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Abstract

Purpose—1 ¢ n_qjor burdle to widespread adoption of ~zi=~1 trajectories has been their poor off-
resonance performar.ce. Here we nrasent a self-cor.ecting «niral k space trajectory that avoids

> much of th > well-known sr..al blurr 1g during d ita 2 cquisition

L Theory and aethods -in comparison with a \vaditiv..a1 spira’-out trajectory, the spiral-in/out

g trajectory has 'mp. oved off-resonance performance. C; =Z.upoinirg «w ) spiral-in/out acquisitions,

> one rotated 18(° in k-space compared to the other, multi su0t spiral-u/Sut artifacts are eliminated.

c .

= A phantom was . can.'ed with the _enter fre uency menu2'’, tuned 2) 4f), 80, and 160 Hz oft-

e resonance with bouwn a sri al-out grdient echo sequence and the red*...uan  spiral-in/out sequence.

§ The phantom was alsy im~_ed in an oblique orientation in <.uer to demons:rate improved

g concomitant gradien fiel 1 performanc- ur the : equence, « nd was additic.aall - incorporated into a

& spiral turbo spin echo sequc=ze ror brair Luaging.

=,

j=4 Results—Phantom studies with manually-tuned off-resonai o= agree well "vith theoretical
calculations, showing tha* ...oauiawe orr-resonance 1 well-correctes Uy this a~ juisition scheme.
Blur due to concomitant fi!1- iz redi vou, ar s goo-! results are vbtai=.u in vive.
Conclusion—The redundant spi. al-iivout *.ajectory results in les, imaee blur tcr a 3iven readout
length than a traditional spiral-ou* scan. ~educing th  necd for comle.” off-,esc.ance correction

= algorithms.
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% Introduction

S Spiral k-space trajectories have many w.davantages aver tr. ditional rec’line~. acuis tioi's,

g including better acquisition efficier.cy, le,s stringent hwrdw are requit >m« nts, and' Zatur al

%- resilience to flow and motion (1). The major hurdle to wid :-spread ac ptior o sri.al

=L

trajectories has been their poor of.-rescnance perfr.manre (2). The blurring and ~Z,.ortion in
spiral images in the presence of sys.»m non-idealities ed to th~ two-pror ced strates, f
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mitigation and ~~2ctil., L spuar 1magin . First, splitting the acquisition into multiple short
mterlcaves miniinizes artifo 22, Uy «.surirg that an undue amount of undesirable phase does
L. acc ue in a single rexdot t. Secon .y, much effort has been expended to correct for off-
reso 1anc 2 effects in imag = recor-.ruction algorithms. These techniques vary in complexity
and ¢ »mp ttational co-., fror. a relativelv ,imp. = center frequency correction and first-order
‘cajectort v -arping me‘h.d base< un a least Lqguares fit to an acquired field-map (3), to time-
(4, 5, freor.ency- (6, 7 and polv= ymic l-approximation approaches (8), to automatic (9, 10)
and sezai-automatic (11) w.ethods waich deme-uia < the image at multiple frequencies in
oruer to build a composite image fres of blurrine. iviany of these algorithms have become
Large, requiring ¢ 2veral secovas to recor,uuct a sirZic image.

Main field inhomogeneity is the pri-..ary sourr= o1 vff-risonance in MRI. However, off-

yduosnuep Joyiny vd-HIN

resonance -7t ysed by ovher sveiom imp rfecti s « esides By inhomogeneity.
Particularly =* Iswer +leld strengths and for »ff-center "'ices, concomitant fields generated by
no ‘mai grazient rperation can cause noticeaute blur in spiral images. With some exceptions
(12- 14), the Liur due to concomitant fields 2 iargeiy ‘gnored in the spiral literature, as it
reqaires . more comn!-z. model to appropriatcly addres: deblurring.

