~*2! 250 inpural resoluiions on the order of 1.5 x 1.5 mm? with 4-5 mm
slice thickness a a rate of ! 2, Jiu-es pe. second [7]. Unfortunately, such acquisition
“othniq 1es depend on si bstantial vier, sharing, which blurs hemodynamics temporally and
thus lim.*s accurate quan ificatic’. of flow dependent perfusion parameters [18].

\n attiact’ ve solutior, for ume-res~ived DCF .RI with 3D lung coverage is 3D radial
acquizition » 7ith ultra-sh~z¢ echo time ( JTE) [19,20]. The sequence allows for sampling the
e.treme.y short echoes, wh*_u imp1ves signal-t~ 10ise ratio in the pulmonary parenchyma.
Ar sther important advantage of the \ITE sequence _s its inherent robustness against motion
and =21 auvn ar.ifacts. Howev-., significe=. radial urdersampling is required to achieve
sufficient < uial resolutic 1 for tune-resolv_u pulmoary perfusion imaging. When paired
with conventional reconstruction. 1".aersampli=g 013D -adial k-space trajectory results in

L AT

aliacino ~r+if22t 21T However, the srial inccherence o1 these artifacts makes
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undersamnled 2D rad al imaging an ideal c. ndid'ate fo - Zpplication of an advanced
reconsiuction arproach, such as compressea sensing (CS) [22]. A principal requirement of
CS s availak.uty of sparse representation of wi 1mag > or image series in some transform
bouis. Wlale typical =z ‘mages possess onlv Luuid sp atial sparsity, DCE MRI
«carisitions ~zo characte~..ed by high levr | of spatic [-te nporal correlations -- in other
wor,, these ar5uisitions are sparse in the co%.ued s atial-temporal domain.

Sevi ral « pproaches have been proposed for sparse .cpresent_tion of time-resolved data
[23-24]. Cue of the most »£icient and sim, 1e temn-zai vasis s ts can be obtained using
princip 3l comporz.ut analysic (*CA). In fac., this approach h=2 been applied successfully in
myocardial perfusi~.. and phase contrast measureme=..s |[25-27" PCA can represent dynamic
data with Hnly a few temporal b~.is functions \alculat<a rrom synchronously acquired low-
resolution ‘rain‘ng dat>. ir the PC A compression allows si.uticar. reduction of the
problem’s a:mensionality compared to the numbe- vt image< .., the s°ries, the spatial-
temporal data sampling requirements may be sigm “cantly relax~d.
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In this work we nronnse a =2, i - £ M technique that ~<.ubines » time-resolved 3D
UTE acquisition with ¢ nst. ai~.ed re-unstruction for quantiauv. as: essmut of regional lung
perfusion. High isotropic spatial .esolution is achieved I 'y arqu:vin, inc omlete data for
each time frame and »scons*. acting it usin 3 diinensional.‘y 12dv-%,0n in te.aporal domain via
principal component wr-iysis and soft-threc holcing of wav clet co~Ticients 1n spau?!

domain. Experiments were perforr.u 1n a fractai -based dig:.al lune Luantom a.u in vivo to
demonstrate the practical £ asibilitv ~I e me hod

METHODS

Fractal-based digital lung phantom

In order to assess the performance of *iie pronre== recon: fruction tec’mia’:c we cretec a
fractal-based 3D digital lung phanfom. % branching tr.'e al yorithm [Z 8, 2 9] bise? on
morphometric parameters of the I ume n lung was app!.ed t» model the fract: 1 reczetry of
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the pulmonary vessel network. Luag is a highly r-. rused organ with a vascular »<.work
based on fractal morphology. This s 'stem permits th_ vascul=*1re to tran port a larZ
volume of blood at low energy cost, while veing dis*zusible anc sustaining nigh-pressure
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a segiented lunr vohrme th2!l v as otair-d from a real 3D morphological MRI acquisition.
Lges of the lung vasc 1latt re were senerated on 5123 matrix. Vessels generated below the
mat, ix rcsolution were by irred ucing a Gaussian filter to reflect the partial volume mixing of
the pt Imc1ary capilla-y bed .t the nomirzi 1.5 mm resolution expected for the subsequent in
~ivo expr.rnents. Aty of arri ar of the ~curast agent was assigned to every branch
genr.ation 'chis numer cal phant~:1 se.ved as a reference standard for objective evaluation
and orumization of the i7.age reconstruction »:ouned, including the calculation of
or.antitative parameters describing th-» pulmonary- perfusion obtained from highly
uuuersampled deta.

