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T Abstract
Purp. ose—SWIFT (SWeep Imaging with rourier Trnsfi rmati n) -5 a non-Cartesian MRI
methoa with unic ue fe~.ares .nd capabilities. In SWIF 7, (adiofrequency (RF) excitation and
reception are erfc.med “.early simultaneously, by rapidl:- =7 tching between transmit and receive
during a fregr oncy-c wept RF pulse

Z Because bc‘h *ue trane-.acted pules and data acquisit on are sir.ult: neously amplitude-modulated

|I in SWIFT (ir _untrast to _ontinuous RF excitatio 1 anu w.anterrvted data acquisition in more

g familiar MRI sequ >nces), crosstalk between differen. &25ucncy hoaas occurs in the data. This

> crosstalk leads ‘o a ‘bulls-eye” artifact in SWIFT image-.

c

=

g We present a merthod o cane<l wuis inter Land crosstal.z vy cycling thic prr'se and receive gap

% positions relative to th~, un-garz.u pulse shape. We call this stra*_gy “gar _ycling.”

% Methods—We carty ou theoretical ar<lysis, 'imulation and _aperimen s to characterize the

c . . . N . .

g signal chain, resultiny" artil~cte, and their ~lunination for SWIFT.

=,

i<l Results—Theoretical ana., -is reveals the mechanism for g.n-=, cling’s eff :cti' eness in
canceling inter-band crosst="- ‘= tL,_ .ceciveu data. Ve show phante, and in-.vo results
demonstrating bulls-eye aitifact free “mi.goo.
Conclusion—Gap cycling is an ffec.wve n°.thod to remove bulls eye artirxct 1osul ing from
inter-band crosstalk in SWIFT dat-.
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3 Introduction

<

= SWIFT (SWeep Imaging wit'« Fourier Tiansform (1) utilizes gapred Fecr.oncy-swet

% pulses (2) for excitation; signz. 1s rece’ ed after a short ¢=ad interval. SWIFT can e

8 categorized as one of the general c!iss of snort-T; or ™" s2nsitive s¢ que ncer (3) v, hic't

g. possess a very short time interval setv een signal excifitior and recep ion. r oo SW'I T this

=L

time is on the order of microsecor ds (.¥ig. 1).

*Correspondence: Curtis A. Corum, Ph.D., Assistant Professor of Radie'. gy, Univere’. of Mi mesota, Medical School, Center for
Magnetic Resonance Research, 2021 6th St. SE, Minneapolis, MN : 5455, com..u@c arr.ur .a.edu, 612-625-8258 office, 612-626-2004
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Due to the gappi=z {gati.g vu auu o11) ot both the transmit pulse and the receiver acquisition
mterv \l, some s1>nal artifacs ..o - csent 2a SWIFT data. This class of artifactual signal was
Tt no ed as baseline o.* phentom pe~.xs with homonuclear decoupling applied during

gapy ed signal reception. 'n SWI¥'« this artifactual signal manifests as a spherically

symn etric “bulls-eye” artifa_c (Fig. 2A) ~.a ac ditional noisy background intensity in

Znages (7,2).

Tlue amant of bulls-eye ar*Zlact is (bject, as well . s SWIFT parameter dependent. Higher
pu’,e and acquisition oversampling t.ctois lead to »>duced artifact. There is also reduced
artifoot o e object does rac all the ficla of view As noted in reference (2), the bulls-
eve artifoot [ GWIFT can b car<ou by erre: in the pu Ise profile, which when corrected,
result in less artifact. We have previzusly descZuea cort >ction algorithms for reducing bulls-

P

eve artifant oo qve of the source {+,5), bu that . savc residual artifact, or introduce

yduosnuep Joyiny vd-HIN

additional artif~ct at ¢ bject edges.

inte.-band crosstalk. We ‘ntroduce a me*.iod called “ga,* cycling” where the position of the
2aps “.a the SWIT pulse = e cycled in ord .r to elimiatc the bulls-eye artifact in SWIFT

iLiages.

