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) Abstract
QZ, Purpose—As the p emi’.ce modality for bro? 1 imaging, (iRl cor'2 iud wiler applicability if
2 lightweight, portable sysi2ms were = ailable fr siting in \..conventior-; loc .tions such as
g Intensive Care Units, physician offices, surgical suites, ambul~i.ces, emercenc’ rooms, sports
= facilities, or rural healthca. . oies.
Methods—We construci and validate a truly portai le (<100kg> .ud silent i00f-of-concept MRI
scanner which replaces convenud nal rradie.t encoding with a rotting lightw 1gn. <ryogen-free,
low-field magnet. When rotated al out e ob’_ct, the inhomogeneo s field patiern is 1sed as a
rotating Spatial Encoding Magneti_ field (SEM) to <.czte general zec proj>cti>=s wt ich encode
> the iteratively reconstructed 2L ima<.c. Multiple rece ve channels are sea to dis»~.oigrate the
T non-bijective encoding field.
1
E Results—The system is validated wiiii experircatal invage.: of 2D test pnantorz. sui'u: to
> other non-linear field encoding schc me~, wne spatial resoluuor is positio.r de,>endent wi'h blurrine
%-_ in the center, but is shown to be likely sufficient for m.uy medi >al applicatior-.
o
% Conclusion—The presented MRI scar~.or demon-t.ates the potential for } orte bility b
) simultaneously relaxing the magnet hon o ueity c~.eria and elin.‘nating the grazient cel. This
g new architecture and encoding scheme shows ~onvin~.ug proo: of cu ncept ima zes ‘nat are
Q expected to be further improved with refiner ient uf the calibratio 1 an 1 methodc log,
=
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Int-oduction

Spr.ialize ., portable M. RI syster.s have the potential to make MR neuroimaging possible at
sites v, nere it is currently unavailabl > and' en~Uie in mediate, “point-of-care” detection and
~.agnosis of acute intracranial path~l,gy whick Lan be critical in patient management. For
example, the cha -acterizatic . of acute Lust-traum~.iic . 'pace occupying brain hemorrhage is a
ume-sensitive emergency foi wnich simzic clinical ass. ssment and even urgent CT scanning
may be insufficient. While cor -_utional MR : canne s ar » capable of making this diagnosis,
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wiey are not availablc in remote 1~ ations. n In‘ensiv* Ca e Units scanners are generally
warby out ar_ diffi_alt to utilize because o1 the dangers associated with transporting critical
car» paii~ats. A portable bed-side scanner could offer major benefits in such situations.

Port .ble, 1r w-cost scanners are compellivg for applica.‘ons where power, siting and cost
.onstrm..nts prohibt conve tional scan'.ers. xample: ini lude clinics in rural or
u-aerdevzioped are~:, military field hospitals, spor.s ar.nas, and ambulances. Finally,

an ogous *5 we current use of ultra-soond, a low-cewc and easy-to-implement scanner could
finc use. in neurology, neurosurgery or neuro-oncol~ oy exa. nination rooms for routine
disea e monitoring (e.g. mor:iiy-ing ventric'e size after -*ent L 'acement). The development
of a pcrtab e scann~: relies on *Lic co-desigi =i a new imag. wicoding methods and
simplified h~.dware T.us approach is detailed in the r_sent we k.

Traditione | Fo rier MR im#Z.ug methods rely « n Lomogeneor s st: tic polarizing fields (By)
and high st -engu. ..car Spati~! encoding Magnetic Fizius (SEM.,) nroduced by magnetic
gradient coils. C'onvz,,uonal scanners utilize high -ost <.percond ctit g wire, liquid cryogen
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cooling systems, and hieh nowar =10 3 and electronics. Th.use asp _cts make it difficult to
simply scale-dc wn conventional MPJ sca: ners to po wable, lom, cost devices. Recently in (1)
and (2), high resolutio1 im: gin-, nas Fen achieved w.un tab!~ “ap a1d sn.all bore permanent
magnet systems with lo1 g acquisi’ion times (1), includir g a mnbilc Mt I sy stem developed
for outdoor imaging of small .cee branches (2, but these scenner: lack a brre size suitable
for brain imaging an(' th- 1ong acquisition ime. are not co’ Jucive t~ unaci.u = viage
settings. Other approaches that scale- Zown the si7e of conv >.uonal sv-icms for i~ua-
operative MRI show promi<z (3). How~cr, while these syster.s are rel~ive v <usy to
retrofit in operating roon , the:- are not truly po..able.

In the present work, we use a novel im.uge encod*.,g method base s on retoung s -uual
encoding magnetic fields (rS”ivl) to cre=ic a portable scanner. Wu rep'ace the oy m.net
and linear gradient coils with ~ ,otatine permanent mag. et featuring 7.1 inhor. sge.eot s
field pattern used for spatial encodi.g. In “.us schemc the inhomoge ieit, in the B, fie'd
serves as a spatial encoding magn :tic “reld (SEM), anc is 1 :quiremen’ for .. 1ae en-oding
not a nuisance. Loosening the hor 10g¢ neity constrai-.c of ~ome conventiu..2! magnet Jcsig s
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leads to a reduction in the minimur.» requi. << wagnet r.aterial, and allows 2. more snatse;
lightweight designs (45kg in our proto.;»e) A-jiaonal',, the 1tation of ‘he L.agnet's

Ja
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inhomogeneous F~!2 Sl iopraces the function of heavy switchable gradient coils with
signit. cant powe - reaviremtii.

Sev >ral NMR devices fo - niche arplications have explored relaxing the magnet

homc gen ity constrain*, as w-il as reducine 1> reliance on traditional Fourier image
«ncoding "he oil we.l-le_ging indusory was *ho first to explore the idea of mobile NMR
using “ exter 1al sample” ~. 1nside-out NMR tools for measuring fluid in rock formations
down-buie (4). This woik vus mitia'ly ¢one with _lectromagnets or in the earth's field, but
the advent of rare-earth magnets witl hig.: energy r.oducts such as SmCo and NdFeB (5),
hae =112, ca moi = effective borzliole NMP (vols to be developed (6). Some portable single-
sided NMD 0 ces (7,8) exhloit Lunomoger-ous mag etic fields from permanent magnets
for 1D spatial encoding. In these sv-icms a rar~ car h m gnet array is placed against the
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spin-echo refa~3sing are used to obtain a 1. depth prc e of the water content in the object
(9--11). Th>.s, the~c systems use the inhomogeneity of the small magnet to spatially encode
the leptn of *.ie water; a principle that we w1 expio.* in a more complete way.

