s> NIH Public Access

% 7 Author Manuscript
% HEA\fb

Published i~ final ed.ted form a
M-4n Reson /e 4. 2015 February ; 7.°(2): 597-604. doi:10.1002/mrm.25163.

Improviny Che:nical Shiit Ercoded ‘vater-Fat Separation Using
Obiact-Baced '.iformation ~f ure Magnetic Field Inhomogeneity

Samir 2. Sh~.cma’'". Natk21 S, Artz!, Dierz dernar-u’, Debra E. Horng'2, and Scott B.
Reecer!2.9.4
"Department of Radiology, University of Wiscorzin, MadicZi. Wisconsin, USA.

yduosnue Joyiny Vd-HIN

2Departront 2f Nicdivar Fnysics, Universivy of Vvisce nsil, Mad'isor, Wisconsin, USA.
3Department ot Bioimediral Enyineering, University of \Aisconsin, Madison, Wisconsin, USA.

4Department of N\ edicine, University of Wisconsin, Mzuison, v'isconsin, USA.

Abstract

Purpose— 'he purzuse of this work was to imprave the robromess of existing chemical shift
encoded water fat . eparation methods by incorporating object Lased ir formation of the BO field
inhomogeneity.

Theory—The pr..uary chuienge in - ater-fat separation is the estim=*iun »f phase shifts that arise
from BO field inhome genei*;,, which is composed of the bar'-zround fieiu ond susceptibility-
induced field. The st scej tibility-induce< eld ~an be esti nat=Z 11 the sus cep ibility distribution is
known or can be appioxin.2ted. {q this wezl, the susceptibility dis*zioution *: approximated from
the source images using the kno=-, susceptibility values of \ -ater, >4, and a,*. T.\e field estimate is
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then demodulated from the source images prior tn wvater-fat separation.

Methods—Chemical shi.t encoded ~cu.oo i-aages were acquil2d in ~Latomic=! regions that are
prone to water-fat swaps. The imz ges ve.¢ pro~essed using algorithr.s 1rom tl » ISN'RM Fat-
Water Toolbox, with and without tl ¢ objec*-pased field map inforratir... The est) matzs were
compared to examine the benef” of us’.ig the object-basc 4 field man infore tion.

Results—Multiple cases are sk.own in which wat<,-rat swaps were ¢ voiZed by usi=g the obie_i-
based information of the BO field map.

Conclusion—Object-based infori 1ati<., of the BO field inav improve t1e rebustness ~. existing
chemical shift encoded water-fat separation methods

Keywords
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INTRODUCTI™N

(C*remi al shift encodec tecl nior.cs for water-fat separation have experienced considerable
dev *lop.nent and applicz*ion in re_ent decades. Originally proposed by Dixon (1) and

subsc que.tly expanded vy Gl ver et al. (2) ‘i se techniques have been adopted by

< oplicatio.s that requre .aproved -, isualizati~.. of water-based tissues as well as those that
dema-.d rob st fat suppression in areas of severe B0 field inhomogeneity. In addition, the
r,e of eliemical shift encod.g in T -we'ghted e~z 'rast enhanced imaging is particularly
imzortant since alternatives such as short-wau invere.on recovery (STIR) techniques (3)
cho12 10 avoiadd with post-cezaast T1-v_ighted imaging. A variety of water-fat separation
technim=oz 1 L veen propo. ed. iwciuding a ~lugle-ech » method (4), dual-echo methods
(1,5-8), as well as numerous 3+-eck, methode (2,9 -11)
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The primary challeng = in water- [at separatidn i: the e. tim.tion of the time-dependent phase

shifts that arise freia BO field inhomogeneity 11 the BO field map can be estimated

acc watc.y, the. the water and fat signals can b~ =iquely separated using a straightforward

lincur inv-.csion. Howeve~, inaccurate es”imatior ~f the B0 field map can lead to swaps of
he weer and f>* signals. "his is comr 1onl, recogniz ed : s the main challenge for chemical

siaft er_oded wat:-1at separation method.