The signal enhancement due to the zussage of ~uuti st azent through the arterial network,
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canillarv hod o2 2 yous network wae sin ulatid usii g th» gamma variate function (Eq. 1),
which is ofter ==3ed te describe the dispersicn 0i’a boli= aue to blood flow:

1 -1 —-t,8
h(t;a,ﬁ = ¢ e a,f >0 [Eql]
\ ) ﬁal’(a)

waere: ¢ —time. ©, p — define shape ol the ~urve

The pul10nary recirculation of the contrast agent w~., added' to the model in Eq. 1 to better
reflect in vivo conditions. Th< s gnal enhar<cment tir2 cours * was described by using a
superpdsibon of thros gamma ~ariate functi~2.s with diffe. cu shapes and delay times such
that the peal contrast Lunancement of the pulmonary r=circulatin occurred at twice the time
to first pas s per.< enhancement. Tr . 1imic regi ual dise2z., a .7eqa,e-shaped perfusion defect
was introcucec in the lef* upper luns. The maxi..um amplit-ie of the gamma variate
functions ci aracterizing th~ contrast-enhancement ‘7. wne perfireion (=fect was decreased by
a factor of 2 ang u.c time to maximal contrast-enh.n~_inent was arth :r delayed by 2
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seconds.

Subsequently, an inver.'e g1 ‘ddi~.g pre.edure was perturmer <= the rener.ted time-resolved
lung phantom data. The %-space c.ta were sampled usin ; a ti==-rezo0lv :d = D radial
trajectory with an inte~ieaved oit-reversec pro,ection rec vde ing ( 7980 unir,ue center-out
projections over 33 s>co~.ds). Noise was ac ded ‘o the data +. the lev~l of 295 vf .2an
absolute k-space values. The samplir_ rate is not changed ¢ v.amically airoughezc the
readout, despite changes in “..c strengtt o1 readour Therefore. Lne electrouic ne.3e
distribution should be idcutic~! ;or all samples .ud was appro <im. ted by cor plex Gau-~ian
noise. Sensitivity profiles of a virtual 16-ch~..uel chest array cou we-e simulated uing the
Biot-Savart’s law. Figure 1 shows = projectior .inage of the arter al tr=, parencnymal
component, and venous tree. [he bacz code f~= UI,. zeneration of ¥27.dl ~liantoms in
available here: https://bitbucket.org/krjohnson?/mri-frac tal-phantonr over, iev-

MRI data acquisitions

)duosnuep Joyiny vd-HIN

The first in vivo DCE dataset was icquired in a c~.ane sv.oject (weight 11.7 kg. ~.¢ 10
months). The examination was a pa.* of a larger ani-..al studx, which was approve? vy we
local Institutional Animal Care and Use Committee .inesthesi? was induced by propofol
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pg/kg bolus, 10 1o/ka’hr i L.lusi o) ans maintained by isoflurane in 100% oxygen after
wuotracheal intubation. Duiinz, the e-.amination the animal underwent intermittent positive
pres:ure ventilation. A vinous st cath was positioned in the cubical vein for contrast agent
admii istr: tion. The ir.aging of the canirz subj 'ct was performed on a whole-body 3T
ccanner ZnR750, GE Y-althcar:, waukesk=, Wi, USA) with a gradient peak amplitude of
50 r1/m 27.d a maximz . slew r=2* of )00 T/m/s. Twenty elements of a 32-channel chest
phaser array coil (Torso “uray, Neo ~oil, Pew=wxel, WI, USA) were used, providing for
c.nplete coverage of the thorax. The animal w2+ piaced in the supine position in the
ovanner. Time-resolved 3D r=aial UTF “ua with ar | terleaved bit-reversed projection
Zeuructing were acquired sin!laneouslv v i the injec ion of 0.1 mmol/kg of gadobenate
dimeglumine (MultiHance, Brac~, Diagnosti. s, Pri.cetcn, NJ) at the flow rate of 2 mL/s
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Slivweu vy a I/ mL saline flu h. Tc 1mazing paran eter * were as follows: TR/TE =