’revi~usly, Che _cal. imp. 2mented a 1 1ecl anically rtat ng DC gradient field in conjunction
with a zonventior~: VIRI scanner with the motiv>tion c. silent imaging (12). In that case, the
rotting ~lcctromagnet produced a linea, eradient f_1d so t-aditional projection
recc1stn ction methods could be used. In the pres=iuy dese ibed portable scanner, the
domi,ant SEM field term ‘2 quadrupolar, v nich rerzues cpecialized acquisition and
recons.mzuon teclaiques. Szadal encoding with similar non''z, 2ar fields created with
electromagr.cts hac ccently drawn attention as a w2y~ w0 achie™ . focused high imaging
resolution s, rec.uced peripheral ».iv > stimulati»n (13}, uad im,rov 2d parallel imaging
performan se (14). In o2, scanner “..c approximately quadr.yolar SEM fields are physically
rotated arou.nd the object Liong with the By field, ~ua statiorz,y PF ¢»ils are used to acquire
generalized projections of the object in spin-echo 1-.in form.
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In this manuscrint. we des~zile dw aesig., construction, ar< wsting ~f a portable 2D MRI
scanner. We show that he e 1c2ding ~cheme we introduce ~an achie 7= a resolution of a few
millimeters in phantom 1 nages. “vhile full 31N encoding is o (em st -ate 1, the system is
compatible with RF e.icodirg schemes, st.ch a: the TRASE etk d (15,14), capable of
adequately encoding b third dimension (2'ong the axis of the cv' ..arical maguet,. The
magnet design and initial encodine ..empts were previousl, reports. in abstra~. rorm (17—
19).

Methods

Magnet and field mapping

The described rSEM encoding metho~. 1s valid ¥~ arbitray encoding fiel” :hayes, . Ith rugh
the shape will affect the spatially viriab'c resolution o “ the images. ¢/ sprse lip:ziar Falbach
cylinder design similar to the “NI IR ! 1andhala” (20,2 () was chosen to procac? t= e
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rotating B field presented here. T 1is a rangemen* vt per nanent magnets produc<, an
approximately uniform field directed transverse to tho axis of *he cylinde (22). ThZ iua;or
design criteria for our Halbach magnet were: 1) mavi.. um aver .ge field fc. nighest SNk, 2)
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sufficient field v~==*2i [Ui spauar encod ng while maintaining reasonable measurement and
excita‘ion bandy idthe 3) izl .ue volur.e of permanent magnet material to keep cost and
~ve'ght dlown, 4) use of 'toci r~.e-earn magnet material shapes, and 5) minimum size to fit
the 1 'ead (in order to max'mize P ). Note, the design was not focused on the specific spatial
encocing ‘eld shape. .nd th~ resulting n~%.ern n the constructed magnet was accepted as the
CEM for .a> presented s_anner Tue Halba~l, cylinder design consists of a 36 cm diameter
arra;, of 20 ,ungs comp sing N4” orad NdFeB magnets that are each 1x1x14” (magnetized
.rous’, the 17 thickness ). 1wo addi.iona' Halkzcn -ings made up of 20 1” NdFeB cubes are
aued to the ends of the cylinder to r duce field #..1-off caused by the relatively short length
ur cylinder. Figu e 1 shows = 50 drawin g of the m~_. <t, the simulated field, and constructed

aagClL,

yduosnuep Joyiny vd-HIN

The nredictod Z210  attern (Fig. 1a-b), as vell as the forc *s between the magnet rungs were
simulated nein~ CONM SOL Muluphysics (S ock.yolm, *=, eden). This calculation estimated
an inte.nal Zorce ~« 178 N, which is adequatery handled by the fiberglass and ABS frame
desizned to Fuld the NdFeB magnet array. Tl.c mag..~t rungs consist of NdFeB magnets
stm.cked ‘.iside square uc rglass tubes (*cM2zic-Carr, Slmhurst, Illinois USA), which are
iixes. by five = ater jet et 5/8”ABS rigs Fig. 1d). ":act 14” long magnet rung is comprised
ot friu mndividrai oar magnets (Applic 1 Moz»22, Planc, TX, USA) which were bonded

tog >the. (three 4” bars and a 2” bar). The » RS/FLgrglase i yme was assembled prior to

NdF B n agnet handling, and then the magnet =..gs were . nulated one at a time. Since the
4 magnets comprising »~on rung repel eacl other us they : re i1 serted, a magnet loading and
pushing jig wa+ uecessary v torce the magnets together whiic 11e magnet bonding adhesive
cured (Loc.te p/~ 531 and 7387, Diisseldorf, Ger.any). The )15, was a simple threaded rod
mounted 1> thc magnet asser%iy fra ne above ‘he ~zoning of tie t berglass tube.

The constructed magnet *. cighs 45 kg and has a 77.5 mT avz.ux > fic'd in the 16cm FOV
center plane, corresponding to a 3.29 MHz proton “armor frear<acy. The cylindrical magnet
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sits on aluminu u rouers covered with a high friction vr<iuane. Tk MRI console is used to
drive a stepper L..vior \moc el 34Y 106S-_W8, Anahern A .womatiol , Acaheim, CA, USA)
that is attached to the a1 1imii ».m ax'_ of one of the rollers wnrougi. a 5." ge rbox (model
GBPH-0901-NS-005, A-.ahein Automatic=, Anaheim, A US.\). M>zne! rotation is
incorporated into the pulse sequence so th. t it ;s controlle 1 by e MRI ~unsole to a
precision of one degr - at a rate of 10 de;s. Pei'pheral neive st..aulation ‘s not a cc. ~cern
with this B rotation rate. Even ~% 10Ux the o=, rent rotation rate, th< uB/dt from 11e rotating
magnet is 2 orders of m: gnitude h<iow the dB.'dt < 2nerated b - a mzaest clinscar > ugieont
system. The magnet asset..vly is enclosed in a c~,pct mesh Fa-ad.y caee (0 reduce Ir

interference.

An initial 3D field map was cbtair=d with ~ 5-axis gaossmeter pro®o at*uched to a me ‘orized
stage. The measured field shape is rewghly or2liupnlar, s'milar to th . fielus us»d ir the
initial realization of multipolar Pat._oc /arallel Imagi g T :chnique 1sin> Lo *al.zed
Gradients) encoding (13), but wit 1 sig nificant higher- srde: componen.~ as v-ei' Tne
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measured field variation range in ;-z (L.maging n'=.e), x- ., and x-y planes of a 1< ¢m sphe-.
were Afy, =95 kHz, Afy, = 60 kHz <nd Afy, = 52 V11z. Larce armor fre juencv tanaw, dths
make it difficult to design RF excitation and refocr's.ug pulses *aat achieve the same flip
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angle and phase ~~=222 Wil dae spuns. In aa lition, it is difficult to make transmit and receive
coils \ niformly : encitive 0727 (e e .are bundwidth. Therefore, shimming was done to
Jewreas field variation ‘no . tt2.npt v-as made to reshape the SEM). The field variation was
shin mec down to Afy, =32 kHz, Afy, = 32.5 kHz and Afyy = 19 kHz with the addition of
small shir magnets (©.5” di~.meter, 0.25” iengh cylindrical NdFeB magnets) which were
~.ctached o *he fibergis- rungs Tue 3 plar<, of the shimmed field map are shown in figure
2.