Rot ust « stimation of the BO field map has been a m=;ur focus of technical development in
wate -fat eparation. To overcuine the ambiZaity wher ~<tima‘ing the BO field map, many
technii'ues assume *.ac the fiel s slowly v ing (11-19,. Iiowever, this assumption is
empirically Fased and Jues not fully represent the unde-iying p} ysics of the BO field
perturbatir ns. Mevertheless, it is s ficiently v-iid in m2=, cares, which explains the
effectiven 'ss c F these tech..iques. Re>ent work “om Yu et al uas ¢ xploited the material
properties ¢ f tissue by usine; wie spectral complexity o1 tat to reduce water-fat swaps (20).
However, none o< e previously developed methc ds ¢ any ano omi cal or other
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geometrically haced ‘2 L quon w aia 1r. the determinaticz, of the Py field map. The use of
such informatio 1 mav furt-z: L. Lve th- robustness of exizing water-fat separation
methods.

Past work in electrom~ znetic .aeory has snow 1 that the *on none.'t o1 the 7,0 magnetic field
that is caused by sus. ept*uility variations ¢ n b estimated - {ficient!*” und »h ish
accuracy if the susceptibility distribi*:on of the ¢bject bein,* Zinaged ic Luown (21 -24).
Further, this susceptibility-i=Juced fiel” .c¢present. a significar. portior < t1e *.eld
inhomogeneity that must be re<uived for accur...c separation « f th : chemical pecies.
Interestingly, previous techniques for chemi~.; shift *ncoded water-f~. separation \'o not

exploit this information.

Therefore, the purpose of this *urk was (v develop a franework for ir corpora’ iug 2bje ct-
based information of the B0 field m.p int~ cnemical . hift *ncoded w ater -fat sep arscior. The
proposed method is intended to a1 gme.it, rather than ti rey lace, exist ng w1 iques lor
water-fat separation. This method may be used with .ny complex-basea .-z¢2r-rat ser.iati m
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algorithm to improve the robustnes+ of tue 2! gorithm.
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THEORY

Tre signal from a voxe. cor‘ain’ug weer (py,) and fat (py) experiencing a local BO field
inhc moy eneity (y, in Hz), measur.d at echo time #, can be written as

jZmptn

st = (. cypp)e +N [

Jethfo . .
wheroc, = 25 —19,e P represent: » Luown nulti-peak fat spectrum (25,26), 0, is the

reloti _ qupntude of the p™ 24 peak (suck wmat 25 = 1), A, is the frequency shift (in

a
-1°p
112y ur we p tat peak relative L the wate peak, and N denotes complex additive white
Gaussian noise (AWGN). The ef“_cts of T2* T.ave b en . gnored since they do not generally
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Siiowd wie quanty of - vater-fat scpar=uon, kowe ’er the app -oach described in this paper could
2150 b~ uppiuier. 10 m~hods using T2* correction (27).

Sep wrating w.cer and fat requires the estim2“.on o1 u.» unknown parameters from the multi-
erli0 me~.surements. I (> presence of AWG™, e maximum likelihood estimate is
wpically fonr 2 oy minir..ing the lea t-sc uares cost. Hc wever, the least-squares cost
cont=.us multir!C 1ocal minima as a fu.ctio. ~F y(12). Converging to a local minimum may
res.lt it a swap of the water and fat signaiz Pa<t-,orks k.v = proposed to overcome the
chal.2ng¢ of multiple local minima by constrairi.g the est..~ate of the BO field map to be
slowl - vai ving (5,7-9.11 -19). Eowever, th > assrzuption ¢ f a s owly varying B0 field breaks
down i.. regiors where th= susceptibility distribution chanczs re vidly (e.g. air-tissue
interfaces) 1n ar~umical regions with irregular e~ umetry (e.g. crachial plexus and ankle),
and in iso ated regions of an2*,iny (. .g. liver dyme 2, two legs im: ged axially). Further,
assumption s regrdi= the deer<. of field map smoothr-,s gener- (ly have no physical basis

and are choscn empiric.iy.
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The BO field ir.womogeneity can be writtcn as y =y, + ¢, where *,;, represents the
background field, i h is causer oy th~ shim fields wd Luperfect vus *n the magnet
system, and , represer.*s th> suscez ability-induced field, which -esui‘s from the interaction
of the object being imag-.d with the applies .. agnetic fic 1d. 3ecc1se of the ow order shim
fields on MR systen s, rapi ity varying BO fielcs can be avribuicu to the cusceptibility-
induced field. The su: ~eptibility-induced ficld (1 ry) can be >stir..ed if the susceptit ity
distribution of the object (y) is k=own (24 .=.