Tie m~,ccommeoerly encountered spir.l tr. iectori<s are ‘spiral-out”. That is, the trajectory
be;ins a* e origin of k-space and move~ outward ~iong a ~piral. Another option is the

spir. I-in, out trajectory, which was first proposed f=. efficier. sampling of spin-echoes for
abdoiiina imaging (15) a=J na: recently t zen shov~. w 1 aprc ve SNR and image quality for
real-tit e spiral hS5eP cardi~. imaging due o its natural abi!*%, to center TE within TR (16).
Its major us., howe~, cr, is in fMRI (17-19), where it: GNR, sr-.d, and resistance to flow
artifacts i ake .t an attractive al*z,uctive to rec 1linear Zr1 methoa .

For spiral iinaging, the am~-..ic of undesired phase »<.rued between when the center of k-
space is sampled wau When the edge of k-space is 'amied deterr ines the severity of the

yduosnuep Joyiny Vd-HIN

well-known spira! Rz Tl L a uesired 1 2solution, spiral-<ac and sriral-in/out trajectories
require readout 'enoths of =2i.iy v o sam~ duration ( vithin = ew percent due to differing
amounts of time spent i'ear ‘he cente- of k-space where the k-spoce 7eloci'y is small). For a
given readout length the., a spir.i-in/out traiectory requ res wocit 1 alf 1s lc ng to move from
the edge of k-space tr cthe ce.ter compare! to « spiral-ou* traiect~.y, and t'.erefore accrues
about half of the und. si-able phase.

In this work, we take a close: 100k at sr.al-ir./out ‘rajectories *» addrese Luv m<thod by
which blurring due to ofi'resr~unce can be avc.aed through teir 1se. The sn>citic orig n of
off-resonance (B or concomitant fields) is »=unportnt, and it will k< snown that sing a
redundant spiral-in/out sampling sc*.cme natir=iiy removes the r.ost s2,ere off-resonance
image artifacts during image acquisitiou, allow=z #ar fast and sitole comcction mewrods in
the image reconstruction step.

Theory

)duosnuep Joyiny vd-HIN

Figure 1 shows the readout gradie.ts aw " traiec*_ . 1es for spiral-out and spiral-“2, out
imaging. Conceptually, spiral-in/out .-ajectories c~.. be imrlicn ented in t’o w2y, 1n the firs

El

method, termed here the “non-redundant” scheme, cach spiral- sut arm fills in the conjugate
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k-space location ~¥ -2 [ iiai-wn arm, requiring the same number of interleaves as a spiral-
out tre jectory fo. eamal k-sizoo cuvorage cfig. 1d).

The sece nd method, whi *h we cal’ the “redundant” scheme, acquires each interleaf twice,
once ‘n e« ch direction *.irough. k-space (i.e , w1 redundant scheme consists of acquiring two
1 on-reaur.'ant trajectories with the second acquisition rotated 180° in k-space). Thus, the
redur iant s heme requir~. wwice the nimber of excitations as its non-redundant counterpart.
T espite wnis prolongatio 1 o scan tiiae, this is a f~2 more robust acquisition scheme, as each
lor.uon in k-space is sampled twice: once with a s ral-in arm and once with a spiral-out
arm TL O Gawa 18 then averaged, cither bef~:e or after aridding the data onto a Cartesian

in and spiral-out arms of the traject~.y are aver=zec out. A simple illustration of the k-space

yduosnuep Joyiny vd-HIN

weightine £:-00 L that occur when ~.on of tl ese tri jectwries are used is provided in the

Supplemental Materi: Is.

Redundant traje cto.y re~.ponse to system non-ide~'.i.c-: By off-resonance

I aoring relaxation =4 1. cluding By ir nom~ cenen . the classic demodulated signal
¢ gqradon in Ml is

o Lt i
s(t) = f m(r)e J2rgmje gy 1)
where 1u(r) is “ue signal ) the k-space trajectory, and /. the off-resonance. In this
subsection the ~i-resonance phase-accrual time jarameter 7(¢) - - ¢ because phase accrues
proportiot ally to time for R, urt-res« nance. Ph se Lccrual due to ¢ oncomitant fields will be
addressed 11 the =2n.. subsecti~.,, where 7(¢) is more co-.plex.