Ar accurate field map is critical for 1 nage reconstr ction, particularly when nonlinear
enccdin. [Jaas Jorce the use of jerative muuaix solvers rather than the Fourier transform
(14y Tho £ 00 (s perturbed vy ev4iinal fielde (includin; the earth's magnetic field), and must
be remapped when the magnet is re' scated. In <.uei to quickly acquire center-plane field
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mane a linec= o0 5f 7 field | robes <pac»d 1.5cm apart vas constructed (Fig. 3a). The field
probes are tined Smp  long, 4mm diameter, 18-.urn sc'2.,.0ids measuring signal from 1mm
capilla.ies ~r Cuf U4-doped water (23). To acquire a field map the probes are held stationary
whi e the ma_net is rotated around them. Pr!,nomial basis functions are then fit to the
m-asure”. points and t+_ iield map (Fig 3b) ic ,yulesiz2d. The polynomial coefficients up
11 6 order o une magr~: rotation an le ¢ re shown n teole 1. The net magnetic field from
the MareB maci.cis is sensitive to tem era.c {un the order of 4 kHz/deg C for the Halbach
ma_net as well as interactions with exter.:~! fiel, so a= a'ditional field probe is used to
mon tor iield drift during data acquistion. This =uvigator ;. *be is mounted to the Halbach
array 'nd . otates with th_ magne . The me: sured Zieid chaage:, ABy, are then accounted for
in the i...age rezonstructiez,.

Acquisition Method

To acquire Jata, tne magne* . physically rotated ar~w.ud the samoic n discrete steps. At each
rotation step, gu..watized projections onto the non'in~z. nield are icquired (similar to those

yduosnuep Joyiny Vd-HIN

described in (24) Frziiice ol wese proiections are shov., in Fig. - for a simple two-
sphere phantom The field 2 .o .ced by the sphere: charsos at each rotation due to the
non-linear SEM, provid'ing 1ev, infor.nation in each projeriion.

The constructed Rx ce’i arrav (Fig. 5a) ccnsis s of eight Sci diaieter loor s of wire
encircling the FOV c¢n th_ surface of a 14c.n divmeter cylv- ier. The ‘,auct~..es of the coils
are roughly 230 nH, requiring capaci*Z.s on the « rder of 16 rI (Voltre+.cs, Salisku.y, MD)
for tuning. Geometric decorzung and PZv dic de ¢ stuning wer~ implem-..e1(”S, 26). The
coils are tuned and matci ed to Zu Ohm impedz..ce low noise rea nplifiers (1 [ITEQ P/
AU-1583, Hauppauge, NY).

A Tecmag Apollo console w'iii INMR <uitware (Houston, TX) vras i sed. Tho concnle has 1
transmit channel, 3 gradient ¢ *~.unels, a~u 1 receive chanel. Since th-, progra: uncble
gradient analog outputs are not neer’ed for gradient cuils, ihey are us :d fur o he " pr.rpoe ses.
For example, the G, gradient outy at is ased to control he s tepper mo ‘or 1u. n.agnet .otation.
The fact that the console only has 1 re seive channel “aear that true para:ic! imagine ann t
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be performed. Instead, the receive channd! iz switched Letween the coils in ‘¢ array,
acquiring data serially. The Gy gradien: ~itnit 2iong with, a Re Comm Te *hrzlogies
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(Salisbury, MD =~!27 2..3 Arauino UNU Hoard are used to switch between the receive coils.
Altho 1gh pre-an n decoupl’z Las - ot bera implemented yet, data is being acquired from
o cot' at a time, perm tting th.c othe. receive coils to be detuned to prevent coupling.

Two caner coordinat- syste-.is are define” L cause the object and RF coils remain
stationarv vhile By is rot~.ed. The zuiating coz.dinate system of the magnet and the spins is
defincaasx’, y’, z’ (exaries shown i Fig. 6b), and fixed coordinate system for the coils
2.d obi~cts is defined a: x 3, z (sho vn i) Fig. 1 »=.1 2). Image reconstruction requires
acearate knowledge of the coil sensit vity map, C. . (x). Here the index g refers to the coil
char=c1 a1 10 the rotation neziuon of th2 inagnet. The coil sensitivity map is different for
each rototic L usition since B, i< rormed fro.a a proje stion of the coil's B; field onto the x -
v’ plane (which rotates with the m2z..ct). In ce=venion: | MRI, B;~ is mapped by imaging a
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nhantam w4k 20 ampled er.codine LUy Jhe g -adien” wa reforms. However, this approach is
not possihle x4 our ncoding scheme bec. use knowi>Zge of Cy ,(x) is necessary to form an

image vit Lout al’asing.

Berause r{ the difficultv »f measuring P; ~on ovr scam er, we use estimated B;” maps.
Vlagr stostatic 2z proximat ons are suif able at the 3.2 ) M 4z Larmor frequency, so B; of the
irdividuar coils wo, modeled with Bict-Savart c2!cualat’ons. By symmetry, the x component
of he cirzuiar surface coils’ By is zero 1. the center plane FOV. The x’ component B)) is also
neai'y zc o because of the geometry of the magne*. 50 the ~il sensitivity calculation

reduc s tc a two dimensie~ur prblem, sin ¢ only th2 »; comp onent perpendicular to By
contrit 1t<,, to the Lensitivity uap.

To calcula e thr coil sensitivity m»; for each r-wtion (7}, e R; ¢ mponent parallel to By,
(the By ve ‘tor ‘or rotatior , ) 1s subtr cted and v are left wit'. the rerpendicular component.
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The phase is equal to e ai gle, #,, bet. een Bi‘ and 1, which wil eitnor be +90° or —90°
r

due to the symmetry pro verties ~iscussed abrve. The veiatiou n a sing le ¢oil's B, asa
function of By angle 7. 1llust.ated in Figur * 6a-b, and the B; “ ma-.iitude f.r 4 coils and a
single By angle is shcwr. 1n Figure 6¢. Whe 1 B voints alo"g the »2imal t » the cow, the
sensitivity profile resembles a “de+uc * pattern wi‘h low sen.itivity = we center vt the FOV.
Maximum signal sensitivity occurs v..en By i. oricuted orthor,onal to tiie n¢ 2..~' vector of
the coil loop.