Theory

SWIEF T’s 1 -ansmit pulec can be viewed as a1 arputude-mHdnlated (by a square wave
pattern, versir.. of the v~ gapped pulse (2). The modulati<.. cretes sidebands which extend
beyond the base profile bandwidth (the “basebarz, labeled “Ba.d 0”) of the un-gapped
pulse (Fig 3B . The goal of zignal p.ocessing 11 €%y (FT can ir to 1ecover spin signal from
the basebai d, wii<L correspor s to the desired field of view. Sid.“ands can excite signal
from spatial (o frecr:_icy) regions beyond the ex ected Jeld of view With SWIFT, the spin

yduosnuep Joyiny Vd-HIN

signal is the time domain convaliti~= =T the pulse with the <z.u impr.ise response (eq. 1)
which becomes multiplication in th= freqi 2ncy dom. in. In ad-..on, off-resonance nutation
signal is present (6) thet ex.end- to the entire bandwic.ai of th= nuls:, inc.1ding the gapping
sidebands (Fig. 3D). Th.s excensi~a of the spin signal bz adwidth 1. pre :em (to a lesser
extent) even with an v~.-gapr-.d pulse (Fiy. 3C).

Following the notatio.. n (2), with the i=.pulse 1 >sponse 01 a ! « “rect” o' ject expre_3ed as
h(?) and the excitation pulse x/¢}, we have £ the *xcited signal ={,):

r(t) =h() & .(t), Eq..
where @ is the convolution opera* .

We substitute Xg,p(?) for x(¢), ..uere

X, ap(t) = x(t) sp(t) anf. Egq.2a

)duosnuep Joyiny vd-HIN
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s,(t) = comhlt /(1 At) @ rect[(t — St)/(pp AAY)], Eq.2b

Z witi’ the duty cycle of the puise gi* en by p,,, and the constants A At represent the period
I p
5 betw *en yaps in the syr.nesiz~d pulse, wher2 , is the integer oversampling parameter and At
> i3 the Lyntt esis interval (+.ne betw=n points =, the synthesized pulse shape.)
Z
= W= nave “atroduced:
o
=
= Stam/2Atwith =1 P am<M-1 and 0SM <A Eql
D !
%
Q which represents a shift in the positi<.. of the nlse 7aps M is a convenient integer value
'§ which renrecante +b = number o “possik!c pasitions ot the rap, and m is an integer
representine the posit‘on. An aaditional coi stra.nt on .V %, that it should be commensurate
wi h A, for case ol implementation, i.e. M =4, M = %, etc. down to 2 but still an integer.
For simzacity we wi'l usc the same pa’amet<.s tor the 1 *ceiver except to allow a different
cuty cycle », and negle<: we delay be wec n the cenfer o the pulse and receiver intervals for
% whi i we compensate by linear phase ~orrecu.ou of th data.
1
g The 7ate 1 receiver in SWIFT can also be though* ur as an - .iplitude-modulated version of a
‘Z(:> contil uou.’ receiver. We ~.pture the gappe:' receivz, s et ct 01 the data d(¢) by the equation:
~
>
— N
S d(t) =r(t)s.(*), Eq.3
<
% with s(¢) == cop[(¢)/(A A%)) @ rectl: — dt)/(p; A at)].
c
» o NG o
g_ Substituting £.5 1%, £q. 3, we have:
©
== ~
d(t) = {h() D [x(©) s, ()1 s(O) Eq. 4
which captures the effects 0. the d-..a of both the gapped pulse an.1 ga,pec receive interval.
It is more convenien* (0 an-iyze Eq. 4 in t.\e fr *quency acma.= .irter Forrier transforming
> and using the Fourier cnvolution theorer we cbtain:
T N7y = (HOF) :
5 Gr=HEXKO DS (HBBS.S) #uo
>
wit = com sinc(pn ? Acfel2n ™ ,anu S/ = p; = com
z h Sp(f) = pp 22 A2 comp(A At ) 20 m' 2 A, ana 8.4 = p, 22 M2 cmp(A At
= 1) sinc(p; A At fyei2mm' 2 AY,
e
ng In each case the correspondin,; comple*: ume domain fu.,ction, e.g. df ), is nov revesc nted
‘::S by its complex frequency spectrum J(f). Tue data spetrun1 D(f), wk ich s th> aatz after
8 reception, is shown (Fig. 3E). D(f cor sists of the spin sper trum R(f) vhicu 's the si_nal
.E- immediately before reception (Fig . 3L), with additi~ aal c verlapped replica. due to