It can be shown (Appendix A, Supplemental Mateial) that the <ignal resulting from

yduosnuep Joyiny Vd-HIN

averaging the ¢ ata trom a redundant spira'-in/out traie<.ory is

5 = J m@)e” KO [ cos 0 Pt dr (2]

For small-to-moderat. off-resonance v2'.cs, Eq. 2 shows t.at *..¢ signal ~.;periences a
relatively benign cosine amplit.ae modul~tu1 rather than the n<.¢ seriov= nha e
modulation that arises w th spira! uut trajector es L. the prese ice ¢ otf-resor anc:. roint-
spread-functions (PSFs) tur a spiral-out, non-reZunant in/out, »~.u redrz.uant in/o*=
trajectories with and without off-resor.uce were c.nulated and sh.ow tha* Gue P27 s sharper
in the presence of off-resona~..c when th_ redundant trajectory is used' (Surzicuen.2l
Material). However, the modi '=.ion trar,.er function (W TF) provides « more “uwi.tive grasp
of the situation in this case. Figure ~a sho*. s simulatc 1 no. malized N \TF fo.' vericus
amounts of phase accumulated by the ~.nd of the reado 1t fc r the redwm dan. . n -al-in/ut
trajectory (corresponding to the o f-re.'onance-time rodv :t in Eq. 2). 1n.co2 are two ~ogim. s

)duosnuep Joyiny vd-HIN

under which the shape of the MTF may r.!l. L the firs*, the number of accr=.ulated cveles s
small, either because there is not muci, ~ff-rec~=unce present, (v because he “cadout len rth
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is short. In this =212, Uie cusiue modulzfion never reaches its first zero point during the
reado.'t, so the s onal experizi.ces ~ wind~ wing function that only slightly attenuates high-
Zieuer ¢y components. 'n th.2 ocond regime, when the value of the off-resonance-time

Z

If procuct s high, the cosin > moduv’ation will begin nulling important frequencies as a function

g of k-¢nace radius, res»iting i, image artifZcis. his figure indicates the redundant spiral-

> “V/out m~.aind will werk well a long as the qumber of cycles of phase accumulated during

1= the ~oadout .emains les wnan 0.5 This ymount of off-resonance is easily achieved during

= . . . .

o aorme! operation of clin cai-strengti scaners .u Ve anticipate first-order correction should

<

= b~ performed on the data/trajectories prior to griling in order to quickly correct gross off-

2 Lusunance.

c

m - -

= Concomitant gradient effects

©

—~ ‘wuen phase accrual ‘s due to corcumitant fielc effecs, it zan be shown that w.(r) is a
< mpi -z runc’0n of the imaging gradients znd < patial coordinates of the slice, the actual
for m ot v nich , unimportant for this case. As mentioned previously, in this case the phase-
accr 1al tinn . function takes a more comp!_x form. Spevifically,

Z «

= _ 1 Lyl ~2 00 !

T ot = 7,‘: [G5(t) + G2 dr,

T Im

>

?:: where qfn -s the maxi-.,um gradi-nt strengti re2cned durir ¢ *» > scan, and Gy(¢') and G,(1))

> . . . . .

o are the spira’ gradier*; un the two in-plane axes (9). Rzcause th:; time function depends on

=

= the gradie its sr,uared and because 2 e spiral-ir ‘vut grad:Z.us «ve s 'mmetric, 7(—t) = —(¢),

% and the sig nal n the preez..ce of cor _omitant giaaient effect: is

c

»

(@]