Similar to single-sided imaging me*..uds (7). #<ii0 formation reqires *\.c use ot spin echo
sequences in the presence of “he inhr-,ogener:z Z214. The T * 0. th< sicual is short due to
the static Spatial Encoding Magnetic f.cid (SEM) and it .3 impossible to do the equivai :nt of
gradient echo refocusing because t'.e sig”. of the SEM : cat not be qu ckl 7 sw'tcl ..
However, the encoding can be rey eate { and averaged ‘0 i prove SNk in a s p11-ecl0 train,
which does refocus the SEM. Unl ke i.» high-field - ysten s, the specific absorptior ,ate
(SAR) from the consecutive 180° p.lses is negligible vecause of the low _acitation
frequency (3.29 MHz).
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nT

Unlike conventin=~! M1 seauncrs, the B, field of the Halbach magnet is oriented radially
mnstea 1 of along *he hore 040 ua,uet. Tliis means that in order for B;" to be orthogonal to
Zp at a\' rotations, it shculd e airecteu along the cylindrical axis of the Halbach magnet.
This mai-es a solenoid mure suit~vle than a birdcage coil for RF excitation. The constructed
solenid. ‘hown in ficure 5¢, nas a 20cm Jiami ter and a 25cm length. N=25 turns of AWG
0 was cL.o0sen as a re.s~nable viiue in the “.adeoff between B;" homogeneity and parasitic
cap~ . itance from close’, spaced »'ndir gs. The 70 uH Tx coil is tuned to 3.29 MHz with
a1ght ?50pF series capaciors distrib ited alone e ‘ength of the solenoid, which reduces the
smsceptibility to stray capacitance. B¢ cause the <*.uc SEM field is “always on”, the transmit
wuu must have a relatively 1~y Q in orz, o excite = 7ide bandwidth of spins. The Q of the
Zou 1> aoout 60 correspondit © ‘v a 55 KH= vandwidth. A 1 KW power amplifier (Tomco,
Stepney, SA, Australia) is used t~ produce sh. 1t 60L W . 1lses for broadband excitation
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{221 fut yu~ pulses nd 50us 101 1S5 puises).

PIN divde ~etuniv.g is used in the transmit and receiver coils to prevent coil interaction (25).
The tuning/ratching circuits are constructe< >0 thar the transmit coil is tuned and the
re~eive ruils are detur<a vhen the pin ~i1odes ..o orwa d biased with console controlled DC
volt~ge. The ~unverse is t.ue when the dicdes are re ers : biased (Tx coil detuned and Rx
coile (uned).

Reconstructic n Method

The Hlba: h magne*'s spatial »~=coding fiel! *, approxime..i, auadrupolar and therefore
produces a run-biject:. ¢ mapping between object spac< and enc hding space. This encoding
ambiguity (ead-, to aliasing in the i~ age throug . the oric’... A~ de-cribed by Hennig et al.
(13), para.'el iinaging with encirclin, receive cu.is can be uscd to lisambiguate the non-
bijective m.oping. L'his is rossible because the coil Zcusitivitv nrori'es provide additional
spatial encoding il.a localizes signal within each ¢ =2 quadrant of tie FOV, eliminating
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aliasing. This 1de~ ‘= 110G aeed wn magure Sb. This specifie Linpleme-.cation of the portable
scanner closely -esembles “.2 case ot Pat_oc imagin, with juadrupolar fields and a radial
frequency-domain traje >tor_’ (".¢). H~ wever, the measured Iiaiv.ch YEM s not purely
quadrupolar, and the pre.ence of arbitrary field compon :nts e 7en's tt 2 de composition of
the rotating SEM inte unear combinations of » orthogon.l e ~od:,,g tield<. For this reason,
the direct back-projec ti~. reconstruction m >thod describec’ in (2R} is not  alic, and iterative
matrix methods such as those dese~Led in (29) a. ¢ used.

The discretized signal ac yuire vy a coil (¢) at = given magne - rot ition (») at ‘ime z cai. be
described as

Sy /(M) =T, .l a2k X gy o)

where m(x) is the magnetization of .he ok;cct at location v 3ctor x, C, (x) is ‘he >r.apl x
sensitivity of the coil at location x, anc. k(r,x,n) is the ¢ volv zd phase t.om w11 onlircar
gradient at rotation r, location x, ¢ ud t me n. The exponer dal term and coii sensitivity tern

)duosnuep Joyiny vd-HIN

can be grouped together to form the encouuy tunction. ency (x, n).

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/

Cooley et al. Page 8

S, = Tenc, (xn)m(x) (3]

Z

I The mnatt x form of this <.gnal - quation for a single projection readout acquired with one RF
g roil is *Luply

Z -

= \q,r=Eq,rm. [4]

o

-

= . o .

Q Tha o2 uieu signal, Sq,r, is a »" ctor mad= up of the sampled readout points (Ngyp). The
> . . . .

g ohiect kot~ ¢ solving fcr, m s a vector ~.ade up c fall the image voxels (Nyox). The
Q encoding matrix, Eq,r, contains the _volved pkzse « f eah voxel in the FOV for each time
S noint in the ~oo0 o 0on as well as the coil sens tivity muli'plier. With linear gradient fields,

E is made n~ ~fthe s:qusoidal Fourier basi: set, whicl =iiows the image to be reconstructed
us.ng rdir! oack projection, k-space re-griduing, and other approaches. In the nonlinear
SEM case, F is more complicated, but can . caicui.*ed from the measured field maps.
B-.ore th.c appropriate!, otated field p-ap is *2,ou > cal sulate the phase evolution, the field
(harge capti_u by the ».vigator prot e d ring the a :quisition is added as a global offset.

A Lepar=*_ olock of the encoding matrix, Eg,r is c2' ulated for the data acquired by each coil
at e« ch rtation. There will be a total of R*C blor'=, (where 2 is total number of rotation and
C is t.e tctal number of erils), v hich are v srticallv Zuucaenai 2d to form the full encoding
matrix, F. s is al*, made ur i vertically cocucatenated subp2=_. , Sq,r, which are the signals
acquired frr m each _uil at each rotation.

To reconsiruct the image % om the ar juired datz, we object. =, car. be found by inverting the
matrix, E. 1Towever, the fil!! ncoding matrix size i Ivgyp *R*C X 17 oy In the typical case
of 256 readout pu.us, 181 rotations, 8 coils and a 254256 voxel recc nstructed image, the

yduosnuep Joyiny Vd-HIN

full matrix size i« 2717 SOK. owice 1t 1. not computatier.uy feasible to invert this matrix,
iterative methoc s such as thc Cowir.gate Cradient me hod (2C) and the Algebraic
Reconstruction Technic ue (3] 52) c2u be used to solve for die n.iniimm 1 orm least squares
estimator of m. The gen rality o this approach allows ¢ cbitr.uy field sl ape s and coil profiles
as well as systematic _rrors ~uch as tempe -atwi =-dependcnt 12214 ~.ifts to * e incorporated
into the encoding ma ti~..

