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Abstract
Z Purpose— 7o prorise a meth<J 1or mitigating slak boundar;, art'racts in 3D multislab diffusion
% imaging witl no or mmal increases in scan tim.
J; Methods—T, e m tislab acquisition was treated as paral'z] imagin< acquisition where the slab
1= profiles acted as the raditional rece’, cr sei sitivity prfiles. 211 the s'abs were then reconstructed
_8: simultaneously ai~.g the <'.v directicz using Cartesian-based sensitivi*, \ncoding (SENSE)
= reconstruction. The sl «b pro£iic estimation was performed usi-.g either a ~ toch simulation or a
g calibration scan.
c
% Results—Both phan‘om aua in vivo re,uits showed negligible 2iab boundau ; artifacts after
-E_"_;._' reconstruction using the p=~»2,0a method. The performance of t2 proposec me *hod is
comparable to the state-of-the-art elok 2200 L g on method without the scan tivae penalty that
depends on the number ot acquired vol»=~2z. The ot.ained g-fa-tor maz ur the SENSE
reconstruction problem showed a max‘m=.n g-f~.ctor of 1.7 in the regiz.. o€ int >rest.
Conclusion—We proposed a nov:l met’.od for mitiz. ing slab boun sary arti%e.s in 3D diffusion
imaging by treating the multisl .0 accuisition as a paiallelr imaging acauis:uon and ~sconstructing
% all slabs simultaneously using C-.cesian SENSE. [I=like e: isting met10d<, wie scan ime incre- “e,
o if any, does not scale with the number of i*.age volur_: acc uired.
i . A _
Z INTRODUCTION
>
= When high isotropic resolution i< zcquired ir Jirtfusion-weighted ima~ing, a 2D diffusion-
g§> weighted spin echo acquisiticn can Lo meffi~icu i corms of signa'-“o-n<ise ratio (SNR).
g This inefficiency arises from the ever increasirz TR for sufficient sp-.tial ~cveiage ¥hin
g thin slices are used. The three-dim .nsic .al multislab (3D 1 1wltislab) 1cq usitidn (1-5) aas
%‘ been applied to high isotropic res lutin diffusion ims ging (6,7) as a 1.0ore £ NR #lucient

alternative. In the 3D multislab ac isi‘ion, the fi*'; 3D jraaged volume is divide? into
multiple 3D sub-volumes in the slice direction. Eack of these _ub volumcs 1s calleZ a sich.

*Part of this work was presented as a talk at the 215t ISMRM Annu- wieeting & Zxp vition salt Lake City, Utah, abstract #121
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Each slab is the ~2it2l wiua cucoaea mazpendently. Similar to a 2D slice-interleaved

acquit ition, the « canicition £ Liau~ .0 mrldslab imaging can also be interleaved.

Tu ther more, thanks to . smll~¢ nunber slabs, as compared to 2D acquisition, the minimum
TR hat van be used in ar. interle~.ved multislab acquisition can be dramatically reduced.

1lowever. “he advante ge « . higher CivR-effici<..cy of such a 3D multislab acquisition can be
dimir:shed 'y slab boun- ..y artifacts, vhich are caused by imperfect RF pulse profiles. Due
t-, RF p.ase truncation, the ~cnlevec slal -selectiv sxcitation profile is only an
apr.oximation to the ideal rectangulcr fun.ction. Th-3 approximate profile contains
mac=it o varia ion in the mai~ jobe, nor Zero transition bands and side lobes. An
exaooar~tic T wiis approxi natic,, s illustr=<cu in Fig 1a with the blue solid curve
representing the achieved excitatior yrofile for Liab 2.
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Magnitude variation of the slab .xcitation } rofi e witl in #.e main lobe causes signal

In ensi'y var.dation . the obtained reformatte © .nage in the slab direction. In addition,
nor.zerc dansi‘.on bands and side lobes cause *-2 z!ab excitation profile to extend beyond
the uesire~ slab thicknese (Fig. 1a), whizu in turr leads to two effects. The first is slab
‘ross*utk as shew . by the cenario in ' ig. (a: when : lab 2 is excited with the imperfect slab
p-ofile, parts of ad;.cent slabs (slab 1 nd ?) are ~s0 ey cited. If an interleaved slab

acc uisiti~., 1s used the excitation of the . 2xt slab (f2, examnle slab 3) occurs before
previous'y excited regions (which were excited drziug the o _citation of slab 2) are fully
recov >red As a result, the=_ rep ratedly ex. ited reeiz.s ol slat 3 experience signal dropout.
The se;:0nu effect o1 non-ze+: wansition bar.us and side lopbes . aliasing.