:- r

1=4 2=y e JIKOT [ cos o ()T(e) Ar. 4]
The typical phase-accru al t1 v~ runction for spirals is, over.ul, le.s s @2 th.an the linear
function that governs B off-res~nance. Thue the redun lant wn/out »che me is actually more
robust to phase errore cause . by concomiiint 1'elds than 't is o *Luse cav-ed by By

> inhomogeneity and wil' perform well up te about 1 cycle ¢ r accrou phas : (F.g. 2u)

T ,

Y Relaxation

:; In non-redundant multi-si .. spiral-in/out scannirz, T," relaxa ior Jurine ‘¢ reador* ,esults

%_ in stronger signal at one side of the perizicry of k--pace than the < wer, the zosu It 2 which is

o) artifacts that look strikingly si=.iiar to thoc_ caused by off-resonznce. Addine = T,* decay

=)

= term to Eq. 1 and assuming t at #%.c readrw.c ume is sho:t comparea to 7, * (Surr'=mer, tal

% Material, Appendix B), the followin, expre<.ion tor *he s.gnal in the pre.en e «f bsth Hff-

% resonance and T, decay can be sl.owr 0 be

=)

©

~
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s(t) = fm(r,‘:_nnk(t)rlcos w(r)tidr + jfm(r)e_jznk(t)rT*;()[ sin w(r)tldr. s
NG

This ‘ign. 1 is complex  with - real part cor=_sp onding to the previously described cosine-
110dulate”’ signal equtics, and ar fuaginarv zart that varies in amplitude with time. This is
poterially ¥ rorrisome, siz.ce phase can ellation is required to remove off-resonance effects.
Flowevy, first note that *h~2 ume hes be 'n defin~_ to run from —T/2 to T/2 for spiral-in/out
tra;octories and that at # = 0, the imag ‘nary compor.at in Eq. 5 becomes zero. It follows that,
at +h o Lower 0t k-space where “l.i¢ majority ot the im=2e energy resides, there is little impact
from 12 Laginary compon nt ~¥ q. 5. Sersud, the 1 tio of #/T,"(r) that controls the
amplitude of the imaginary comperout will al* ays e si1all as long as T " is larger than

t

yduosnuep Joyiny vd-HIN

It ‘herq is nr off-r<sonance (or that off-resor.~.ce is corrected somehow), then w(r) = 0, and
the 1veraging uperation in redundant samplin -, o< to remove T, -induced artifacts. In
tru*ly, ever. 1f the linear »7 proximation vidized i *he de -ivation were relaxed, as would be
aeceesary for » chort To" <pecies, then the e will be ¢ sy ametric emphasis on the outer
regiors ot k-spac=, we result of which is nore hezugn t1an the asymmetric T," weighting
tha* occ .. tor non-redundant spiral-in/o 't trajecteics.

In sitwla.ions, the combinatun of T" and oir-resona=z2 is nc t too different from either case
alone. Fig1 ve 2¢ sh< ws the perfommance of %o redundant ...cund in the presence of both
inhomogene’.y and T," relaxation in terms of the MTF. As expe sted, strong shaping of the
MTF only occr s for T," on the o+2>r of readc ut length “1 11.7). 1 Towever, even at this short
T,", there s lit‘le degrad=zion of the >SF (not si.own). The i*.agin iry term in Eq. 5, and thus
potentially Jamaging phas~ Jue to T," relaxation. i= .cgligible

yduosnuep Joyiny Vd-HIN

Although the redundant eniral i=/>22 , rctory works for betli gradic at-echo and spin-echo
imaging, spin-e~hoes (and snin-e~h~ train ) provide « natural coiting in which to apply them.
Since the TE of spin-echo san< is ger.crally longer, the spir=! in po tion of the trajectory can
be inserted with little or 10 increse in minimum TE. Seond *he ,"/ou tre iectory aligns the
gradient echo generate . by th¢ spiral gracient. with the 'pit. echo formed 'y the RF pulses
at the center of the giadi~at waveform, rest Itiny" in higher < gnal whz.. the _eatz, ~f k-space
is sampled.