modulation by the receiver gapping We 1w w scale the spin spectrum to the same level as >
data spectrum since the data spectrum ic7e< «i5..al due *2 e du ty cycle. L nhiaction of =2
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scaled spin spe~*t—= fi.. Dy suows the overlapping components remaining in the
recovored basebond data spoiliuu wo1g. 27.) This remaining overlapping signal (Fig. 3F, in
Dand 0 is the origin of ‘he L ul’s-eye .rtifact.

Z

T . . .. . .

Ly Anal 'sis f Eq. 5 is acrompliaed by lookir_ « t each frequency band of size sw, where sw =

> (A Ay

Z

5 W defir. crosstalk as signal ~.igiratiny* from one band becoming mixed into other bands.

2 We ~an evaluate the effects of Sp(f) end & £; oy looing at the components of the data

g§> spectrum:

)

@ L f =)= H = ()€ Fas

=,

= wicte Cj i captures tae effect o couvolutivn by Sy(f) and Si(f); integer j indexes the signal
crigin uuy re.n the corresponding pulse bad ¢ >nterea at f; = j sw; and k indexes the signal
rec *ived “.1 the ~orresponding band of the received data at f;, = k sw. For example, j =k=0
corr.spond- to the signal excited by the czutral band o€ the pulse (the “pulse baseband”) and
»sceive s in the certzar bar d of the recever wne “rec *ive - baseband’). We assume for

> s m.plicity L this ana'; »1s that the un-;:apy ed pulse Lnap : X(f) is band limited: X(f) lies

T wi ain the ho.,awidth sw, as currently 1.mplemented i SWIFT.

1

g The ~om,onents C; ; define a “crosstalk matriv.” When fiv.. vero off-diagonal elements

?:> exist, ‘herc is mixing h=iween be nds, resuliing i~ artifact. We « valuate Eq. 5 and put into the

g' form 0i'e£q. 6 7. obtain-

=

%Z) Cj,k = A4At4,:ppr s.nc (pp Heinclz (k=) el2m k=1, Eq.7

%

g- We note immediarely that when p, = 1 the second : *z.c term is orly nc a-zero at the center,

— corresponding ‘v, — «, in which case Cj  forms the components o a diagonal matrix. This is
the no-crosstalk ~i*:.i'on 1 uninar irom ~onventional or*..uous ac ;u:2'tion MRI. In the
situation with gapped SWIFT, in which p, <1and p, <1 we hav~ .o ze1) off-diagonal
terms.
We have developed a sc’.eme (gap cycling: where the posi‘on of cps in “lie “uwise and

% receiver are cycled relative to the = gapped ouls 2 shape du ing renez.ed TR peiiods. The

Ly pulse shape is shifted, bef~.¢ each TP period, rela.ive to the pusition ~T we r=..-mitter and

> receiver gates, with the i1 tert,on of providing uata o cancel ¢ -oss.alk. We r<e that for .ne

é: receiver baseband, £ = 0, we can write:

3

= D, ) =" = F R0 e 0Com B8

S

S which represents the cycle througt the i.iteger values «fm from 0 <.7 <M — 1 aud

Q averaging the result. Note we hav: ad led the depende.ace n m to the crosst Ik m.urix

'§ component, through m'. Evaluatin ¥, we have:

Magn Reson Med. Author manuscript; available i1 PMC 20" o Feb-aary 01
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M-1 Ay o4 ; ASM -1 i2nmj
SN om— A p sinc(o, N pe?™™ B9
in which the sum on the 1ight is 7cro unless j = 0, since the exponential term moves evenly
throu_h a full cycle of «he cr.aplex unit ~i.cle. Hence, the contribution from all other bands j
- 0 has F_e1 cancelled.