The currer t me.nod of mitigating <!1b bounda-, artifacte ..ciodes oversampling in the slice
direction, yver apping adiz.ent slabe, and comt:.ung (throue’, ave aging or cropping)
overlapped slices in the rec~..struction (1-7). Hower .y, this methou 'eads to an increase in
scan time that sc.ics inearly with the number of 3D .11 FOV im.ge 'olumes acquired.

yduosnuep Joyiny Vd-HIN

In this work, w. propose an alternative mi thod for ¢ «npensati..g slab boundary artifacts in
multislab diffusion-we ghte 4 iruging Uy treating the waultis’~» acquisitio 1 as a parallel
imaging acquisition. Im. ge 1tecon-.uction and slab artif'.ct correci’on ¢ re 1 erformed
simultaneously with a Zartes’un SENSE (%) aizorithm ir wi ich receiver se asitivity profiles
are replaced by the s.ab eacitation profiles. If tl e slab excn .tion profic ca= L= ~,5mated
robustly using Bloch simulation, the =.oposed m >thod does .ot result *. an incre~.¢ 1n scan
time — since a calibration sc-.. 1s not necded. | f, he wever, a cal‘vration <zun is r2eded, the
proposed method only leds t~ . minor increas: in scan time “hat toes not sc. le with ti,~
number of image volumes acquired.

METHODS
Slab Profile Encoding

Consider a multislab acquisition ¢s giv en in Fig. 1b. M ultinle slabs ccver wi: ull FSV.
Consider the excitation and encoc ing .f one slab. T'.e ex- itation profile 15> .cpresert_u by he

)duosnuep Joyiny vd-HIN

solid blue curve. The encoded widi is chuscu to be e, aal to the desired s'=L thicknese
AFOVz. If the excited width is larger tu.z A ©C5 z, ali2~.ug occ ws in the 1 7=l reconstruc:zd
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slab image. Spe~i¥-2ll;, Ui sigual at a ce tain voxel within a slab is superimposed by
signait from voxels that arc 1ocawa multivie AFOVz’s away and weighted by the excitation
wmcfile ind coil sensitiv.ty a. th_ respective locations. The slab profile reflects the combined

Z
T effects o “both excitation and ref~cusing pulses.
1
o

1 1athe.nat’ ally, the s'gns1 at a vov_i i an ali~,ed slab image, /;(z), can be expressed as
> fatheinat’ ~ally, the s'gn~! i lizsed slab i Ii(z), can b d
Z
=3 Vo
= ]l
= AFV p
% L'z|= L o"‘)(z+‘:¢FV Z)p(z+mAFV Z), 1)
[ m- v
0
Q
=,
-9.- N/

waere ) <z < AFO’ z indicates locations in .h~ aiiased slab image, 4FOVz is the desired slab

thickne. - and 3. also the encoded thickness, FOV~ is the full FOV in the slab direction, % is

the ~lab in<ex (I < k < N-1zp, Nyjgp: number of slabs tha* cover FOVz), S® is the excitation

orofile of slab k h.once the name slab rofiie encodiig), and p is the full FOV, unaliased
= iinage. Vaung Eo 71 in vector form for . 1l slabs z1ves
T
% R
> sO(-) ... 5(1)lb+|| / }—1 AFV
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In short,

= 1=Sy, O
1

g and unaliased voxels in tae fir!! OV image co..csponding to 1 vec kel in the a‘iased slau.
?:> image can be obtained with
=3
= v = (se) 7l @
= .
Q
)
é By applying Eq. [4] for each and r very voxel in the aliasec slab imag=s, u:z fill FOY
g- unaliased image can be obtained.

Similar to the Cartesian SENSE reccostruction (R, wae unatius ng using 1'q. [41 2. only be
done if the number of voxels to be unaliased does .ot exceed th.ec number of slabs. It is worth
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noticing that ur’-~ 1.2 J.cd uwwoer ot roceiver coil in Cartesian SENSE, the number of
slabs .nd their p sitions in = L.uius ab acquisition can be varied allowing the optimization of
e conlition of the invi rse wroulem /g-factor) in Eq. [4]. However, when changing the slabs
for ( ptin izing the g-factcr, it is rccessary to take into account the accompanied spin history
side ¢ ffec. and SNR e“iicien~y in spin echo pas 2d acquisitions.

{'lab Excitation P. ofile Zstimatio*

Knoviedge of slab excituuon profilcs, th> S® inatiices, is required for the unaliasing
r.ocedure. Ideally, the slab excitatie=. profile c»=. ve estimated with Bloch simulation using
ine known RF ar. 1 slice selccuve grad: Lt wavefer.us as inputs. In this case, no additional
scan time is needed. Howeve s, in the pre<.uce of B1*, 1’ inhomogeneity and variation of Ty
and T, relaxation, the Bloch si:uiation anproich m ght .ot be accurate enough for the

yduosnuep Joyiny vd-HIN

uudliasing process. £ lternative,v siab exci‘atio prot les «an be estimated from a calibration
ooan. T ue caluration, scan should also be a 11wl*:5lab scan with the same number of slabs and
sla. poti*ions; h.owever, each slab has to be oversampled in the slice direction. Theoretically,
to gr t alias .ree slab profiles, one needs = oversample =nough to cover full FOV in the slab
“urecti~n. Howeve, wank : to the roll-ff o the slab exc tation profile, it might be sufficient
to ,ust covor the trar< uon band and tt e main ripples of .he profile. Similar to the procedure
fo. estimati=g receiver sensitivity profi.=s in SENSF slab excitation profiles can be

esti.nate 1 by dividing each of the slab images with t+_ sum->f-squares of the set of slab
imags. 11e final slab bound-.y corrected i-..age will k~ve its signal intensity modulated by
the sui1-ot squares < absolute c.ab excitati > profiles. TL:. iore, if slabs are arranged so
that their sur.ot-squar<, nas a flat intensity profile, the ~cconstn cted, unaliased image will
also have ‘ lat i.ensity profile. In ~*her words, e effect 7 5i0b pofile fall-off due to RF
pulse trun atic1 or spin b*,.wory effer s is minin..ed.