2 8/0.05 .us, 1 .ns rendout time, flip angle = 15° field-ot-view (FOV) = 2503 mm?, matrix =
223 nwinal rsolution = 1.12 mm?3, bandwidth = 250 kHz, 7986 unique center-out
projctions the 3D radial UTE sequence wsed slab-sc'ective radiofrequency excitation with
I*.nited 7OV, variak!_ density read-out grad’cnts, an 1 ra'ial oversampling along projections
("CV dorkliug). Det>ils regarding th¢ im)Hlementat’on ¢ f the pulse sequence can be found in
Jo'wson et 21, [19]. The acquisition tin.> for one 3D vulume was 1 s. 33 consecutive
una>rsa.npled volumes were acquired during wie end <.pira ory breath-hold.

The svcon 1in vivo DCF Jataset was acqui.ed usisg the se me “echnique in a 23 year old
female .uman <uoject with. ractor V Leiden. The patient h~J nc history of lung disease. The
examinatic.l1 was performed on a whole-body 1.5T scanner (il 450w, GE Healthcare,
Waukeshz, W1, USA) with a g.adier.* peak amy litr<. 0t 33 m” /m ind a maximum slew rate
of 120 T/n /s, ucine !5 elements ur a 32-channel chest rt.ased arr -v coils (GE GEMS,
Waukesha, VWT. USAY Tne measurement started & fter IV ~amnimnis ratiyn of 0.05 mmol/kg of
gadobenate dimeglumine (MultiHance Rracco Diagnostics. Princeto 1, NJ) followed by a 35
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mL saline flustk at the flow rate of 4.0 mL's. The ime Zwug parar..ers of the 3D UTE
sequence were: ‘1 R/TE =3.3/0.05 ms. I ms readout ti ., tlin angle = 15°. field-of-view
(FOV) = 4003 mm?3, ma rix :- 2563, nominal resolution = 1.56 mn.3, bandv idth = 250 kHz,
7986 unique center-out projec’ions. The ¢ .quisition tim: fo ' one 3D - vlur e was 1 s. 29
consecutive undersaiple~. volumes were a-qui ed during .= end exrizatory Hre~th-hold.

Iterative reconstruction of time-resolve< adata

The time-resolved 3D U "E d=*. were reconstri..ced using an tera 1ve algorit \m that
combined reconstruction in temporal princir=i comp ent basis (PCR) and spatial Jomain
wavelet soft-thresholding (ST). The T CB assr=.os that the dynan ic imzge series can be

components. This is a reasonavle assv~aption dve to higl level of spa‘al-te-poral
correlations present in a typical DCE im~ge series [25 27] Since mc st ¢ ¢ the mu ical
images are characterized by a hig'1 de ree of compres ibili:y in the spatial aod11air, 4 wavelet
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transform can be used to represen the.n as a vector of sp.rse coefficients. soth P05 and
wavelet transforms were integrated ‘uto a cost functi~.i that w=s solved i*<.atively t~ Z.:force
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consistency with k2 PC (.4 wicasured da a, s, while minimizing the L1-norm of the wavelet

coeffl “ients:

Z . .
= qmin | (W | |I;s.t. | |E —s| |,<e¢
:F f € pan(D> 1 2 (Eq. 2]
>
> ~/here f 5 t1e vectoriz e image sories, W i wie wavelet transform, E is the encoding matrix
1= (cor.istine of Fourier & . coil serzitiviy terms), and D is the basis of chosen temporal
= A . . . .
o princizal components. T 1. problem may be s~!.ec by generating a sequence of iterations,
<
= p, using a projection gradient technir 1e [30] with an additional model-consistency
2 prujection [31,3.] as follow-:
c
3 T(n+1 H
g. f(" ) - %PD(f(n) - aE (E ) _ s)) [Eq. 3]
©
=L
where ~ iz 2, psize [27], Pp=DDH, S, = W™ T, (W), and T, is the soft-thresholding
op-ratcr [?5].
Th. algorichm is summ-. ‘zed in Figure _. First, 177 resolution training images were
recorstructed #-um the rav. data using was elet regul: riz: tion to minimize noise and aliasing
aitif2is. Subserzontly, the principal ¢ ymponent Lnalys.s was performed on the
Z f: Subsercntly, the principal p + analys.s (PCA perf d on th
,I recmstructed training data and principal componez.s corrz. ponding to the largest singular
g valu s (¢ mprising 95% of total energy) were ch<sen as 2 * «nporal basis. The
‘):> dimer siorality reductior tiroug 1 PCA wa. perfor-.cd mn .-t s race as proposed in [34].
5 Then, 1~2 migh-r2solution tz..e-resolved data set was recons*-uc ‘ed as a sequence of
91 iterations, r., acce=aing to Eq. 3:
5
5 f=3
c
»
Q
5 fork=1:n
=
r= EH(E —s) % cal.clate data res dv-.
h
rr
a=-; % find ster size
g
\=f-uar % updat. sol tion with du*7 term
= f PDf % proi-.. onto space spaned *, PC basis
:I_I: f= Srf % appl~ .va velet thresholding
Y
>
>
c end
=
3
= The L1 norm minimization it perfor.cd threw: i adantive data-diive. Byesian shrizage
Qz, via wavelet soft-thresholding | 33]. Th. goal of th= algorihm is to fin « the ,Hft thre tho d 7,
F;’ which minimizes Bayesian risk in .ach ~abband of wavele  decompcsiti m. 1. as umes that
Q the signal and noise being genera ized are both Gauss’an d stributed. .’ neat'y onr*inal
= threshold is found to be ¢2/a,, whcre o is the neiLe varinnce and oi the signal *.uance.
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Prior to the ima~= =222 L ueuv, coll col1pression was performed on raw k-space data by
application of th > sinemlar --2lae Ge.omprition method [35]. Subsequently, coil sensitivities
~vee celculated using tl ¢ EL PTIUT al sorithm [36]. Each training data set was reconstructed
on a 32 isotropic matrix reconst-ucted using 50 iterations of wavelet soft-thresholding. The
discrcte wavelet transform was performe< usin; Daubechies wavelets with support length 7.

Imag~s werr also reconst-ucted using ¢ 2veral reference methods for comparison with the
r.oposeu combined meto” (rCB-L T). "hese refz, ence methods included: principal
cor..ponents basis without wavelet sc ft-th.esholdinz, (PCB), partially parallel imaging with
loeolizc 0 sousit vities (PILS) 127, fast iteruve shrint-age thresholding algorithm (FISTA)
[3R1 and PTT T combined w.th th2 n-space a-.puve fili>r temporal view sharing technique
[21] referred as to PILS-VS. The k--pace adar*:,¢ 1'lter had a width of 3 seconds at the
center nfl coozo 1 quadratically ir<.ca. ed ty inclu de 19 seconds at the edge of k-space.
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The reconetm~*gng o fnumerical lung phar.tom and ai ‘~..al subject were performed on a
2243 m.atriv. with .n undersampling factor ot 051; human data were reconstructed on a 2563
mat 'ix with 2.1 undersampling factor of 747 Tne nu.2e quality was assessed by calculation
of struct.cal similaritv Lu'ex (SSIM) beweer tic iong L hantom ground truth reference and
13coustructed Jatasets. Tho reconstruc tior algorithir s wi re implemented in C++ as stand-
alor~ software G NU Compiler Collection &4 %i., Lin’.x operating system). PCA was

im) lem :nted using singular value decomy ~<itin= {Arma<.i,» C++ library, NICTA, Brisbane,
Ausialia). Parallelization of the computational =igorithms -as performed using multiple
CPU \ore: to accelerate ‘e reccastruction. Each Zicration of tiie PCB+ST algorithm took
approx_.aatelv 2 minutee.

Evaluation of pulmor ary perfusion

For the quentita.= = cvaluatior 1 pulmonary perfusior we used ..~ standard singular value
decompositio.: (SVD; «echnique [39], the indicatc r dilntuu theor ' [4)] and the central
volume principle [411. SVD ic the =2zt -7idely adopted decrz.volutir a method, and has been
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successfully aplied in lung nerfiucion me. surements | 12]. The arterial input function was
estimated from a manually 1rav . region of interest in we pr*'onaiy artcy. Because this
was a proof-of-principle experimr.at, we did not perforn correctio.'s fc - 1) the non-linear
relationship between s’ znal 2-.d contrast ¢ oncu ntration, .') h»matc ~riv revel, and 3) lung
density. Parameter maps .1 estimated pulmonai 7 blood flo» (PBF) zuwmena v Linod
volume (PBV), and mean transit time (vi ['T) we ‘e generatc 7 vy pixel-*y-pixel a=.iysis of
the time-resolved datasets. Mcan value und s*anard deviatio, of PBF, TV ~ad MTT
were calculated from reg ons ~ 7 interest in the . cconstructed c ata ets locatec in tne lun ~
parenchyma with exclusion of large vessels ‘.1 rout nes for pe.rusies ¢valuation \7ere

implemented in C++ as a part of th- siand-ale_ reconstruction s ftwa~..