P (1) = %Ru(um *x(@) ™

In Eq. 2, * denotes convoluti »n, y/2m ie Gie gyromasnetic ratio (i.>. 4-.58 Mi1z/1 10 'H), By
3 (0) -1
43 |r|
response kernel, where 0 is the an 3le v/ith respect to th e m .in magnet ¢ fiew' axis #.d r is

is the main magnetic field strength (i T), ar< w1y rey rese.at: th» dir ole

the position vector. Eq. 2 can be e yuiv lently repreccnted i Fourier-space (21-23) us:
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2
1

.30 = Byl 5 ONE

—__Z
k"k

wherc k = [ky, ky, k,! uenot~s the locati~. m Furier-space, and kH represents the conjugate

“anspos~ o“ k. By cor viation e z-axis i< uriented along the superior-inferior direction

(i.e arrectiun of the ma'u magnet:. fiel 1) and the x-y plane is the plane orthogonal to this

axis. T a Cartesian acqu_.ition, the joims alo= the z-axis can be calculated as [-N,/2:N,/

2 (|/FOV,, where N, (assumed to be an even v~'uc¢) and FOV,, are the number of acquired

points and the fic ld-of-view .u the z-di=Zcuon, resoi'vely (similar for the x- and y-

auccuons). The value of yg .= Ludefined ~* « = 0. Since this point defines the DC offset of

the BO field in image space, it ™~y be reason: ole to set 1" to zero (23), although other offsets
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vaswu vn the center 1equency ¢ fth_ magn *t cc1ld be cho en. The calculation of vy is
+mica’iy perir.med .a Fourier-space, rather thar in image-space, because it is more
coiputtonally efficient. The image domain representation, y(r), can then be determined
usin y the irverse Fourier transform of Eo 5. Note tha. 4(r) and y(r) must be appropriately
~ero-p# uded before Zouric v transform ‘0 av~id the e fecis of circular convolution when

e 7muating Zg. 3 (28)

The sus -eptibility-induced field that is caic!=t=2 using Ty. 3 serves as the object-based field
map =stiiate. This object-based field map esti=.ate is deri..ulated from the multi-echo
sourct s im.ages, as show. 1n Eq. 4, where / "renrrsents co nple x AWGN.

i t jen(y W =¥t

. —Jj2
8,) =s(t,e Sh=(p,+ “nPpE +N [4]

The resulta1t muitl ccho sour<e images, §(#,), are exr=_wed to have 2 majority of the BO field
demodulated .37 thie Juyject-based field map estim te. T-.. demod ilation step is expected to
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simplify the task of the suheenro=t 1, fat separation alerrinm, wiich must now only
correct for the s'owly varyine harl-~rounc field (y) ind anv ~_inaining susceptibility-
induced field component (y ; — ‘1;;).

Due to the nonlocal reszonse r . the dipol~ keinel in Eq. 2 (7 4), ¢ lcu!wdon of \|fs requires 3D
information about th > sus~¢ptibility distrib 1tior . Howevei, approximat..g th~ succeptibility
distribution in regions outside of the iz zing fie'd-of-view (FC v) is not ossible ».aout
additional assumptions, and thz.ctore an *.cc mpl te estimation o1 the sus~2ntit ‘lity-induced
field may occur near the 2dges ~ wie imaging ™. These efi zcts were analy zed via o=
point-spread function (PSr) of the dipole kerrz. a(r, In particu'ur, we “ocused on “ue PSF
along the slice-encoding direction be-.use many vater-fat separe.ion alosthm: anpose
field map constraints only in Zv), and thws may be least robust to ‘hes. artif.cis aton.7 the

slice-encoding direction.

METHODS

Experiments were conducted after obtaning inf~..ined cnsent and IRB approv-i using »
clinical 1.5T scanner (HDxt, v16.0, CE Healthcare, Wauke<l.a, WI) and ¢ clinic~! 51
scanner (MR750 v22.0, GE Healthcare, Waukesh2, "w1). Cardi-.c datasets were acquired in
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28 subjects usirc ~ 2D L cc-uicaunng, navigated, cardiac-gated four-echo SPGR sequence
(29). Data were .o 2a~quirsl L. wr ankle from six volunteers and in the brachial plexus
Z.on fi e volunteers (o1 e vcluwieer v as scanned twice, on different days) using a 3D three-
echc SPUiR sequence. Lastly, da*. were acquired in the abdomen from ten volunteers using a
3D bi=ath held six-ec’.o (si¥ monopolar <.noe: per TR) SPGR sequence. We were unable to
.cquire t.¢ abdomina. ducasets 1.ing a true Jual-echo acquisition because of the