The reconstructed images a2 simulati~Zs shc wn \ere were de..e using *L.c Ale_braic
Reconstruction Techniqu 2. Th= ¢ncoding matri. was calculat. d li e by line ¢ 1ring the
reconstruction using the appropriately rotate< and tei1perature urift-~.rected fielc map and
the calculated coil sensitivity profil<, ror the ¢*.¢n By direction. ‘(o de~..unstratc the
importance of temperature di'ft comr_usatior = zhontom image \7a< uls~ .econstrucid with

an uncorrected encoding matrix. The fc1d of view of the images is 1€ cm ~1d he 1.)-pline
voxel size is 0.625 mm.

Phantom Imaging Methods

)duosnuep Joyiny vd-HIN

Images of a “MIT/MGH” phantom w ~re acquired Loth with a : ingle char.nel sr!_101d R «
coil and with 7 coils of the Rx array. The 3D print<u polycarbe.iate phantom is 1.7cm thick
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with a 13cm dirm~*2r) S s Guea with CuSOy4-doped water. Thirty-two averages of a 6
spin-¢ cho train (TR = 550 15, cuin- spacis.g = 8ms) were acquired for 91 rotation angles
ovor 189 degrees. Naviyator fiz.d prele data was also acquired at each rotation. The coil
arra_"'s lengthy acquisitio 1 time ~{ 66 minutes results from multiplexing a single console
receiver a \d would be reduc<d to 7.3 mi=ues Ly acquiring data from all channels and the
*.eld proke in parallel.

A lem *aack lemon slice w~, image 1 us.ing onlv %> bottom 5 surface coils with 181 1°
rot~.aons. The total acquisition time \’as Y5> minutes (15.5 minutes if surface coils and
navi~ot, piooe were acquired L paralleld i single average of a 128 echo train at each

rotatinn ==z (4o sufficient SNR Tach eche ~vas recot led as 256 pts with a 40 KHz BW
(TR =4500ms, echo spacing = 8m<). ror comr..1sun, ti € lemon image was also

yduosnuep Joyiny vd-HIN

reconstrctad o0 nly 91 roaations cuc £ 181 acqu irea rotations in addition to the full

reconstrnction

Image simulation m~chods

" ne de,cribed acorisition method was simriated usiag t e measured field map from the
c>ural slize of the Hzlvach magnet. linag *s were s*mul'.ted using a high resolution T brain
i 1ge or a =umerically generated checi erboard with Z.5mm grid size as the “object.” The
mecsure 1 field map and calculated coil protuies of th2 o coil array were used in the forward
modc | to renerate the simul»*_. data. In or~ simulatio, an a1 ‘ificial field map was used to
simula‘e th > additie= or a line=~ Jield comp.=_ut to meast..oa SEM. Complex noise was
added to the ,imulatic=, to match noise levels observes i1 comr arable phantom projection.
These sim 1latir.as were done with “\e same se uence p2~i.ucters Of the lemon image: 181 1°
magnet ro atio s, 256 pt *zadout, 40 X<Hz BW, ..uo0 spacine - 8m'.

Results

yduosnuep Joyiny Vd-HIN

Experimental ii1ages of the 3D printed “NIT MGH” puantom ~:¢ shown in Figure 7. The
image acquired with tl.= so enoi~. coil *.sed in transmi “.cceive mod.: is s; own in Figure 7a.
Only the “MGH?” part o "the phan*,m was filled at the ti-ae, so the top hali of the image
should ideally be empt~. [nstew.d the expe .«ed aliasing ptte n is » 2ewn ‘urov zh the center onto
frequency matched ¢nadr.ats of the FOV. The . liased ima,~ is markeZiy m~ e bhury than
one would expect for « purely quadrurziar field, which maps .u signale ,ymmetri~..uy about
the center during reconstructi<... [his di=Z.epncy likely arises Zue to the L. ese.'ce of first-
order and higher-order fi>ld ter., which pertu.* (e symmet1 v of we dominc nt quadr.nolar
field.

The importance of monitorine .ud correr.ug for field drift due t ter.'peratr= ., cmohasized

by comparing Fig. 7b and Fig 72 which ~L.ow images v.ith and witnov” temper=ore diift

correction. The drift correction is acliieved Ly monnering the freque icy seei b th

navigator field probe which rotate ;s wit's the magnet. T 1is j robe's frecruer.~y 1. ideall,

v

independent of the rotation angle luri\g the acquisitiun, b it varies due .> tx 0 causes

)duosnuep Joyiny vd-HIN

Firstly, small changes in room tem,eratu== tr~=,1ate to - global scaling of th= Iialbach
array's magnetization and thus the cei.ral By. Wil no atteLpt o insulate or st=Linize the
magnet's temperature, changes up to 0.4 °C and '.0 KHz were observed over an hour. The
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second cause for #h2 f00 pivue s cnange in field as a function of rotation is due to the
chang 'ng vector snm ~fthe Zi.4i's .eld a7.d the Halbach field. This effect creates a peak-
ek veriation of 3.7 kE 'z fo - th.c mac.et location and orientation. This effect must also be
incc "ported in the encocing ma*.ix. Even though field drift correction is applied to Fig. 7c,
some of ti e letters are sharp~. than other-, wnis is likely attributable to field map

2.1accurar €.

Tue ler, lemon slice images are secn in Figure 8 The use of 5 out of 8 coils of the receive
arr.y prevents aliasing in the image, »ut center blur ing is more pronounced in these images

thar = (1,0 sunu ations (Fig. 9 Tigure 8a =, as reconstructed using half of the rotations
anolec ~F T L ob, resultiny in »ourer imacz guality « nd streaking artifacts.

Figure 9 shows an encoding a1 u reconst-. ctio.\ simu'atic 1 using a typical high field T;-

yduosnuep Joyiny vd-HIN

weighted brain MRI . s the imag.ug object Fig. 9a). 1 'ois« was added to the object model to
stinula‘e the lower 5NR of the low field sca =.cr. Figure 9b shows a simulated image using
the mea.ared ~acoding field of Halbach magnr=*. There is no aliasing in the image because
the _alcul-.ced coil sensitiity profiles of .ne 8 channel 1*x array were used. However, there is
slurring in the ~<.uer which coincides with the shalle w 1 2gion of the nonlinear gradient
fictd. Tle center klurring in Figure 9c is reduced Lecav e the image was simulated using an
art ficial ficid map that consists of our n.~asured SEvI pluc an additional linear field of 500
Hz/cm. ""he simulation of the 2.5mm grid numeri~.i phantea (Fig. 9d) shows the ultimate
resoh tion possible with th< ¢xisting exper mental r=,woclin he absence of systematic
errors. :istanding resolutioz at the periphe.y gradually gives vay to a blurry central

region.