RESULTS

The quality of digital lung phanto a i 1ges reconstruc ed 1 sing diffe -ent *>~hiques s
compared to the ground truth in F ‘gur: 3. A coronal “ice "rom a single &™me frane of “ic 'D
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time-resolved dataset is presented. Simul~ted ~iimonary artery and vein, as ™ il as @ Woug>-
shaped perfusion defect in the upper 1ot lung are (udicate (an »ws). The resi’s,
qualitatively support the benefits of combined n+..cipal compr.aent and wavelet
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thresholding in ~~=j=niiivu wiun waining lata as a means to reduce streak artifact, especially
comp. red to dirc et reconstizlions vith PILS and view sharing. The constrained iterative
Zoeonst uction incorpor. ting br . the “C basis and wavelet soft-thresholding is seen to

furti er iinprove spatial resolutior. compared to either the PC basis or wavelet soft-

thresi old) 1g alone.

Contr.st-en' ancement crzves calculate 1 in the lung phantom from regions of interest
I-cated _a the simulated vn'z..onary arterv, vein. g parenchyma and the wedge-shaped
periusion defect are presented in Figire 4. the curr2s compare the temporal fidelity and
amnlis (o bewwe 2n the ground * uth lung rlLantom and all reconstruction techniques in
different <o .0 components. Fierzo 5> shows “lie SSIM hetween the ground truth lung
phantom and the result of iterative *~constructiZ.. a;3or1 hms including FISTA, PCB and
PCR+QT ceme o e 200t jteration = as 1.867 for } ST\, 0.889 for PCB and 0.949 for
PCB+ST For ~sn-ite ative methods SSIM vas 1.752 2*_>-VS and 0.459 for PILS alone.

yduosnuep Joyiny vd-HIN

Fig we ¢ show, the parameter maps of PBF, PR 2nd MTT from a coronal slice in the
dig’.al lurg phantom, wh~re the ground “cuth is compai >d to the PCB and PCB+ST phantom
“ecorsiructions Tue mean values and stap sard device tior s of the PBV estimated in a region
0. mterst located L. the right lung are pre.ented . Tab.e 1.

Botin ’ivo acquisitions were successfully pertormez. rigu e 7 presents a transverse slice
of a ¢ingl- time frame obtair<J from the DZ UTE acisition in dog and reconstructed
using « Il ashrementizued techr’ aes. The e t*.aated perfusio., narameter results in dog and
human subje_is usinge “.ic datasets reconstructed with PZ5+ST ¢ re displayed on Figure 8§,
and Figure 9, - spectively. Additie=ally, controsi-enhanez.uc.t cu-ves measured in the dog
from regic us o “interest 1~ _ated in th-. simulatec pulmonary =:.ery. vein, lung parenchyma
are shown 11 the nigure 8. Tho mean values and starzard deviations ~f the perfusion
parameters are ... wn in Table 1. Movies showing th~ aynamics ¢ f th : contrast agent

yduosnuep Joyiny Vd-HIN

enhancement in th= 222i50 suujeut 101 dliferent reconstru~tiun techr.ques are provided in the

supplementary i1aterial.