One attractive applicatio 1 for th .edundant sp r~!-in/out traje stor’ 1s in a sla’s-seioctiv=
version of the 3D spiral TsE sequence (20). I» v T1SE sequen s with siab-select ve
excitation pulses and nonselective ref-cusing pr'scs, spurious FI™ artif2< s aris g from
imperfect refocusing pulses ¢.¢ remove< via an RF chopping tecl nia <, in ~viucn v
averages are acquired with alt “.uating r<.ocusing pulse phase (2). In t'.e spiral 150
sequence, then, multiple averages a ¢ alre~uy being p>rfo1 ned and s nce the on 3irs of the
spurious FID artifacts and the spir al-ir out artifacts arc dif erent, the .'ecoud, 1 2dun”ant
acquisition can be performed witl the RF-chopped - cquis.tion to acquire « Lally red>...aan

)duosnuep Joyiny vd-HIN

trajectory with no increase in scan ‘ime. 1'v. iurther diccussion, see Supple+.cntal Materiais

online.
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Methods

A ~eso.ution phantom v-as sanrod on « 1.5 T Siemens Avanto scanner with a GRE
seq.'enc * using a spiral-cut traject.ry and a redundant spiral-in/out trajectory. Acquisition
paraiete.s were: numbr of inerleaves 14 sp.ral duration 10 ms, in-plane FOV 300 mm,
tlice tuick” ess 5 mm. To _xamine i-resonar_¢ performance, the sequences were run once
with = good shim applied, und again w.th the receive frequency manually tuned 20, 40, 80,
2.ad 160 dz off-resonant e /zurrespcndinz to 0, 0 2. 0.4, 0.8, and 1.6 cycles of off-resonance
acrumulated at the end of the readou ). A.: images - ’ere acquired in the transverse plane,
and =2, ziaae 1 and Fourier-+-unsform-r=_onstructed with no off-resonance correction
aloorith= o ficu. The gridding ~ peration artomatical.v sums the data at the proper k-space
locations, given the redundant traie~.uries.

yduosnuep Joyiny vd-HIN

To investigate conconzitant fiele. performar. e, t1e rescluti yn phantom was imaged again
us'ng  oth trjecteries with 14 interleaves, s,*.at duration 6.4 ms, in-plane FOV 300 mm,
ana slic. thick.iess 3 mm in a double-oblique ~~iz=*ation ((C—S —41.8°)— —27.8°) near the
mazaet iswcenter (X —9 £ mm, Y —39.6 am, Z —?1.7 n.m), then moved 50 mm along the z-
2Xis Ty —9.8 mr, ¥ —39.6 mm, Z —71.7 mr.n) and in age 1 again to ensure significant
cuncorant fielde.

A comp.rison between the effectiveness ot tne redurZant sp ‘ral-in/out trajectory in reducing
blurr.ng v =rsus two post-pre~cs:ing techninncs was nefarme.! by manually setting the
seconc -orc 2r shim ~7 wne syste=. such that « =2,ong non-lit.c.. variation in B existed across
the FOV in r.ie direct*Lu. This ensures the simple, line~.-correc ion method will fail and
represents a sit'.ation in which me=: advanced uir-reson~i.cc corroction algorithms are
necessary. The same ima<..g param« ters used 1 we previon- exps riment were used, except
that the phantom was set ur . the coronal orientati~z. so that 72 snim could be manually
detuned by +14C . T/m?. The data was reconstruct >d st with ne off- -esonance correction

yduosnuep Joyiny Vd-HIN

applied; second =7 2 1 ,cai vurtecuon; and finally with = semi-ar*omatic method that has
been reported p.evionsly (25, Tu Lpiral-ia/out data, the off ,¢sonar~e correction was
applied to each compol ent w-.ge priur to combining the A 1, “mi oe spoce. The

reconstruction time for e ich met’.od was recerded.