When a mult, ~oil re<_iver is used for data acquis tion. *-.c calibr: tiot -based slab profile

yduosnuep Joyiny Vd-HIN

estimation can be performed on ~ith~- 2 {jvidual coil or comyiex coil-combined slab
images. As a re ‘ult, slab profiles ectimate:' from a ce 1oration ~.an do not contain receiver
coil sensitivity informe tion. In tlus struy, we performeu profi'= estiinatio. on complex coil-
combined slab images s.nce 1t is fapected to yield better noise ner’ormnc. .

When calibration sc: ns ar~ used for estim: ting slab excitation profiles ‘iie raw profiles
obtained are impairea vy noise. Smooth:.,g by polynomial ‘itti.g (as in r=ceiver cor
sensitivity estimation) helps tr S vercome *..is noi: € problem (8) Iiowever smcothing is
limited to in-plane since slab ex~‘lation profiles i~ the throug! i-plew.c directic 1 a1 > quii=
localized and smoothing can compromise their Zccu. acy.

MR Measurement

To test the performance of the propose slab profile ence ding method, multisl. o ac ta
acquisition experiments were carrie d out u both a ho nog *neous ag: r p'iantoym ar d healthy
human subjects. For human scans wri .ten informed cc nser t was obta‘nea 1011 earl

)duosnuep Joyiny vd-HIN

volunteer. Protocols used for phar tom and human s-ans v ere the same excupt tor the
number of slabs.
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Since SNR efficie=27  liuizauon was not done, a slab thickness was chosen with some
cauticn for facilitatine the c2luiac of 21> motion-induced phase error correction (6). The
wmescrived excitation sle b th cluiess v as 10 mm. A slab-overlapping factor was chosen such
that 1 ba ance amongst g- factor, ~xpected slab crosstalk, and magnitude modulation by the
RF pulse rofile coul” oe ac’.eved. To si=.ulat * the expected g-factor and magnitude
-aodulatiun slab prof.le was mezsured for = single slab on an agar phantom. The excitation
puls< was = custom des gned spert-al spatial pulse with 15 side lobes of 1.088 ms duration
cach, »usulting in a pulse “wvidth of 1.0.32 ms. Rz ¢ natial as well as spectral time bandwidth
product (TBW) were set to 4.0. A 18° refocusir_ pulse was also designed with TBW of
+.7, and pulse w.dth of 6.4 »=,. A more Zciailed de<. otion of the design as well as the
Zeounweu spin echo profiles o.” th.ose pulse ~zu be found 1 (9). The prescribed slab thickness
was 10 mm. The encoded field o* view in the siab a rect on was 20 mm to make sure that all

yduosnuep Joyiny vd-HIN

Zawyur oiue 100€s wet  included Th:, meas 1rea slab p rofii = was then replicated and shifted
t~ mir.. we eoamat_d profiles of a multisle b ac quisition. Fig. 2 compares the simulated g-
fac*or and magr.wude modulation without the slab crosstalk effect at different slab
ovei'apping ractors (10 - 40% slab thickn<,s) with 10 vmm slab thickness. For ease of post-
r.ocesc.ag, the overl.ppit g factors we e alv ays a n.ultij le of the pixel size in the slab
cirection (! .am in thiz case). For bett »r v sualizatic., o'y a section of the FOV in the slab
diroction wae piotted. However, the res ts are simila” in other sections of the FOV in the
slat dirc ction. Empirically, overlapping facw.s or me=2 a1 40% of the slab thickness was
unde irat le due to severe slab <rosstalk effert, and theretore vere not simulated. From Fig.
2, an cverlyp of 2 mr: (20% slak thickness, sez.ued to giv > -2 best balance between g-
factor and m~gnitude » suulation. Since slab crosstalk. ~fi-resoi ance, and B1

inhomoge .eity ~vere not simulated the experir _utally ack:zred \magnitude modulation and
g-factor w 2re « xpected to . worse t.'an the sin *luuon resulte.

Based on the ~ompari=. above, for the protocol (hat wae Lsed subseiuently in this study,

yduosnuep Joyiny Vd-HIN

adjacent slabs were overlapped bv ? mm As a result, twentv 'Gmm s.abs were required to
cover the full b -ain in the superior-inferio  direction. Tor calibr=lion, the slab direction FOV
was 14 mm (i.e., oversimp ing f.ctor '.4). For image “ua, the slab FOV was 10 mm (i.e.,
no oversampling). A tht >e-inicerle ve EPI trajectory was ased for 11-plc ne 'ncoding with a
matrix size of 192 x 19Z. The .aree interl .ave: were shi ted in pr.ase .acor ing direction (ky)
so that when combind, t*.¢ three interleav s fo ‘med a fuli, sampled * ,pac=. Th's shifted
multi-interleave acquisition was introd".ced else\ 7here to e1 akic the esti=.ation of <lLost and
GRAPPA parameters with th= ,ame leve! ur cistoition as the m.iu-interles. e ir-age data
(10). Matrix size in the tirough Liane directior *~as 10 and 1+ for image and cahorativ
data, respectively. To shorten the echo time (TZ), pa.tial Fouric: enco”.ug with a {«ctor of
0.7 was employed. Diffusion-weight=J images *in one b =0 an 1 one » - 100( -y mm?
(superior-inferior direction) - vere acar‘zed. A diffircion tensor im. gin_; (D% acquis.tion
with six diffusion-encoding di:cctions /L = 1000 s/mm#, was also accuired ‘11 ). U her
imaging parameters include: TE/TF. = 70/7000 ms, in plai e FOV =4 > 24 m”. - cad sut
bandwidth = 125 kHz. For motior -ind i1ced phase erro’ cor ection, a s>conu re ‘ocuc.ag pulse
was added after the image data re..dou" for the colle_con »f a 2D navigato: (9). All Zata