una- atlabil’y of the prc.auct reco=. truc‘ion pipeline, which was needed to obtain the source
.mage~, rrom the acquire! uata. To s.rve 1s a ., 0¢ ate, a six-echo acquisition was used,
frum which the source images at twe 2choes cor's oe extracted. The source images at
«uoes 4 and 5 were selectes Lecause th iy maximi~oc the effective number of signal
SZverages (NSA) over all pos.itic echo com.umations fc - this particular six-echo acquisition
(8). Table 1 lists the acquisition rz.ameters fc each of ti e datasets that are presented in this
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AV

Pr.or tc any rurth.r processing, the raw source images were corrected for the effects of
gracdient non'.nearity and were coil-combin~_ using <n adaptive phase preserving algorithm
(2%). Berause the pror<.c d method use, objei-va,>d ir.formation, it was important to
correet for the gradient roulinearity ef fect s, which ir.troc uce image distortions, before
genszaung the ~sumate of the BO fiela All &L.cr pro~essing was then done in Matlab (The
Ma‘hwc ks Inc., Natick, MA) (64-bit Lina> 4 020 Core AMD 6134, 128 GB RAM).

The ¢»il-combined multi-~2i10 s urce imay es were st p.oce: sed using algorithms from the
ISMRI1 1 Fui-Wat<. 1oolbox ‘5 1). To demonstrate the general - plicability of the proposed
method, the cardiar jatasets were processed using » Z.aphcut ~'zorithm (15), the brachial
plexus dafasets were processed »z.iny hierarchizal IDF (L (19, thc ankle datasets were
processed 1sin," a regicz,-mergine igorithm (12), and the ~Laomi-.al datasets were
processed u.ing a dual-e~L,o method with flexible cuoice of z i tim>s (8). Note that the
dual-echo algorithm that appears in the Fat-Water ",olbox is a vuxel- .ndependent method,
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which does no. uicorporate neighborhooc information *iien estim.ung the phase shifts that
are caused by B .. mog neity

For the dual-echo algorithm, the weighted smoothing of the Jucso1 wes fc und to increase
the occurrence of inc~mplet- water-fat sej arat on. There‘ore, the ;moothi-.g was removed
from the reconstruction  Other than this me 1ification, no ¢’ianges . cre m e Lo the default
settings of each algorithm in the F~:-water Toolbyx. For thc se algor:{ums that  .uplemented
water-fat separation in 21, we 3D d=*.sets we e piocessed on a slice-® y-slic - *+7sis

Each dataset was then processed a second ti=.c using the identical al5oithm as dex cribed
above, but after the object-based fi~lu map est'z..ate had been firs ¢ der~cuulated irom the
multi-echo source images. Ti e object Uased fi=!d =an was estimated usirg the sourco
images that were acquired at ruultiple ~cho times Figure 1 shows a flowchk:tt of the
proposed approach. A maximum ir «ensi*, projection \MIF) image w as calcu'atc ? ror. the
multi-echo source images by proj :ctir g along the eche tim > dimension. A b nory ».ask
consisting of regions that contain :ithe- air or tissr'~ was “aen created from tne MT” image
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To create the binary mask, an air-tis~ue threshold wa< set at 5% of the meiumum va':2 ‘a thy
MIP image. Those voxels in the MIP tha. e below Zie thresi old were « Zusidered to
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contain air whil= *»-22 LU ve wic wnreshoi 1 were considered to contain tissue. An estimated
suscey tibility di: tribition (f?) wao v nerat.d from the binary mask, using the known
surceptbility values of wate -, fut, an< air (32,33). Because water-fat separation had not yet
occitrea an equal distrit ution of water and fat was assumed, to minimize the maximum
error Of th = susceptibi’ity est.mate over 2! pos: ible water-fat ratios. A susceptibility value of