To test the redundam in/~ ut trajectory in vi '0, a slab-select e versie= ot tho rari_hle-flip-
angle 3D spiral TSE (spiral SPACE) ~_quence ws used on » aormal v=iunteer fror i -
weighted brain imaging. Sc~:, parameter, wei = as follows: TR”% £ 3000/23¢ , sr.ral duration
6.4 ms, in-plane FOV 257 mm
interleaves were used for both spiral-out and _piral-i./out acquisitiors. ror spiral-11/out, the

, uumber of slicc, = 64, slice tl ickt ess 1.0 mn . Forty-ni e
second, redundant interleaf scan w~2 combine with the choppec scar -u that the total
acquisition time for both seq.'ence v2=.atuons w2z identical. No o1*-re,on-..ce correc on
algorithm was applied in recoustructiez, in order to bette, exhibit the *mpre—ea oft- ‘esc nance
performance of the redundant in/or ¢ sea’=cnce.

Results

)duosnuep Joyiny vd-HIN

The redundant spiral-in/out trajectory ~hows excziient rokusiness for off- esorz.uce valu :s
ranging up to 0.5 cycles (Fig. 3a). Above this v2'uc, blurring » ppears and is comparable to a
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spiral-out scan »**20 waiwn nall the arount of off-resonance applied; consistent with the
result. predictea hv Fin, 2 T ., ~U com pares the spiral-out and spiral-in/out trajectories
Zu1 douhle-oblique imag ing pl2.ies neur the magnet isocenter and off-center. The spiral-

in/o 1t tre iectory results i1 image- 1argely free from blurring due to concomitant fields.

11 the prec.nce of noi -lir sar By v~iiation, an .ucorrected redundant in/out trajectory
nativeiy per orms better *.an an uncori >cted spiral-out acquisition (Fig. 4a vs. 4d). Applying
2 unear orrection to the d=“. rajec orie ' durine 2 ~onstruction cannot fully correct the
spi-al-out image because the underly ng tictd is nor linear (Fig. 4b vs. 4a). With only a
linec= -, couorn the redundar* vout traic_wory can correct the residual blurring (Fig. 4e),
whereno ¢ 2 L ai-out data 12quivZs more ad~uaced reconstruction algorithms, such as a

s

semi-automatic correction (Fig. 4¢), (v correct “ur tie nc n-linear field. The reconstruction

yduosnuep Joyiny vd-HIN

times for ok oI7, Jonance cc rrecticz, mtho!' was ear.v identical when applied to spiral-
out and sniral i=/out « ata and was as follows. N corre~%on: 0.14 sec; Linear correction:
0.. 6 se>; S.mi-ar.omatic: 9.7 sec.

Onr~ slice Zrom a 3D stac!--of-spirals TS” in vive datasc* acquired with both spiral
rajectories is shown in Fic. 5. Overal!, the images a- qui 'ed with the spiral-in/out trajectory
ace shorper due te tlie much improved off--esona=._e pe formance. An additional figure

shc wing “..¢ trajectories’ performance tc+ non-cont-ust MR A is available in the

Sup))len. 2ntal Materials.

Discussion anc. C~ncl’zion

Although 7.1l of *..¢ data presented here was acar:.cd with 2 <ing:= receive channel, we
anticipate this :echnique wil’ perforr.» well in p.or2'lci imaging imp ementations, allowing
fast recons ructicz o take pl~co at scan time. One m»: .. hurdle .= the wide-spread adoption

~1

of non-Cartes.an nar~licl reconstructions is their cympleiy due 10 th> fact that they must

yduosnuep Joyiny Vd-HIN

address the off-resonance isene in ~42:1 1 to removing non-Zartesie 1 aliasing artifacts.