)duosnuep Joyiny vd-HIN

were acquired on a GE MR750 sys.em wiu: an 8-char.el headcoil.
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Image reconstruction

Image reconstruciiou v-as t tst dor.c for ~ach k,-plane of each slab. GRAPPA and EPI ghost
patyme. ers for in-plane .ecoi'aucti~n were estimated from the interleave-combined b = 0
data. Each interleave of each k. plane was then ghost corrected and GRAPPA reconstructed.
Next, th= 2D low-res slutio”. motion-irZuced pl.ase error was estimated from the navigator
and rerove 1 from cor “usporZ.ug recon<t. ucted interleave. After that projection onto convex
sefs (POCS) reconstruc ton wae pe, forn ed for each coil to fill in the remaining extent of ky
for e~.ch interleave (12). then 1D Fcurie, tr-..storn ation along k, was taken for each slab.
Zomplex averacing across coils arZ interleave; was performed. Finally, these separately
reconstructed sla s were pa sed to eil.cr profile zoumation procedure or PEN presented in
the Methods section to obtained slab przues or the finz1 slab-combined full FOV image,
respectively.

yduosnuep Joyiny vd-HIN

RESULYS
To evaluate “ie performance of our propos-a methoa, it is compared with the recently
poposex weighted 2 _iag e slab combi satior wetne 1 o1 both non-oversampled and
cversample Jata (6). . wne weighted ave -age meth »d, « ach slab is first multiplied by a
Fer.u filter fi=.cuon. Then all weighte slau, we comlexly averaged to yield the final slab-
cor.bincd image. The choice of Fermi filie. =25 uot des it 2d in details in the work where
this ' 7eig 1ted average method vas introduced Iu this work, e iterate through different
Fermu filte 's and choe<_ wne one ‘*hat yields the '_ast obser vah!z residual slab boundary
artifacts. For rlarity, all ~Linparison scenarios are denoted .s lis ed in Table 1.

Phantom

Fig. 3 shows phai.wm resulte u1 multislab acquisitior with differc..* slab combination
methods on both »2i-oversampled (nos) and over..amr!.u (0s) da:a. TThe wAVG nos image

yduosnuep Joyiny Vd-HIN

(Fig. 3b) shows aliasine ~rf2217 (o ,oced out by yellow ~2.ows. Although less visible,
signal fall-off a. slab edges ~== ~!z- be okserved in v'AVG r~,,. Oversampling eliminates
aliasing artifacts and piopei ch~ice of weighting funcuon m:iictes signa. variation at slab
boundaries as can be sec1 in wA''G os image (Fig. 3a). Jsirz the propsec profile encoding
method (PEN), slab b~undar; artifacts were a.30 mitigai>d i the ‘inal refr rmatted images
(Fig. 3c,d). The perfcrnrunce of PEN is coryar.ble to that ,f WAV us (Fig. 2J). PEN with
Bloch-simulated profiles (bPEN) is ~..wner effecti e in remo “ing slab “oundary ~:.uracts with
only minor signal fall-off »=.u residual Zuasiny (Fi". 3¢). Usin, slab pr={iies ect.mated from
a calibration scan (cPEN , alizs-tree images arc produced wit.» ba.=ly visible signal fal* off
(Fig. 3d). It is worth to restate that data use< in both "PEN and oPF"{ reconst cticns were

non-oversampled.

For clearer comparison, the m.gnitudes ot wAVG os, w.*VG nos, anc calibratea r N
images in Fig. 3a,b,d measured alo.g lins, 1n the mialle ¢ “the imag:s 2 e p.ott*d n F.g.
3e,f. Again, calibrated PEN and v AV(; os give smoot!.er f inctions a: comy a1 >d te ae
WAVG nos, and thus better repres *nt t \e homogene~as si znal profile in tue agar pho.com.

)duosnuep Joyiny vd-HIN
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In Vivo

Fig. 4 ~ompares ... saine s.'t of sl=o cor.oination methods as in Fig. 3 but on i vivo data.
Say ittal views (Fig. 4a-), cconal views (Fig. 4e-h), and zoomed-in views (Fig. 4i-1) of
slab- comYined T2-weigh ed im~.ges were shown. Similar to the phantom results, aliasing can
se ob.ercd in WAV (r nos *.nages esr<_ially in the coronal view (Fig. 4f) and the zoomed-in
view (F.g. <1, yellow ¢ 7.ows}. “with overzunpling, wAVG os images are virtually free of slab
bor.adarv urtifacts. Whoa Bloek snwula ed profiles were used (bPEN nos), PEN
recor.truction failed in at several sleb bc 1nuries rosulting in noisy lines across the
~stormatted images (Fig. 4c,g,k). PTiv with c2!urated slab profiles (cPEN nos) resulted in
images that are ¢ ymparable .0 WAV (= us with al=.ust 1 0 boundary artifacts (Fig. 4d,h,1).