8.42ppr. vas assumd, which 3, the aver~_¢ of the susceptibility of water (—9.05ppm) and
fat (- /.79rum) (32,33) ror the v~ -els ~ontaining air, a susceptibility value of 0.36ppm was
ased (2 2). The estimatec susceptibil ty-i,duce e d (\y;) was then calculated via Eq. 3. To
co.mpensate for center frequency shit s during nr< scan, a constant shift was applied to \|fs
suvn that its meai value over aie regiors ot tissue *u. zero. Finally, the susceptibility-
‘auuvod 1ield was demodulai»~! [rom the riginal multi- echo source images.
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The demadwlato 5, olti-echo swurce i7.agos wire pre sess °d with the same algorithm that
was used tn nv~sess t e original source imaes. The tv = (esults (i.e. with and without

de nod 1lat’un of *iie object-based field map cstimate) were visually compared to determine
whe ther usirZ the object-based field map ir“Limaunc.: improved the quality of the water-fat
separatic... In additior, &> total recons*. uctie= wne for 2ach approach was computed using
the Miatlab n»-,ue functiz...

RESULTS

Figu1 = 2 shows the suscepti®.ut -induced “.cid for tho conter : lice of a 3D acquisition that
was es im~.ed usir all slices < the volume. 1ne PSF of tuc a'mole kernel along the slice-
encoding ax s is alse ,uown. The PSF was normalizes ,uch tha* its maximum value equals
one. It is i npo’ ant to note that th- (nergy of ti.e PSF ic _oncetra ed near the origin, which
suggests ti at oly a sm>!l subset of L. neighbo.ing slices. *~.mner t1an the full 3D volume,
may be used' to sutficiently” .epresent the susceptibiliy-induce” fielq at the center slice. To
determine the nuinoer of neighboring slices, a thre *»,id on the n~agni ude of the normalized
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PSF was estab!‘zl.cu. Tioun e nset of th2 PSF in Figure Z, a sharr rransition is observed as
the coefficient >z des wioss @ value o1 0.01. Ush g this waresho'2 =¥ 0.01, a total of only
seven slices (i.e. three s'ices r.i eack side of the center slizc) would == req tired to represent
the susceptibility-induce ! field .. the center -'ice. Figur : 2 uovs ti € s usce ptibility-induced
fields that were estirated 1r.img only a sul set « f the totai slica~, us well 2= their
corresponding differe 1~¢s. It is seen that th_ fiei 1 estimate using Luty the seven cewter slices
captures much of the susceptibili*; -induced --aria ions. The ¢SF w~, computed assuming
that the 3D acquisition v-us done ir ti¢ corona! plaie. Similar results (not sh..=.) v-ore
found for both sagittal an ! .x1al acquisitions.

Water-fat swaps were visually obez, ved in siv ur the 28 cardiac ¢ atas- s that were processed
using graphcut. All observed swaps cocurred Z.car u.> dome of the - er Tne proposel
method resolved the swaps in all six ruses and 4:7 not inv"oduce any ‘1ew ~.7aps. Fizur: 3
shows the water and fat estimates f;om ~ne cardiac da aset with and without the objer.t-
based field map information. A sv/ap “vas observed in che iome of the liver m er using
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graphcut alone. By first demodula‘ing 'he object-Fused f cld map estimate trom *%.c origin- !
multi-echo source images, the grapr.~ut method was ..ole to c= rectly sep wate wat<: aud fat.
For reference, both the object-based fiela map estim~ic and the final field .uap estimate are
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1-

shown. It is see™ 2t the Lujeci-vasea tie. 1 map estimate provided an accurate estimate of
the B field. The ealevlatic dud or.nodv’ation of the object-based field map estimate took
Z.zs fou the entire 3D d:tase . For cor.parison, the average reconstruction time for each 2D
slicc usii g graphcut (witi or witt.out demodulation of the object-based field map estimate)
was 18s, « t approxim-.ely 1< minutes fo- (e 29 slices.

Water rat sw aps were ob<_,ved in threc of the six ankle datasets that were processed using
r_gion-m.erging. The prcorsou metl od 1 >solved t*.» swaps in all three cases and did not
inf-oduce any new swaps. Figure 4 s1 ows wne water and fat estimates from one of the ankle

severe P2 T 10 ihomogene 'ty ir (uts anatorz, caused 1 swap of the water and fat signals
when using region-merging alone. P, 1irst der  uu.atin; the object-based field map estimate

yduosnuep Joyiny vd-HIN

signals. Calerl~tion a1d demodulation of th= 3L objec* Lased field map estimate required
1.V’s ot cor-putatiun time for the entire 3D dataset. The average reconstruction time for each
2D 'lice usirg region-merging (with or withZuw aemctulation of the object-based field map
essumate’ was 31s, or ~,p oximately 25 mini*<, (v, the 18 slices.