For small values o1 ot -resc nancr, the V--space signal » zcaundant s impiing experiences a
cosine amplitude windo v, wlich i< a different (and more oenign) ec: an1'm for resolution
loss compared to the PST broaZening obs~.ve1in spiral ouf scarnin, As 171 regular spiral
imaging, this slight { turrir g will be space- 7aric nt depend..»o on local f*-resrnance values.
For larger off-resonari_e values (or for 1., reaa»ut length: ), t-.c cosine =.odulatior .vill
begin nulling important freque~cies in k-czac 2 as 1 function of - space rad:s, , esulting in
more severe image artifasts. Ther_.ore, we ant cizute the use Hf thi, wrajector . nct as «
complete replacement for post-processing mettLus, »ut rather o< an adiz.ct to ther. methods
where appropriate. The use of the red ..uant in/0*:. wrajectory alle ws a gre.eer n ~.gin of
error for post-processing me*.uds, resv’*..g in better image qualiy ar d/or = iuauco the
use of less robust (but potenti. '’y simpl-. and faster) o1. resonance co cection g rith.ns, as
demonstrated in Figure 4.

The robustness of this method wi h re sards to concor.itan. fields is po.ontia ly = cry

)duosnuep Joyiny vd-HIN

important. Most current off-resonance c~rrectiez, methe s do not incorporate ~Lucomitaz
gradient correction, and we believe u.at this is ess<.iual for Lir isocenter . cans
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Spirals are most!y’ "> 2o cruer 101 their data acquisition efficiency (speed), their
robus.ness to mc tion or th~ir Lo «Es. A few general comments in regards to spiral-in/out
“.a ectcries should be miade. The dat> acquisition efficiency and motion characteristics of
in/o 1t tre iectories are ver 7 comp-.cable to spiral-out scanning. However, the time required to
spirai -in v-ith these trjector’ s precludec uort TE acquisitions. For all experiments in this
~sork, the 1 Es of the s»i-al-out ~..u spiral-i='vut scans were identical, resulting in longer TEs
thar .night .iormally be used with cvira’ scanning, and imparting T,"-weighting to the
.esulti~g images. AdditiLally, spira'-in/ ut imzz1n. 3 has other issues that spiral-out scanning
d~¢s not, such as eddy currents causi: g trajector warping leading to inconsistencies at the

vewer ot k-space

The fact that the redundant spiral-ir‘sut traject<.y 1. ecessarily requires twice the number of

yduosnuep Joyiny vd-HIN

interleavac o2 o o 1 (-out trajectory t~ ucl.ieve a sim.lar 1 >solution cannot be overlooked.
We have shov that 1or slab-selective 3D spiral TSE 1~.ging, at least, the redundant
ac.uisiior .nay k¢ combined with the RF-chopped second average for no penalty in scan
tim¢ . For oth_r cases where spiral trajectoric, are rey'larly used with multiple averages and
lo.g TE< (e.g. fTMRI. A5, ), or for time cesol_a scuern zes, the redundant acquisition can be
i1tericaved wiii the base ucquisition i1 tir 1e and nej shbrring redundant in/out data can be
cortined with =~ view-sharing” apprcach. I *L.is wav, overall scan time is not affected
(alvhouy u temporal resolution is). Recenui;, Tne oo al (1) reported an interleaved, high-
reso.1tio. in/out trajectory for fMRI and show~2 wat subc..~tial improvement is obtained
by coinbir.ing sequenti=! [rames >f redund: ut in/2 .. data ¢ lons with a conjugate phase
reconst.uction Iiere, we Five shown this technique to have uai'ty for other types of spiral
imaging ar J4 hav~ cxplored the limits of the appre=cn.