DISCUSSION

This study demonstr.'tes *'.e feasibility of nply ing spatial-:>mporallv cunst+: ine
reconstruction to time-resolved 3D rad‘.i UTE aata for imy te ed asses<z..ent of rez,unal
lung perfusion with whole ch~.,. coveracs. substatial under s2-.ipling w~2 ole: ated while
maintaining high spatial -esol*:,u (1.56 mm?3 = Lyuman subjcct, ’.11 mm?> i dog, mai-ices
2243-2563) and 1 second temporal resolution The u: ¢ of UTE p.ovideZ oetter dep ction of
structural features of the lungs comr-.ing to co, entional echo t'mes [12]. Mo1.uver, the
isotropic spatial resolution alvorded by Ju radial <ampling allows for bette: visual
assessment of regional perfusiou using wuaulti-planar refo matting and .educes parucl volume
effects. While some Cartesian (pars.lel ir.aging) undc vsan pling met 10d ; prc du e .sot opic
spatial resolution and full chest cc vere ge [16], most C .rtes .an approa hes siic1as TkICKS
or TWIST [14,15] require tradeot s in <ither tempo~.l or “patial resolution, at equivzient
breath-hold time.
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Another favorak!= =2y .1y ol 5w raaial simpling is its high tolerance for motion artifacts.
this 1 especiall * imnortan® I supr.essir pulsation and motion artifacts in the lung near

Zuc hea t. In the case of Tart>si.n sar.pling the propagation of coherent artifacts along the
pha: ¢ eni~oding direction caused Ly cardiac pulsation can be problematic.

1t shouid ~so be note 1 th~c the dic:lal simula*:un provided an effective test-bed for
devel.ping : nd comparirZ uifferent co 1strained iterative reconstruction approaches. In
rarticul.c the simulatior. al’o wed diect comparis<.\ to ground truth in a system that
mi~.acked the fractal vascular network anu contrast znhancement expected in the lungs in
vive TLO uvers? gridding pro-_ss was si™aiated to r2semble a realistic multi-coil (16

channaly 27> T acquisitio 1 to ~piicate ur-orsamplii g expected in an actual acquisition.
The combination of PCB+ST algori£i.uns proviZ.a the b st visual image quality (see Figure

yduosnuep Joyiny vd-HIN

3) and hichoot SETRD in simulacions a=4 ws the closust tc the ground truth in terms of the
arterial enhan~~ment The combined PCB+3T v as the »ziure the method of choice used in
the dog an num-. subject studies. Specificaily, the reconstruction using only the principal
con vonent busis (PCB) — similar to technic.cs proposed in (Liang [34]) — showed a
de_rease in SSIM at ak_u* the 15th iter-.cdon. . waelet soft-thresholding (FISTA), over-
tmeching (P'uiring) was a limitation, like ty becaus', the energy in the wavelet coefficients
doe< ..ot distincuish between stochasti ® noiwc~ =z strur cured artifacts. The choice of the

wa ‘elet snrinkage method is based on an cniri~.i obse*, a‘ion that the wavelet coefficients
in th > sui bands of a natural image can be summ..1zed by .. reneralized Gaussian

distril utio 1, whereas cenuaibuticns from ur ders2=,pung ai tifac t is known to be inherently
non-ra.qom. A ey advart.ge of the combined approach s*<.us from the removal of streak
artifact wh .n inc'uuing the PCB as an additional ~Lustraint. Tuuc allows for the retention of
energy in vav:let coefficiente with g reater spa.ial < olution.

Because the training dat2scu 1s undersampled, the _orrect rercusouct.on of the data is
important. We’ve chosen to use an iterative recons zuction of the crair ing dataset before

yduosnuep Joyiny Vd-HIN

PCA is appliec 11us necessitates a user-s1pervised cheice of waveiorms that are consistent
with the general Zo..u Of ccutrast ~.gent ~ynamics. Ho ve .y, 1t raise » an ‘mportant limitation
of the current method. 1'ulk ~.otior Uy an uncooperative atient ¢Huis ma ifest as a
temporal component wit ., high _nergy in th<= >CA. Mor ovr ¢, snali loral t¢ mporal behavior
may not be fully des .ribed Ly a linear con binstion of on.:7 a ivw lower ~.der PC
components. While q. .uitatively represer:.d, th perfusior def~_. was no reconstn. ted
with as high fidelity as those w= crorms rez. 2sen‘ing the main ar*_u1al, venous and average
parenchymal compartme uts. To acZess this liinita ion, an apj roack wat allo-s 1~
regularization of the PCA components [31] coul< pctentially 1ot2%. smal', coefficiz.us to
reflect real dynamics in the image dat» .iternativ-ly, other apprcuches b2-cu ¢n seneral
assumptions about temporal <*Zual prope+iics such continuity anc smhothnees ..., he
explored to avoid the use of lv'w . csoluti~. training daw [42-44], thou~,a detail~2
comparison with such approaches is oeyor~ we scop > of ithe present worx.