Results for diffusion-weighted im.ges are shc wn in Fig. 5. The diffusion encoding direction

yduosnuep Joyiny vd-HIN

“ws IV U 1]) Witi a b-value of 'SuV shinm* Bour.dary artifacts are most visible in
“AV(C ..us arr. bPFM nos images (Fig. 5b,c f,g) PEN with calibrated slab profiles (cPEN
no.) is 7e"y effe_cive in mitigating slab boundaries with only minor residual artifacts in the
cere vellum =nd the anterior part of the brrZ.u (Fig. 5d). The image quality of non-
rversar.pled cPEN ~os is similar to th-.t of *i..¢ over. amj led wAVG os.

To <how the arziicability of the PEN 11ethe @ £z, diffu-ion tensor imaging (DTI), fractional
ani otrc vy (FA) and color-coded FA map. deriveZ rom - 4 ultislab six-direction DTI
acqu’sitic n are shown in Fig. 6. FA maps with 2w minor L _1ndary artifacts were achieved
when ‘he 11ultislab dat= ~vere co nbined us ng cPTiv (Fig. 6b). When multislab data were
combir..u using wAVG. m e boundary artifacts are visible .u L oth FA and color-coded FA

maps (Fig. oa, yeliow arrows).

To assess the conditiori..g of the PZiN reconstruction prob'zin, a ¢ -factor map was computed
using the es.‘mated slab ~..citation profile. Repres.utative c~zou1 and sagittal reformats of
the g-factor map are shown in Fig. 7. With the em} 'oyed slab ceifigu ration, the achieved g-
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factor approaci os 1 at the centers of slabs and increases wwards t.c edges. The g-factor is
higher in the reg:c.o viith ¢ small in-pleie FOV (top »f hzan) or a Tage By inhomogeneity
where the estimation ot the .’ .o prelile is compromised Fccause of 1u.7 i age quality.
Nevertheless, the maximam g-f.ctor in the =, vole brain s less tan '.7 wit] an average of
1.0363, implying a v ell-ce.iditioned inver e p1oblem.

DISCUSSION

Despite its increased SN ef¥. iency at high isutronic resolutidn and straight drward
extension from its equivalent 2D acquisitic=, multisl.'b 3D acquisiti<.i has not heeir widely
used primarily because of the slak Loundarv ~.uract. Existing me¢ thod 1or reducing slab
boundary artifacts require bo h overc.npling L. wie c'ab direction .u eviending TR r each
of the image volume acquired (6,7). C versamn!=z elimi ates aliasin‘, wb'ic extencing TR

minimizes slab crosstalk. However, thes. approaches !limi ish the S R =ffic'en:y of ‘ne
multislab acquisition as comparec to i s equivalent 2" aca 1isition as « tesul ¢tk

)duosnuep Joyiny vd-HIN

prolonged scan time. The new PE N mcthod for s!=U bour.dary artifact correctior .oposed in
this paper requires oversampling in ‘he slab directio. only or< > for the s! 10 profile
estimation. The slab boundary artifact compensatior .5 then dor e by collecuvely
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reconstructing 2 2122 iz a vanant ot Cartesian SENSE routine where the estimated slab
profilvs replace he recsive” Seioiu- ity profiles.

Pre -iou: works on multi. 1ab acqu’sition used different slab combination methods such as
cropy ing erlapped sl*ces ar . concatenati= . labs, taking sum-of-squares of slabs, or
iaking we’,‘hted aver. ge <1 slabs (£,7). Amorg these methods, the weighted average method
is the .nost ¢ eneralizeda thuks to the fi *edom in the choice of the weighting function.
Tluerefr.e, in this work ve <l.ose to com mare the =, oposed PEN method to the weighted
avr.age method. As suggested from « previous wor.: (6), the weighting function of choice is
a Fer D Nuucuor that minimizes we obser .ule slab houndary artifacts in the final
reformoto 2 Lages. While the woignted aver.ge method works well on oversampled data

(Fig. 4a,e,i), it is expected that this =..cthod car la1l »n non-oversampled data (Figs. 4j, 5b,

yduosnuep Joyiny vd-HIN

62) The racoo [ (3t on non-vversa.pie 1 da. 2, aliasing =xists at slab boundaries and the
weighted aver~~e me hod does nothing but aver 1ges ti ~.¢ aliased signals in the final slab
co ubii ed .nager. Furthermore, since the acwual slab profiles might vary spatially, different
wel,"hting fu~.ctions might be needed for diffLient pa:ts of the imaged objects otherwise
re~dual Loundary artif..cs can remain -.ven v v versa npled data (Fig. 5a).