Discussion

As expected, u:~ »~-otjective mapping of the Ha back .uagnet's SEMN results in aliasing.

yduosnuep Joyiny Vd-HIN

“

Fortunately, as descrihed i~ 2125 2, iliaring is resolved bv e addit’on of a multi-channel
receive array w.th differine <n~*:2! ~cofile, and an ap nropria*- geometry. Since the Halbach
encoding is dominated Yy t.'e cuadruzolar “PatLoc” SeEM. *L.e cvste m's s atially-varying
voxel size changes appr« ximatel: as c/p within the FOV, wh=:2 o 1~ the racius and the
constant ¢ depends or e str_ngth of the ."\EM and the lingh of t e reador.t (27). This
means that our Halbah “aagnet encoding t eld .esults in h’sner res~iutior au ko . ~riphery
due to the uniform nature of the SFMZ near the ceater of the "OV. This center bl..ng is

seen in both the experimer‘.i images ‘. r1g. t anc the simulat’ons in Fi.. 9.

While we did not attempt to control the precic< sphe ical harmc..uc dietioution in ue
magnet design, future work will like';, oenefit f*2.n shimming th'. mag»<. t0 ob..in a more
desirable SEM. For example, it a suffi~.cnt linear term were adde, tt 2 urilorm encoding
field region would not lie on-c..18 with *iie rotation. In tu's case, whict. is simu ated in Tig.
9c, the “blind-spot” would move arund *..¢ object al,ywi1 g some rc :ati-ms 1) ¢ ricibi te to
encoding of any given pixel, as p1 avic usly explored in “O- Space ima_ing (1-'). Prisuing
this strategy even further would r sult in a SEM cor.ainir.g only a linear w..n. In thi, case.

)duosnuep Joyiny vd-HIN

the encoding becomes very similar ‘o a radiar 1magine scheme with conve-..onal gradients,
and to the strategy proposed by Cho et «l. =2 used a r<.aung g radient co'l “.. a convent. 2l
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magnet (12). Witk ~c2 i Geia mapping instrumentation and shimming software, we
suspec't that the inaonet covll Lo 5i-.nme- to a more desirable SEM. Although a linear SEM
~vcld climinate the enchdiny Fole aru allow a more straightforward reconstruction method,
ther.» are advantages to s« cond-o-uer SEMs including the coincidence of the high spatial
resol tion area and hiZa coi! sensitivity »7.a near the edge of the FOV.

The I=mon 1 nages of Fic G show that vhen 91 projection rotations are used instead of 181,
» radial sreaking artifac* ic - wsible. The streakine . ttifacts are consistent with those arising
in ~onventional undersampled radial ‘rajectories pl-~ sed by linear SEMs as well as
nndesco,pied redial trajectories played by CatLoc SFMs (27). It has been shown that the use
of total =22 ou and total gener=!ized variat Lu priors luring reconstruction suppresses
streaking artifacts in undersampled zunventior=-: ralial \33) and PatLoc radial (34)

yduosnuep Joyiny vd-HIN

acanisitiore SIn 0, techniques mav Eo porsucd in future work to suppress streaking in
images ohtaine-d with fewer projection rota.ions of oui <canner.

The simulatior.s in Figure 9 show the theoretic~! zz<nlution of the scanner when systematic
err-s are stiminated. Those errors are r-ost likely a res 1t of field map and coil sensitivity
Jrofil. maccuraz.cs, whicl are critical to t'.e iterativ : re onstruction (14). The current coil
suasitiviey profilee [acilitate proof-of-onc ot rec~astrv ctions, but their fidelity is suspect
beu ause *..cy were calculated rather thai, measured In thes~ calculations the magnetostatic
Biou Savrt approximation was used with no exter.ai struct res present. While wavelength
effecis in he body are not Zapected at this requenc;;, wic ~los: proximity of the conducting
magne < ~.d other coils mieh: perturb the eaperimental field= Additionally, a 2D field map
is currently used te zoconstruct thin samples (1 to 1 <.in thick® out field variation does exist
in the x di ectin (along the axic ,1 ihe Halbac.y cylin”..) with'n ti e sample thickness. This
causes thrcugh olane A<pnasing »=J must be incorporated *...0 the encoding matrix based on
a 3D field n.ap.

yduosnuep Joyiny Vd-HIN

Field map errere ~+i~2 0., wuiperawre Jrifts which are <* uificant on the time scale of the

causes substantial bluri‘ng i1 t..e im~ ge (Fig. 7b). Temper~.ure J-ift i< a p-rvasive problem
in permanent magnet Mi’I and b.s been addressed in a "um* 1 ~f \rays. In the current
experimental protoce’ the froquency at a 1'xed voint is n.=ascred Lt every ~otation and the
drift is built into the ¢nroding matrix as a 'oba offset to t'se field Luaps. ~nis wueu.nd
reduces blurring considerably (Fie 7¢), but other options he.ve beer Lioposed f .1 permanent
magnet NMR and MRI th=. may offe: uigher nco ling matrix accura~,. ror <~~mnl=, Kose
et al. (1) describes the im»l-i.entation of a NMR 1=k methoc plu- therma! Z.isulation
Additionally, a new Halbach design was . ently rer xrted which vsos two tvz 3 of magnet
materials with different tempera*..c coeffici<.ucs to substantially ‘edu.c the effect of
temperature changes on the 4, fiel? (55). Wicn comypored to an ui.zomzensated SmC o
magnet, this reduced their temperaturs coeffi~:_... 110 foi1, bringing che fie.d crift lovn to
10ppm for a 3°C temperature char ge. Fowever this mtho 1 has the (isalvan agc of
producing a lower field and requi ing nore magnet v steri i than the t.~ditic ne! Zcsign.