There are several other limitation . of - he current feasibilit study. Clea-ly ac dii<.ial stnd:iz=s

)duosnuep Joyiny vd-HIN

are necessary to confirm these ear y reslts. Hov . ver, th e possibility for quantit.uve
perfusion is promising. Despite the 1ock of correcti~. for the . onlinear re ationsk:,, ot si3nal
to contrast concentration in the arterial input functi<.. and the 1-ck of correction for either
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blood hematocri* ~= i tLissuc uensity, th e values calculated in the estimated parametric
perfusion maps : howed valz2, wiv .a physiologic ranges. The expected anterior to posterior
e vita.ional dependent gracier.. in PLF and PBV was apparent in both in vivo experiments.
Per1 1sio.» maps obtained from th- digital lung phantom are close to the ground truth.

None hele ss, the quaritative #BF, PBV ~..u M TT maps obtained are not yet validated in an
~osolute se.xse. Many facors e iead to er-urs, including the choice of the SVD threshold
(0.1 ia this ‘work), recir .ulation. »=1 liri2arity of the enhancement with contrast
~once~.ration all remain *, oe confiimea for th2 U "E sequence.

it «h210 Uo noted that the convoigence of e simple gradient descent search used in this
worl ie I ., w0 be compu.atiorLuy slow. 2w.a recons ruction times are long despite
multithreading. In this work we choose to impl<.uent the projection gradient technique [30]

yduosnuep Joyiny vd-HIN

becance the ~=-271 Ul compute. mem~2y 61 0ou - netw rk \7as limited. The very large time-
resolved mmlti ~pi] 31) data sets are amenal le tc paral. <! processing using threaded

alg oritims, out .« ficient memory is a prerequisite. To further reduce the recon times we
alsc used an S VD coil compression method 101 1o (he reconstruction. Future studies in a
cruine model will compa e quantitative perfi*z.ou . >sults to Cartesian DCE and will use
(oniugate greZient to ac~Z.erate conve rger.ce. This v ill : llow implementation of a
regrlized PC A approach that is expe stea :2 ©..wner izaprove the accuracy of the methods
pre ent u.

CONCLUSION

In this work we have demonstrated the feasibility of ~<.straine~ reconstruction of highly
under samr pled ame-resolved 3D -.ial UTE d ua for rezionai 'un; perfusion imaging. It
feasible to use ‘he recor-iiucted fro<.al-based lung phantor und i7. vivo datasets for to
generate esiv'mated perfusi<.. parameter maps in 3™ with isotric hizh spatial resolution.
However, further experimental and clinical studies »7. needed fo- val dation of the

yduosnuep Joyiny Vd-HIN

quantitative he..odyuannc parameters ob ‘ained using thiz wchniarr. against both well-
established Cart><i~= DCE lviru azproacies as well s clizical referzice standards of
pulmonary perfusion wich 27¢ not ased upon MRI.

Supplementary Material

~

Refer to Web version on PubMed Centra! Zur supplem »ntary mate ‘...
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Figire 1

vased *Igiral lung phontor-.
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Visuliza‘ion of the arter.al (a), parenchymal /b) and venous (c) compartments of the fractal
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o

Z Fig\ re 2

T Wor flov of the princip~.« comonent basis with wavelet soft-thresholding (PCB+ST)
g “econ: *uction algori. hm. P.aw data i used to c: Iculate the time-resolved training data at low
é> spatial .esou1tion using, wavzict regulari.ation. The principal component analysis (PCA) was
=5 pe-torme . on the recon. tructeZ wra11ing data set. Several principal components

2 corr.sponding to largest singular val es \7=2¢ chose 1 as a new temporal basis. Subsequently,
g§> e high-ree~!:on time-resolved Zata set w22 iceratively reconstructed using the PCA
g constraint and/or wavelet sc tt-threshoiding derz..aing on the reconstruction tested.
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o

Z Figire 3
T Comari: on between the fract>:-based 3D die’tal lung phantom ground truth and the
g lifferc =2 reconstructi m terimiques. A1 images show identical slice orientation and time
é> frame /.=23 s). The ar.ows ‘.uicate pu'~..onary artery (Pa), pulmonary vein (Pv) and a
=5 wrage-skaped region w'th de~zcase 1 sig nal intensity located in peripheral part of the upper
2 left 'ung (Pd).
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o