Methods

a1

wWe acari=2 21 h resolution SWIT 1 imagee with two variations of gap cycling (M = 16) and
with no ean ~v2l13g to evali ate effzcuveness Tue two gap cycling variations demonstrate
“full gap cycling,” where each k-spa~_ view is = cated for each step of the cycle, and

yduosnuep Joyiny vd-HIN

“rapid gan cveline ” where the cycle is wpHliec to succestive views. In rapid gap cycling, the
oversampling of k-sp.'ce near the origin is « nouh to ¢ ve-uge out the crosstalk at the spatial
frcque.cies preser.. The object was a breast puantom (7) placed in our single-breast coil (8),
whi~h was m~uyified to be SWIFT-compatible L, .coval of the thermoplastic basket. The
breust ph.atoms possess wmiform intens’cy are=s that fauilitate evaluation of overlapping
crtifets, as we'l as sharp * oundaries for e aluating  ont ast and blurring. At the center of
the rkaatom is 2 spnerical bulb contai.ving water surrounding this is Agar gel, and

sut -oun-.ug the Agar is a layer of lard to simulate Lody f>*. All images were collected with
62.5 kHz baseband bandwidth (sw = 62.5 kHz). »=.4 utilize -~ Halton-sorted Saff vieworder
(9,10, wit.» 65,536 radial s;poke riews unit wrmly e~ ering the 3-d sphere of k-space.

Interle: ~ou CHF 5o fat surz.cssion was appuied every 16 viewy: (13). TR is 4.4 ms, and total
aquisition t'me is 7 «un including fat suppression (< .un withe 1), The excitation pulse is
HS2 R64 2),ielding on aver~_¢ 3.' k-space oints *Luowed vy 192 additional un-gapped
(full receir ¢ du‘v cvrlz) acquisitiz.a points. The images »~2 recons.ructed by gridding (11,12)
from 224 pot correlatiez, ( 1) k-space radial point . 10 a 5173 iina e n.atrix. One modification
to the correlation procedure in (1) is that the gap cycied data at Zycle position m is correlated

yduosnuep Joyiny Vd-HIN

to the shifted p use shape corresponding 1> m. This pr~Juces preiictions with consistent
linear phase in tuc vas *ban 1. The imag~s have a FOV o256 mm g ving the reconstructions
a nominal 0.5 mm isotr. pic “csolution, gradient strength .t this bunaw dth ' FOV was 0.67
Gauss/cm and rise time ~vas 35 ps. Thess 5v/IFT images v/ere abtcired vsing our 4 T
Agilent/Siemens/Ox ord r.search scanner 1sin,” VnmrJ 3.2 anu CMRRzack v 0.45b SWIFT

software (http://www._mrr.umn.edu/swi€.).

In addition, brain image- were acor.cd from . he: lthy volun’cer using the s..nc SWTFT
parameters described abo z. we utilized a multi-c*.c uanel TEM./Str pline (14,15) tran=zciver
array specifically designed to be SWIFT uompatible (16). The ind*vidual co? c'em nts of
the array were 200 mm in lenet® and 50 m+. in width. A 12.7 m11 coper center ~onductor
was separated from the 50 m 1 er=und coructor by a '2.7 mm po:ytet-atflouroethyler ¢
(PTFE) dielectric. To eliminate coil ».ackgre ...u sig.al frc m short T; matcnnls visivle wvith
SWIFT (16), a PTFE enclosure w:.s de"igned to house the ndividual coi' elei1euts. Tae coil
dielectrics were machined such tt at tt ¢ rolled copper oil .onductors conld e z.ess fittzd

)duosnuep Joyiny vd-HIN

eliminating the use of adhesive.
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Each coil was in*:25200 ) tuncu w e proton Larmor frequency at 4 T (169.26 MHz) and
matchizd to a 50- ~hm coaxiz! cubic A sirgie 8 kW power amplifier was used in conjunction
~v1.h an eight-way equa. -ampli*tude s~ utter for transmit. A geometric phase distribution was
usec to ensure a circularl 7 polari—ed transmit field. Images were reconstructed using root
sum ¢ f sa ares combi.ation ot the data f-,in e. ch of the 8 receive channels.