The redun lant =piral-i=/out traject.y is an attractive acan‘ziuon-Fased method to naturally
mitigate blu. due to off-rc,unance in spiral scann‘.g. The tecluincue produces excellent
image quality with the simplest of post-acquisition orrection m~chods, allowing simple, fast

yduosnuep Joyiny Vd-HIN

reconstructions

Supplementary Material

Refer to Web version or ubMe . Central for ¢ 1pple mentary n.ater ‘al.
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o

Z Figire 1
T Spir. | gr. dients and trai- ctorie~. a) Spiral-out ~ead gradient (solid) with rewinding lobe
g ‘dashc¢ ;. o) Spiral-ir.’out r_ad gradie~. with pr¢ winding and rewinding lobes. ¢,d) k-space
é> trajectr.1es ‘or the gra.iente u (a,b), recpectively. Arrows indicate direction of travel in k-
5 sruce. ) a-space trajeciry for secend s viral-in/out trajectory, rotated 180° from the
2 traje_cory in (d). The redundant spire'-in/ > schem averages data acquired with trajectories
g§> (d) and (&)
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o

Z Fig\ re 2

,I Nortaliz 2d MTFs of sp.al in/~at trajectories MTFs are normalized to on-resonance (0
Y yeles) case. a) Centu r-frequency off-_.. Until ~ 0.5 cycles of phase are accrued, the cosine
> yeles, ' Y y p

é> functie. ne'er reaches its fi=,. zero, revw.iung in a relatively benign amplitude modulation in
5 k-~pace: .owever, impc "tant f-_que1cie.’ are lost as the amount of off-resonance increases.
2 b) Cli-resonance due to concomitam fiel\'s. vi [Fs ir off-resonance due to concomitant
g§> aelds showe ~2ad performance -, oe expert.u up to about 1 cycle of accrued phase. ¢) The
g effect of decav 4 ring the rcadout. Tiirering arounts of Ty decay are simulated with 0.5
8 cycles of off-resonance phase accrual Scvere sh2zing ¢ “the MTF is only seen when the T,
% time constant annroaches the 1 ;adout ler_th (1 0 ms)

=L

<

T

Y

>

>

c

~

>

o

-

<

Q

)

c

»

(@]

g

©

=

<

2=

Y

>

>

c

=

>

(©)

=

<

Q

)

c

0

(@]

=,

©

~

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/

Fielden and Meyer Page 12

o

Z Figire 3

T Trajc ctor 7 performance .1 a phuntom. a) Phar*om images at various amounts of off-

g “esonz " .c. Images w »re ac juired wit. « 10 ms eadout, resulting in cycles of phase

é> accumr.ate! at the enc of th2 readout: © 1z = 0 cycles, 20 Hz = 0.2 cycles, 40 Hz=0.4
=5 cv.ies, & Hz=0.8 cyc.es, 1#2 dz = 1. cycles. b) Trajectory performance in the presence
2 of c2acomitant fields. Note blurring 1ear th. top of *he phantom due to concomitant fields in
g§> .ae spiral-o* c“fcenter image, arZ we abserco of this blurring in the in/out image. Across
g the entire fioure “op row: sj iral-or*, bottom re*.. spir: I-in/out. No off-resonance correction
g was applied in any reconstruction.
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o

Z Fig\ re 4

T Post vroc essing techniar=cs apriied to remove blurring due to off-resonance in spiral-out (a—
g 1) ana “_uvndant spit il-in/~at (d—f) 22zquisitions A highly non-linear field was applied in the
é> left-rie« dii ection wit.. inte~.onally p~or shimming. a) No correction; spiral-out. b) Linear
5 ce.rection,, spiral-out. ¢, Sem? uuto nati: correction; spiral-out. d) No correction; redundant
2 spir~i-in/out. ) Linear correction; re lunc =~ spiral-‘'n/out. f) Semi-automatic correction;
g§> .edundant eri-2l.in/out.
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o

Z Figire 5
T Comioari: on of spiral-or: and r.dundant spira! in/out in a volunteer with no off-resonance
g rorrec* Lu applied to =ither dataset. .. slice is shown from a slab-selective 3D stack-of-
é> spirals ‘raje tory. a) Spiral-~u. Significzut blurring is observed in areas with poor By
5 he.noger ity (insets). b, Spir=!-in/cut. }'xcellent off-resonance performance is obtained with
= no i~.crease in scan time.
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