Z Fig\ re 4

. Cont -ast- 2nhancement c.cves *.easured in rec’ons of interest located in pulmonary artery
g ‘a), ptuonary vein (), lv.g parench; na (c), v redge-shaped perfusion defect (d) for ground
é> truth Ir.ug pantom an: the *..ue-resolvza series reconstructed using different techniques.
5 M-_an so.ared error (MCE) c»'_utai3d b ‘tween the reference curves and curves obtained
2 fror image reconstructions. The larg est 1 /S5 was 1>r PILS-VS: 0.1823 (arterial curve),
g§> 3.0218 (ven~:z surve), 0.0288 (ro.enchyma! _urve), 0.0118 (perfusion defect) and the
g smallest MSE w5 for PCB -ST: 0 M55 (arteri~! curve), 0.0131 (venous curve), 0.0105
3 (parenchymal curve), 0.0053 (perfusicw aefect).
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Figire 5

0759 PIs.
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Structura' similarity indc 4 (SS:v[) between th~ fractal-based ground truth lung phantom and
ime-1>cu1ved data sc's recunstructed Lsing FISTA, PCB and PCB+ST. PILS-VS and PILS
results ure 1.0t shown iur cl~2.y. For cezaparison, SSIM was 0.752 for PILS-VS and for
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o

Z Fig.re 6

L Nun. =ric. | evaluation of simul~..ed PBF (m! h720d / 100ml lung / min) (a), PBV (ml blood /
g "00m. ".ng) (b) and i1 1TT “s) (c) in » oronal sl <e in Figure 3. The values in the lower left
é> side in sach image ina.cate “..c mean a~J standard deviation calculated from the region of
5 in*crest i~ the whole rig't lurs cxciadin 3 vessels. The ROI used for the quantitative results
2 in T=ole 1 is indicated in the upper I¢ ft perzi.
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Fig\re 7

PCB+¢"1.
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A trensverse slice repres _nting « single time fame obtained from the DCE UTE acquisition
n can " snbject rece nstr_ced usine TiLS, PIT' S with view sharing (VS), FISTA, PCB and
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o

Z Figire §

T Quan titai've evaluation =~ PBF ml blood / 10ml lung / min), PBV (ml blood / 100ml lung)
g nd M7 (s) showin;” a tre.sverse s2o obtaine 1 from the DCE UTE scan in the dog study
é> with p~.am tric color .aaps Zverlain or ie morphological images. Below contrast-
5 erlancer.ent curves measures i re gior.s of interest located in pulmonary artery, pulmonary
2 veir and lung parenchyma in canine subj *~% (or the ‘ime-resolved series reconstructed using
g§> atfferent tech=:-yes.
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Figire 9

+ST > _chod .
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Quan titai've evaluation =~ PBF ml blood / 10ml lung / min), PBV (ml blood / 100ml lung)
ond MT7 (s) in a 23 rears uid female jatient w th cardiomyopathy using the proposed PCB
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Table “

M.an values an 1 stan 1ara deviations of es ima.ed pr.monary blood flow (PBF), pulmonary blood volume

< (°BV) and n ean transi* tim.2 (MTT).

7

g _igit. 1 lung phant .a |
> PBF PBY mMTT |
S_ mlb’ od/ 10" mllung /min | mlb.> ./ 100ml lui g K I
0 —

2 Ground truth +25.6 £ 85.2 30.6 +8.5 4.31+0.10 i
< PCB 470.5+54.0 29753 5.7/3+0.31 |
Q

> PCB+ST1 | 401.6 + 54.6 28.1 o7 I 4 l0+0.37
C i

g Canine subject

-5 T . U B
-6' PCB+ST \ 451.0+154.9 T 272+ 107 IT() +0..9
—~ -

Hr uan suk;cct
PCB+ST 27'.5+ .04.3 | 32.7+125 | 7.10+1 72 :

<

2~

T

>

>

c

~

>

(@)

=

<

Q

=}

[

(7]

(@]

=k

©

=

P

2

T

>

>

C

—_

2

o

=

<

Q

>

C

(7]

Q

=h

©

~

Magn Reson Med. Author manuscript; available i1 PMC 20" o Feb- aary 01

AH Formatter V6.2 MR6 (Evaluation) http://www.antennahouse.com/


http://www.antennahouse.com/