)duosnuep Joyiny vd-HIN

goal, a multi-channel receiver console 1s 1vyuued, as - cil as the implemei “wuon of pre-awp
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deconpling. Thie i~ 220 lagoous 101 practical diagnostic reasons and will also alleviate the

pictoty res must be mac = lat ye” 0 accommodate the human head. Although the head can be
fit i1 to t e presented mag net, its Jocm diameter does not leave sufficient room for the
transi1it a1d receive ».rays 2, well as the suruciural supports for the magnetic material.
“onstrurZicn of a larg >r uiamet=: inagnet v..u the same basic design will result in a reduced
By fcid, al*.iough this could be m*iigatid by adding more magnet material and/or higher
grade “aaterial. The curr.. By field >f 7 7.3 mT s ¢stimated to decrease to 62 mT if the
diumeter is increased to 40cm. Howe rer if 24 N4Z NdFeB magnet rungs are used instead of
20 v42 rungs, a Geld of 80 =% 1s theor-tically achiz v ble. The standard landmark for brain
Luagiug (0etween the eyebrc vi) 1s 18cm ~Love the shculders. The presented Halbach
magnet was designed using the m.ximum cyl ader i>ngt1 that allows the brain to be

yduosnuep Joyiny vd-HIN

Zenwaou i tne magrn 3t (2x18c11). Fuwre 11agr 2t des.gns will likely adhere to this constraint
hecaur < uuersing the length of the magnet rea ires increasing the bore size to fit shoulders,
which v7ewud recult in a considerably weaker By).

Ir we de.cribed expericnts the By fie'd rota* s 1eintive to the receiver coils (coils are
ttativnary). wlich causes we shape of the coil profil :s tc change with each acquisition
anse'<. dowever (uis arrangement is n¢* a re3iranent “or rotating SEM imaging, and in
the rry t'ie receiver coils could rotate witL the m~_uet. Ir L s case, the coil sensitivity
prof.les «re simply rotated for each acquisition ~..gle, but .+ shapes of profiles do not
chang>. D.ta acquisitie= with ro‘ating coil: and <‘.uonary coi s was simulated. However,
there w.s not » Lignificant airference in pertormance in eith.: tie visual appearance of the
reconstruct:d im~ges or the RMSE (root mean sorz.ied error). 1 ~r data simulated with 91
magnet ro :atio 1s there was a £.2v% KMSE impiover.cnt when 1sir g the rotating coil
profiles, at d fo. dat~ ;imulated -, 1th 23 magnet rotatior~ (unders- mpled) there was a 3.6%
RMSE imprcement Tius suggests that rotating 11e coil ~.1dy mey i1 \prove performance
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when data is undersampled. The 23 ratation simulated images .re inc.uded in the
supplemental n aterial. The rotatine receive coil case .> similar *, the RRFC (Rotating RF
Coils) method describud in (36. © /), wl.ere continuou. !, rotating st facc <oils are used in a
conventional magnet fo. parullel i~.iaging.

The goal of the currcat wos was to provid'e a jroof-of-prncipiv that the basic 2D encoding
scheme can be perfor.~.cd, which was der.unstre ted with 29 iz ging of t in sample ~.
However, the addition of 3" axi= cncoding i, an ¢ bvious requirer-cnt for medic al
applications. A promisit. 4 possibili.y tor encod'ine the 3™ din ensirz. (along = e vis of
rotation) is Transmit Arra, spatial Encoding (TP.A2 E) (15,16, T2 ASF ~2.es custor.-
designed RF coils to generate uniform ~.aplitude k. iinear B;* pl.ase vari=iion alzag the
encoding axis. Spatial encodir_ is achiev:. using at least two Tx coi.s with 425, 2t phase
gradients (typically differing .w ‘i.eir sie*). Spin-echo .ains are used i~ which *.2 linear
phase variation is changed by 180 d~.grees .. vetwee. sucessive ref )cusng ou'ses. As the
sign of the refocusing pulse is flip yed r ver the course Hf thz echo tra.n, k ~race 1s tro versed
one echo at a time. The resolutior deg 2nds on the nv-aber of echoes uscd an 1 tue slorz vt

)duosnuep Joyiny vd-HIN

the transmitted B; phase ramp acrcss the *OV (o). Th. approach is synergi~ic with the
echo trains used in the presented encoding schem_ ror pr,use. of signal wer~_ing.
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Furthermore, at 1~ £210, TRALE spin-edho trains do not suffer from the SAR limits that
may i.npact the inethad's p~{,..ua e at 'ugh field.

Cor.cnision

Jsing .1 1mhomogen ous “nagnet fo: spatial er_oding in lieu of gradient coils, we have
constr.cted ind demoustr>teu a lightw .ight scanner for 2D MR imaging with minimal
power reguirements. Th 2D Lioof-Hf ce ncept im2es from this nearly head-sized imager
shovy the ability of this encoding sch *me ‘. produce sufficient spatial resolution and
sensitivie- £ 0. 2 detection and <lLaracteriz~lion of many common neurological disorders
such as hvdroco-galus and t-aume*ic space-orzupying hemorrhages. Future work in

1

perfecting the calibration methods i< Lixely to bri..g exp rimental image quality closer to the
theoretical limit =+ the resolu 1on of t=.e “urrcnt sys em s sufficient for identifying gross

yduosnuep Joyiny vd-HIN

pathologies. With the future impiementatio.r of tue pe r2''cl imaging and 3D encoding, this
sconne - has e pr.ential to enable a truly po..able, low-cost brain imaging device.

Supplementury M.aterial

Kk=Zer to W_u version ~=. rubMed Central ‘or s ipplemen*ary r .aterial.
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o

Z Figire 1

T The .nag et array consis’s of tv.enty 17% 17x '4” NdFeB magnets oriented in the k =2
g Jalba % inode. Addi1onal iHalbach r*Z,gs made »f 17x 1”x 1” magnets were added at the
é> ends tr cedu ce field fa : off ~iung the c -lindrical axis. (A,B) Simulation of the magnetic field
=5 in wo pluaes. The fiela is oric..ed ‘ran: verse to the cylinder axis (z-direction). (C)

= Schr.natic of NdFeB magnets compu sing ~z.ay. The targeted spherical imaging region (18
g§> om dia.) is d==icted at isocenter. {Z) End-view, photo of the Halbach magnet mounted on
g high friction roll- rs. Magne  was conouucted vwilii ABS plastic and square fiberglass tubes
8 containing the NdFeB magnets. Farad~, cage not Jhow..
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Fig\ re 2

the z d".ectiyn.
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Mea. ured' Larmor frequr.icy m.ps of the spatial encoding magnetic field (SEM) in the z-y
‘imag " plane), z-x, and » « planes ~T snimme:' Halbach magnet. The By field is oriented in
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o

Z Figire 3

T (A) 1 inect array of 7 NM.R fie'u probes used r mapping the static magnetic field. The
g robe. -.c held static nary. ‘while the *1.agnet is 1 otated around them and points on the 2D
é> center _ianc are sampi.d. (P} wleasure~ (ield map for the center transverse slice through the
=5 m-.gnet »Zer fitting 6™ vrder »Uiynomia's to the probe data. The black dots mark the
2 loca*.on of the probe measurements. The fiu is plc tted in MHz (proton Larmor frequency).
g§> "chis field die*-‘bution serves as th2 sEM infri.nation used in image reconstruction.
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o