As dis~ussed in th2 iviethods section, i'EN can orccate ~vith slab profiles estimated from
eit.er Bl=on simulation or calibration scons. In pres.nce of By, B inhomogeneity,

rela. atic 1 time variation, and slab crosstalk effects, sloch-< mulated slab profiles deviate
from ‘he t ue profiles, whi<i: co.mpromises e quali*, o1 the 1 constructed images (Figs. 3c,
4c,g,k, 57,2). Alth,ugh correZuon with Blocu-simulated prot' s is inferior to correction
with calibre.ed profiics, its advantage is that no calitzauon sc> (and therefore no additional
scan time’ is n ;eded. Furtherme~., correction vf existig mult:slaL data without calibration
is possible as lung as th_ KF pulses are known.

Slab boundary «.:.lacts involve aliasing and image m~gnitude variatic n. Since the g-factor

yduosnuep Joyiny Vd-HIN

of the inverse prohl~= i Ty.(5] 15 tess than 1.7 everywhe-_ within *lie 3D image object,
unaliasing can L e nerforme2 (e vely vsing PEN. ylatters,g the imaoce magnitude
variation, however, is r.ore chudeng’.ig. Similar to converZivua: SENSE i =construction, the
magnitude variation in ti e final “ull FOV im2ge depend; on luc sla™ ex cita ion profile
estimation procedure it a BR'och simulaticn is 1sed, the i'na, mac..itude weighting reflects
the inaccuracy of the si=.ulated profile due ‘o wm accountecd effecte such as sla. crocstalk, and
By and B inhomogeneity. Conve~.cty, if ex<itaion profile. are est..ated usir ¢ a
calibration scan, the final Z,uage mac=.wude woighiing is the w eightir wat 1~ ..~3erved in the
image used for normaliza‘i~z.. Although simulatior ‘o optimiz = sl h-overlar ing facter for
minimum SOS magnitude variation was “<.ue (Fig. 2, the effects ~Islab cre<s.alk ind By
and B;* field inhomogeneity in ~..ual scane w1il deviate the obtz ined magnitude variation
from the simulated result. Th ‘refor2, minor pionile-udiced magnit.ae ~ ariation can s'ill be
seen in slab-profile-corrected images (rig. 53}, Rogardless of the pre.ile ~st m: tion
procedure, a thorough solution to "aagp’wde flattening wil require rlaxatior tiiue, R, and
B; " maps to correct for the corres son ling effects.

)duosnuep Joyiny vd-HIN

Regarding scan time, let Ny, be the rumber ot k,-enc-ues, N.-_, be the nvzaoer of ir £lane k-
space shots per slab for non-oversampled Guia, and 7P be the renetition ti 2o, [hen the scau
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time for one vel 2 cf..cu-uversampled lata is Ngj,NiTR. To eliminate the slab boundary
artifact by oversomnling evir) uoe-¢ volune, the total acquisition time for N,,; volumes is

2o NGl (N + Noxyra) 1R, Whete N,. ., is the number of extra k,-encodes that are needed to
fully san ple both the trai sition F.nd and significant side lobes of the imperfect slab

excite tion profile. The perce .cage increa<. in san time as compared to non-oversampled

.. . Nef'/'
acquisi.on .1 this case 15 - | —
k

therefure Ny, oversampliag is done i7r o.ly r=c vo ume. All subsequent image volumes are

x 10C 70. With PEN, the slab profile estimation and

rut oversampled. Thus, the total sca= time for »,,,; volumes is Ngjoi(NyoilNiz T Nexura) TR.
1ne percentage 1\crease in ~can time ~* profile en~uu.ng as compared to the non-

N
eta

oversampled acquisition is NN - 100%. A an exai 1ple, with the parameters used in the
k ol

yduosnuep Joyiny vd-HIN

1n vivo acquisition o1 this paper *, = 10, V., . = 4 \oversampling factor of 1.4 for
celibreuon), "K =4 5, Ny = 3) and N,,,;= '0 ‘ae total acquisition times are 20, 28, and
20.3 m1 ~utes fr. nonoversampled, oversampled. and PEN data, respectively. Therefore, the
prorased PL:N method helps mitigate the siab boundar  artifact at a much lower cost in scan
“ime a- compared *, existing methods esprcially wt en ¢ large number of image volumes is
n>.ded. -5 wypicallv wsed for DTI or o her diffusior. MR« acquisitions.

The ovelapped regions between two adjace..: siaos evzoriece a shorter TR (< TR/2) than
the non-c verlapped regions. T =refore, if an .sutficiently 1u.g TR is used, as is usually the
case t. get high SNR <iiciencv ‘hese over anr.u regions ran suffer from both signal loss
and contrast rl.ange. A< Jiscussed above, signal loss car Lo pariially recovered by PEN if
the overlar ped ~_gions are carefullv chosen. Hew. over, PFN ~anint account for the potential
contrast ciiang and as a re<wi, resid 1al slab bc i lary artifact, mi tht remain. It is worth to
notice that yvers.i.piing and =, cighted averaging slab- cannot so. . residual slab boundary
artifacts due v ~ont-51 change either. The only sc lutio= s to extend "R at a cost of SNR

yduosnuep Joyiny Vd-HIN

efficiency. However. when com=oi 1, yivo data acquired <. IR = rsand TR =7 s, we
observe that the effect of contract ~kange t TR =4 ¢ (used ir “ius study) at overlapped
regions is negligible in brain tic,ues (Tig. 8). Only in cerebr-! cnina fluic (CSF) regions
(yellow ellipses) where "1 is sigr.ricantly longer, are bc and>= ar.*facis more visible in the

TR = 4s image.