Fes Ilts

The addition of gap cycling to SWIF T ex ccriments 1as largely eliminated bullseye artifact
and the =222 {41 post-processine (o remove csidual artifact. The uncorrected image appears
in Fig. 4A Fizz_ 4B proviles the (csult of fi!l gap ¢y -ling of each k-space view 16 times
using the cycle M = 16, taking 16 tim_s as lone -, 1e itrage in Fig. 4A. It does have

somewhat hichar MR than Fi- 4A fro=. the e Tects of av 2raging (approximately 2x). Views

yduosnuep Joyiny vd-HIN

are repeated in Fig. 4 3, so both images are still inder:2a72pled and have associated noise-like
ur ders ymp' ag art.ract which puts a limit on 51\NR increase independent of averaging. The
buliseye artif~.ct is completely absent. Figure ©C uulizes rapid gap cycling with the same
acr,uisitic. time as Fig % A. Figure 4D i, post »z22=ssiny corrected from the same data as
A, fur comp2~ison. Note he edge reg ion of the sph ric: ] SWIFT FOV has been left (not
cioproa away) it T1g. 4. It appears as \n i.~eribz | circ'e or circles in the slices shown. The
sigal/a-iiract is related to the bulls-eye «-tifact ir Ziat it o~ ginates from sidebands as well.
Gap cyci'ng partially cancels this artifact (whick I, 1ocaliz= . to the edge of FOV) but does
not e tirey 7 cancel in the “cgion »f the freq 1ency “2maimn vinc ow applied during processing

to redu > wuncetion artifacts.

Figure 5 ir an 71 vivo brain image aken with r.pid gar <, cuny and no other bullseye

correction Ray id gap cxzung is prefirred for in vivo imagir_ 1n o' der to keep imaging time
reasonable. No bulls-eye »riiract is detectable in th- image. Th> ~dg. region has been left in
Fig. 5 as well. bugnt spots near coil elements are -i-.uie in edge .egi n at the bottom. This

yduosnuep Joyiny Vd-HIN

is due to the ccil Ciciuus veing next to & partially SWIFT visible “sam pad used for patient
comfort.

Discussion

Gap cycling eliminai>s buils-eye artifact resulting from the doubly enpped (garzod pulse
and gapped receiver) sSWIFT signal ch.ain (17). ¢ s mentior.>~ previon<ly, other e urs can
also cause a spherically sym=.ctric bulls cye « rtife <t, including; coil rineZown ¢ _8), short T,
signal from the coil (16), pulse delity errors (.2}, and gradien tin ing (19), a.»d will no.
necessarily be addressed by the gap cycline ~.cthod. We have rcasor o pelieve the t residual
pulse fidelity errors not addressed +; wne meth~Js in (2) can be ¢ yrrect-a by gap cycling,
especially if the number of ¢_'cle posi*.ons M i= zznarable to the vrlse <7 uthesis
oversampling parameter 4, bui a firm ~onclusion require: further wor'..

As noted previously, gap cycling “s no’ the only way tc ren ove or recuce u. lix-eye ~.ctifact
in SWIFT data. The post-processi1g ni'ethod (4) can ,1gni icantly reduce tulls-eye artiiact

)duosnuep Joyiny vd-HIN

but can also introduce similar artif: ct depczdiug on ob;ect structure. We ha-_ extended tne
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artifact coincidin & with rad*: . l.cie wne o ject has significant edge transition (Fig. 2B).

Since gen cycling does not require post processing correction, it avoids potential noise

ampl fica ion and bias Zuue te cegularizatio=) 11therent in inversion-based -processing.
\dditivna’ artifact inivod.ced by t. post-prezessing method can be viewed as due to a bias
term “.itrodr ced by the reZuiarization 1 rocess and/or modeling error (20). Inversion schemes
».¢ alse utilized in the n ethous proj osed in the r~T3rences (21,22).