Z Fig\ re 4
. Sche mati~ depiction of t..e ger.ralized projections (bottom row) of an object onto the
E cotatit 7 56M field. The ok ect consicis of two » ater-filled spheres depicted as dashed black
é> lines wuch are superii.pos=a on the H=lvbach magnet's SEM field at a few rotations (black
=5 ar-ow dezicts By orient: tion) Tue 1 IM} spectrum was acquired with a single volume Rx
o .
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o

Z Figire 5

T (A) 1’hotu of the 8 chanr .l receiver array coil "vith 3D printed disk-phantom at isocenter.
g The 1.'z.u diameter a ray i made ur i eight, & cm loops overlapped to reduce mutual

é> induct-.ice. ‘B) Relati. ¢ verioy size is i'lastrated as a function of radius from the center using
=5 two rotat’uns of the may net's €=M ‘fiel.! isocontovr lines illustrated in figure). Symmetry of
2 the i,ocontours causes aliasing of each v vii throug h the origin. Using the local sensitivity
g§> profiles of a» == circling array of ~_us, the crr cect location of each signal source in the FOV
g can be resolved . adapted fi ym (28} (C) Phote i the .’5 turn, 20cm diameter, 25cm length
& solenoid transmit coil.
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o

Z Fig.re 6

,I Biot: Sav.rt calculation ~. the c_nsitivity man ~f the Rx coil array. The white arrows show
g epres >~.dative orient. tions uf By, whizli define he spin coordinate system orientation

é> (x’y’,7"). In age recon_ruct: L requires accurate coil sensitivity profiles for each B angle
5 us.d in th¢ experiment. ‘A-B} 5; “i1ag1 itude and nhase for a single representative surface
= coil located at the right side of the FOV (~2uinon marked with white line). Because of the
g§> symmetrv o¥+-- coils’ at isocentez, wne coile’ .. component is approximately zero, and the
g process of takine the projec 1on ont~ we x -y’ rluue (to solve for B;7) will produce a vector
8 parallel or anti-parallel to y’. I'hereforz; ne B;~ rlse 1: always +90° or —90° in the
% depicted transverse isocenter p ‘ane. (C) Z -~ magnitu1e o “ 4 different coils of the array

=L

(marked with white 1.nes) for a .ingle mag; et rotatior. poe_tion.

<

T

Y

>

>

c

—

>

o

-

<

Q

)

c

»

(@)

g

©

=

<

-

Y

>

>

c

=

>

(©)

=

<

Q

)

c

0

o

=,

©

~

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/

Cooley et al. Page 22

o

p Fig.re 7

,I Expcrimental 256x256 voxel, 'ocm FOV im22es of a 3D printed phantom with CuSQOy4
g lopea ™ ater occupyi.ng the mterior o* (ue letter and polycarbonate plastic surrounding it.
é> The pk.ntoi1 has a 13.m di~. and is 1. .in thick. 91 magnet rotations spaced 2° apart were
=5 us.d, reazout bandwidti /Npte - - 40 KH. /256, TR = 550ms, spin-echo train length = 6 or 16,
2 with sms echo-spacing. Echoes in th> spi» _cno tra n for a given rotation were averaged.
g§> A) Image 2~7'red with solenoid x coil (32 averages of a 6 spin-echo train). (B) Image
g acquired with 7 1ils of the Rx coil z.ray (8 aveiages « fa 16 spin-echo train). Temperature
8 drift was not corrected for. (C) Image £.om same <. ta a. (B), but with temperature drift
% correction implemented.
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o

Z Figire §
T Expcrimental 256 x 256 voxel 16cm FOV image of a 1 cm thick slice of lemon placed off
g OXis i1 *Le magnet. 5 recei er coils of (ie arrav were used to acquire 1 average of a 128 spin-
é> echo trumn, 12adout bar.awid“., Npts = 42 s Hz/256, TR = 4500ms, echo-spacing = 8ms. A)
5 91 magp~. rotations spazed 2° upar. wei< used (B) 181 magnet rotations spaced 1° apart
= were used.
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o

Z Figire 9
T Simn late.! images using “ue ca’_ulated sensitivity profiles of the 8 coil Rx array to generate
g he fo.* ard model fo - 18] i rotatior,, ot the er coding field, 6.4ms, 256 point readouts. The
é> data se_n by the Halba . h seo.mer was <i.aulated by processing this “object” through the
=5 fo- ward ~..odel and adding neizo 1o mak > it consistent with the SNR of the time-domain
2 sigr-.s measured in a water phanton. Th» ~..odel d: ta was then reconstructed using the
g§> Algebraic Re~cistruction Technifue m a 160, FOV. (A) Reference high resolution 3T T,
g weighted brain irage used .'s the mcuel object Ivote: ‘he SEMs were scaled to the brain
g FOV. (B) Simulated reconstruction usis.g the me»=. red SEM to generate the forward model.
% (C) Simulated reconstruction 1 sing the »..asu.ed SEM w ‘th the additional artificial linear
=L
field component (50¢ Hz/cm). (5) Simulat.»d re zonstt 1cti~n of a 2.5mm grid numerical
pLantc m. O~y ons quadrant of the FOV is s, wn, the center of the FOV is marked with
wh. e c1uss-h2ics in the upper right.
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Table “

"oulynomia' con posit.on ¢ ¢ Halbach magn.t SEM ir dz/cm(™*m)

Z
:F 2lym n=) " n =2 I n=3 | n =4 n=5 n=6
o | — A —
I

> m=0 | 20y0:3 3e6 7', -89 22y : 274 [ 2y 1.9 I 2y 1le2 | 25%":24e2 | z%Y:9.2e3
> e = - —
c m=1 2%1:-62 [ z'v' . 104 2yl 53 : zy3: 1.7 2yt =22 | 2ly5:-1.8e-3
=
= —
o) m=2 2%?% - 64 | zly?:-133 22y? : —0.53 2y?: 012 | 2y,
- il

1 1
Z m=3 2y 2. [ z2'y3: 6.5 | 2y3:i4d4e2 |yt —23e7 [
o I ' I
-} m=4 ) z'y*: 021 22y* : —1.9e-2 [
[ . -
g m=5 | z0y5:-39e-3 | z'y5:—6.6e-2 I
R | 4
T m=6 | z0y0:92¢-3 | | |

Page 25

The calculated polynomial -oeffi iente compoe ug the z-y plane (2D imaging plane) of the Halbach spatial encoding field are shown. Measured

points from the linear array ¢ © fiela probe (fig. 3) were used for this 6th order pol*_suual pie.
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