A disadvantage of the proposed PEN mz.i0d is .ts potentia! sc.sitivity t2 motion. Lice the
calibration is acquired once vr [iont, the 'sug sca. time of mult’ e subses. ent diffusion-
weighted volumes make. them r2une to motio.» ~L.d therefore mis-.ugned wit'1 the
calibration. If the motion auring the acquisitie~ or e« ch volume s not = gugible, LN
reconstruction result can be comprorm:sed and fizlier investigatir n is necaed to Lunimize
motion effects. However, if t'.c motior Zuring the acquisition of «ach 7olv=.c (~ 2 w:inutes
for the current prescription) is z.cgligib!z, the effect of n.'salignment f om volt wie ‘0 volume
can also be negligible. The reason i, that ** i1s usually ‘he cise that B(), B, a: woll us tissue
relaxation variations are smooth; ienc ., moderate rota ion and translc tion v “1 nage~. object
will not alter the slab excitation p ofil:'s. An analogy 1s th: conventional pu.allel im~2ing

)duosnuep Joyiny vd-HIN

case where the receiver coils move togetue. with the i=.iaged object. Theref_.e, the
excitation profiles measured using the colihrat:o, up frez can afely be ue? without
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compromising th= *22Zisuucuon result. big. 9 shows an example of the consistent of PEN
performance over the eccan “In.e vl - 14 poinutes.

COMNC.USIOM

Jere t..c PEN method' wa- propose- {or mitie»*.ng slab boundary artifacts. This approach
treats *iie m. Itislab acquisition as a par ulel imaging acquisition with slab excitation profiles
replacinz, receiver sensi.ivity yrofili s. Both phantem and in vivo results demonstrate the
car~oility of the PEN to minimize bc th a.Zusing anc. signal fall-off characteristics of the slab
ooundar oot Unlike existirZ compens~iion methods, the PEN comes at a minimal
increase in <~ £ me that dc es not scale with *L.c numl er of image volumes acquired,
making it ideal for diffusion imagine .pplicatior.,.
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REFERENCES

l.1iu K T ce DH, Rutt BK. Systematic assessment and evaluation of sliding interleaved kY
(L LINKY) ucquisition for 3D MRA. J Magr Zeson Imaging. 1998; 8(4):912-923. [PubMed:
210280 (|

. Lir £, Rutt R sliding i» 2rleaved kY (SLTNKY) acq isiti )n: a novel 3D MRA technique with
supnrsed slab bewadary artifact. J Ma yn k=son Im-ging. 1998; 8(4):903-911. [PubMed: 9702893]

3. ’arker D™, yuan C, Blatter DD. MR angi ~eraphy by m.itiple thin slab 3D acquisition. Magn Reson
Med. 991; 17(2):434-451. [PubMed: 206221

4. Mt raka ni JW, Weinberger E. T-uruda JS, Mite* i JD, Yuan C. 'ultislab threedimensional T2-
wei htec fast spin-ech~ Linaging »f the hippc amr.,. sequen: e or :imization. J Magn Reson
Imag'=_. 1995 2,3):309-31Z. | PubMed: 7635108]

5. Oshio K, "ulesz F2, wielki PS, Mulkern RV. T2-weight~ i thin-sec*” .1 imaging with the multislab
three-dir 1ensi ynal RARE technior-. * Magn Res m ImagirZ. 19y.° 1(1):695-700. [PubMed:
18231741

6. Engstrom M, Ska.v 3. Diffusi~..-weighted 3D multislab ~_ii0 planar iu.o2ing for high signal-to-
noise ratio ¢ ficiencv .4 isotropic image resolution. Magn P._son Me 1. 2013 10.1002/mrm.24594.

yduosnuep Joyiny Vd-HIN

7. Van AT, Hernando D, Sutton BP. Motian-induced phase error esti=.uon a «d correction in 3D
diffusion tens r imaging. IEEE Trans Med 'maging. 2011: Su(11):1922-1940. [PubMed: 21652284]

8. Pruessmann K}, ez 'r M, Scheid _gger *.8, Boesiger} SF'(5E: sensi v, encoding for fast
MRI. Magn Reson Mel'. 19Y9° +2(5)¢52-962. [PubMed: 10572355}

9. Schmiedeskamp H, Strai 2 M, Ba-.imer R. Comnensation o/ slics px ~filc mis nat h in combined
spin- and gradient-ech echo- ytanar imagir. % pu.se sequenc 's. | Tagn 1’ eson Mer.. 2012; 67(2):378—
388. [PubMed: 218: 8858

10. Holdsworth SJ, Skai. S, Newbould RD Sammer R. Robust ('R AI rA-accel:ated diffue-Ln-
weighted readout-segmented (R <)-£PI. Mac-, Rescn Med. 2009; 62/7,.1629-1A40. ' PubMed:
19859974]

11. Jones DK, Horsfield M+ . ®Z.umons A. Optimal strat= yies for me ysur g diffusi~z, in anisotr= pic
systems by magnetic resonance imaging. M. Reson Med. 1999; 42(2.515-525 "Put Med:
10467296]

12. Haacke EM, Lindskog ED, "..u W. A F2-_, tterative. Partial-Fourier ech ique “.pavle £ Local
Phase Recovery. Journal of ! 1ac..cuc Rec_uance. 1991; ©2(1):126-14>.