10 date. ranid =op cycling, where e gap cv-lo 1s applied to successive views, has
demonstrated ne- rly the sar.e perfr-.uance in r-aucing bulls-eye artifact as the full cycle
applied to each view for M =4 and M- 16. We t+_orizc this is due to the spatial frequencies
present in the artifact being sig uificantly” :owe than the 1 >solution of the image. The

yduosnuep Joyiny vd-HIN

oversampling at the ¢ 2nter of k-,pace even in ai* unde -s»*.apled 3-d radial acquisition is
sufficiont to provice each post gridding k-sp *<c point with a full cycle. Further work is
nee led .o estaiish the conditions under whick =274 gap cycling breaks down, but

emzirical’y it has worke for all Halton Lased view ora-rs, objects, degree of under
camp'ing, and SV ET pul: e sequence pars meters as lon ; as ringdown is controlled.

Conclusion

We Lave presented the gap-cv-ling method t~ cycle the nosiun of the RF transmit and
receiv * int-rvals rela*2 ¢ to the »alse shape for SWIFT. G » = cling cancels crosstalk
between freo .cncy bar<, which results from simultaner., amp.itude modulation of both the
transmitter, pul-s and receiver interval. Gap cv-lLing comr!zizly 1omoves spherically
symmetric bul s-eye artifa~% uue to i ter-band ¢ ~ustalk, great’y i proving the quality of
SWIFT im. ges.

yduosnuep Joyiny Vd-HIN
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o

Z Figire 1

L A. Schen atic SWIFT sequence consisting of ~apped frequency swept pulse with acquisition
g etwe > e gaps.
é> B. Enl-.gen ent of onc peri~ s of the ge= pattern showing the transmit interval, dead time
5 in*orval. ~ad receiver in‘erval Jung -dovn of pulse voltage dissipating from the coil, and
2 ring up of spin signal voltage into th> coi' =.c show 1 (18) schematically. p, = 0.25, p, = 0.5,
g§> A=16.and A+=(.5 ps for all SWIT 1" acquisiiions in this note.
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Fig\ re 2

re~.aced *ut still preseni
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o

f cor.~Zurric rings i the s’ice (whick are sphert ‘cal shells in 3-d).

Page 10

A. Uncor ected breast prantor image with in*2nsity scaled to clearly show bulls-eye artifact

B. Corccte! breast ph.ntor unage witl, algorithm in references (4,5). The artifact is greatly
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o

Z Figire 3

. A. Tt pul e Spectrum HY;)
g 3. Gapza Pulse Profi e X. (/)
‘1_> C. Un-Zapp d pulse Spin Sr_coum H(% A(f)
5 D spin Spectrum R(f) = H(A Ygqp()
= E. D.ta Spectrum D(f)

g§> 7. Data Snectz D(F) with scale2 «(f) subtrcied
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o

Z Fig\ re 4

T A. highissolution SWIF [ im»ze, 5123 matriv. No gap cycling, no correction.
g 3. Hig* .esolution S"VIFT image, 52" matrix with full gap cycling using 16 acquisitions
é> for eac’, prciection (k-.pace lLine). Bull= cye artifact is completely eliminated.
5 C digh r_solution SW1ST imge, - 123 matrix. Ranid gap cycling, which takes the same
2 time as image A. Bulls-eye artifact i: cor.'»lciely el minated.
g§> . Aleorithe 74 5) applied to dat~,ct from Fi_ure 4A, artifact corresponding to the edge of
2 the water bulh re nains.
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o

Z Figire 5

T A. high- esolution brair image rom SWIFT <can, 320 mm FOV, and 5123 matrix yielding
g 1.625 ~.u isotropic 1 *solu*.on utilizi=g rapid g# » cycling. No bulls-eye artifact is detectable.
é> B. Sars im ge param.ers Fuc acquire” with no gap cycling. Bulls-eye is corrected with the
=5 aloorithr. m (4, 5). Shaling fr2.n b ls-ye is just visible at center of image.
= C. Suotraction of A from B, scaled 29x t¢ ~l.ow res.dual bulls-eye left in remaining B
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