)duosnuep Joyiny vd-HIN

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/

Van et al. Page 11

o

Z Fig. 1.

,I a) Viuetion blind artifact. The <vlid blue line >presents the slab excitation profile. Extension
g f slat 7.ofile beyon.! the ~esired sl=% wicknes , which is also the encoded width, causes
é> aliasinz, (sh. ded pink «.ad ezen areas) ~.au spin history effects. Magnitude variation of the
5 ex _itatio~. profile withir the mzin lc be causes magnitude variation in the reconstructed
= ima<e. b) A multislab acquisition. Ti'e sc' < vlue cLrve shows the profile of the acquired
g§> slab Sa. The ~=zoded thickness w~., equal to *..c excited slab thickness. The red-filled square
g with solid border represents an acari.ed voxel Cecau: e the achieved slab profile (blue
8 curve) extended beyond the encoded <'.v thicknes, the signal in the acquired voxel (red)
% contains signals from voxels ti at are at . 1ltip'e enc\\dea thicknesses away (aliasing).
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o

Z Fig. 2.
T Comarii'g magnitude rodula*.on (a) and g-f~ctor (b) at different slab overlapping factors.
g The si>% wickness us2d for che simn'~ion was '0 mm. For better visualization, only a
é> sectior of tl e FOV in _ue s!7y directior was plotted. The slab crosstalk effect was not
5 si=.ulate”. A flat signal modi'.uon fund tion in the slab direction is desirable. A flat g-factor
= func’ion that approximates 1 is also 'esir **.c. Ther fore, the best overlapping factor is 2
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o

Z Fig. 3.

T Comari: on of different ,iab c~mbination methods on non-oversampled (nos) and
g wers: ~.pied (os) mu tislalk data. wAY G: weigh 'ed average across slabs; PEN: profile
é> encodi'.g w.th slab prc.iles z,umated e*liier from a calibration scan (cPEN) or Bloch
5 si=aulatic.. (bPEN). Ret yrmat*~a m age: are presented in (a-d). Yellow arrows point to the
2 resicual aliasing artifacts in wWAVG 1.9s. 'iZ.ual proi’les along a line through the centers of
g§> ~WAVG nos = 2Y/G os, and cPEN .us image= .ce plotted in (e); their zoomed-in versions are
2 plotted in ()
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o

Z Fig. 4.
T In vi 0 T2-weighted im» ges: (2 -d) sagittal; (e-h) coronal; (i-1) zoomed-in in areas specified
g vy yei's w rectangles 'n (a- x). Comn27.son of d ferent slab combination methods with non-
é> oversa~ple!! (nos) anc over-umpled (c7); multislab data. wAVG: weighted average across
5 sl~us; PF«: profile encu ding v in s'ab | rofiles estimated either from a calibration scan
= (cPFN) or Bloch simulation (bPEN). Yel.~, arrow: indicate residual slab boundary
g§> artifacts
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o

< Fi

— g. S.

T In vi o d.ffusion-weight~d ima_es: (a-d) sagit*al; (e-h) coronal. The diffusion was encoded
g along ~perior-infericr (ST} direction . ith b = 1700 s/mm?. Comparison of different slab
é> combiratior methods .vith =, ¢ersample~ (0s) and non-oversampled (nos) multislab data.
5 w " VG: v eighted avera,re acr~.s sk bs; ?EN: profile encoding with slab profiles estimated
2 eith~, from a calibration scan (cPEN> or .?'.cn simu lation (bPEN).
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Fig. 6.

FA a1d chlor-coded FA ~.aps d.rived from (2> wAVG nos and (b) cPEN nos images. Both
cagitte! wud coronal 1 >forputs are sh~~vn (first 1 vo rows) together with zoomed-in areas (last

row) srccifizd by yelluw rectangles. Y=liow arrows point out slab boundary artifacts in

difiusior .naps derived Tom v.Av(' nos images.
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Fig. 7.

di-.orted ,iab profiles.
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Page 17

G-fator nmaps computer usine calibrated slak vrofiles on typical sagittal and coronal cuts.
Maxit .. g-factor it the r_gion of in‘Crest is 1 7. In general, g-factor is higher in regions
with sr.all 11-plane FC'V or Ligh B0 ir-omogeneity where low image quality results in
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Fig. 8.
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acquin>2 with TR =45 and (R =7 < 2, most pa: s of the brain. In CSF regions (yellow
ellipse<) whare T1 is luager, boundary ~. utacts are more visible in TR =4 s.

Page 18

Effe.ts 0" TR on slab beundar artifacts. Bor~dary artifacts are negligible in both images
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Fig. 9.

m-.utes.
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acquis“ion of the cal bratiza (indicatza oy the r umber attached to each image). The

Page 19

cPE!L T no." images recon<.cucte”. trom data acciired at different time distances from the

consist_nt p >rformanc. of c"LN showe s robustness over the acquisition time of ~ 14
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Table “

A Lureviated no 1ons ior si1b combination . cenarios *.sed in the manuscript
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S. oversampled data
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