V. ater-f.. swaps vZie observed in fou. of \he six L.achial plexus datasets that were
prccesses using hierarchical IDEAL. Ti.» propose .nethor resolved the swaps in all four
casc’ and it did not introduce any new swaps. Fie*.c 5 shov 5 the water and fat estimates of
the biachi | plexus using kicrarchical IDE.\L, with 2.4 withoiit the object-based field map
estima.= Tne wa*Z, and fat ~zumates using vnly hierarchical 'DEAL exhibited swaps of the
water and f~.c signa'z. 1n contrast, by first demodulatis.g the ok . t-based field map estimate
from the c rigir al source images, lLu¢ -archical 1 JEAI . as able to correctly separate the
water and ‘at s,znals. C'.iculation ~.a demodulation of the Juject-)ased field map estimate
took 2.1s fo. the entire 2™ uataset. The reconstru~tion time £, e 3. volume using

hierarchical IDEAL (with or without demodulatior o1 the objec* oase 1 field map estimate)
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was approxime ciy 53S.

Water-fat swaps were chser 7e-. 1n al! of the abdominal daf~,cis Jhat were . econstructed using
the dual-echo, voxel-ind *pender. method. This was exp >cte aoe to the known limitation of
voxel-independent m~.hods ‘o robustly es ima e the BO i*elc mar in regic s of severe field
inhomogeneity. The | tcposed method was at'e to resol” ¢ all of tiie sw. ps, Lowever a
marked improvement in the water-“... separation vas obsery cd espe~iaily at the wir-tissue
interfaces. Figure 6 show- (e water Zut, and 130 fi>ld map est:mates £om o.'Z ~"bie~t using
the dual-echo, voxel-inde ne=.aent method and tne »:oposed m>tho 1. Water-“.. swaps v"cre
largely resolved when the object-based fi=!i map est mate was firs* uemodul~id, ) owever
swaps are still visible. The calci’’=uon and “<.nodulation of the ¢ bjec.-pased field map
estimate took 1.9s for the ent re 3T jataset Tue recu..~truction tin.2 ror .ne 3D volun,=»
using the dual-echo, voxel-independr.it meth~2 (., i*h or \ithout denr odv’at on of t ie ¢ bject-
based field map estimate) was app oxir.ately 1.2s.
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DISCUSSION

Ir this work we have dcscrived = nove! technique that augments existing chemical shift
encodea water-fat separa‘ion metr uds by incorporating object-based information of the BO
field map into the recor.struct’on. We have - .. onstrated that using this information can
improve t.> robustne.'s of existine “vater-fat <<paration methods. We propose that this
appre.ch m: y be effectivz as a prenroc 2ssing of the multi-echo source images, and therefore
sL,ould k¢ applicable to . nv _omple. -ba: ed cherm_al shift encoded water-fat separation
meZaod. The primary advantage of th's approach is _hat it exploits a physical property of the
mocis L oume (1.e. susceptibiliy distribeilion based on the anatomy) rather than relying
solelv ~= o2 pdons of fie'd m~p, smoothress. [t is pe tticularly applicable when imaging
regions in which the B0 field map vz.ies rapid';, e her lue to abrupt changes in the

yduosnuep Joyiny vd-HIN

suscentihilie- 2250 0 qtion or in anato™., with 1 reguli r ge ymetry.

11 e ca'culat’on of ‘ne object-based field ma,* .stumate was implemented efficiently using a
point-w.se mrluplication in Fourier-space. In ~!! cramples, the calculation and
der.odul>*ion of the 3D ~bject-based fiecid man tnok lers than 3.5s seconds, representing a
~inir.al increa<z o the ov >rall recons ruc*.on time v 'hil : consistently improving the
reoustr_ss of wate:-iat separation. No sigy ificant Jiffer:nce in the reconstruction time of the
wa‘er-fat cparation algorithm was obse.ved after .ing the object-based field map estimate.
Hov eve. because this estimate is a fairly accurate .cpresertition of the true BO field, it may
be posibi> to reduce the = ons tuction tit e, partic=iany for :‘erative gradient-based
method's - ith car<lully chos~.. convergence criteria. In this w= 'k, the default criterion for
each algorit’im was< Lsed.

The main imiiation of this approach is related 12 wne assumnr*.on ¢ the magnetic
susceptibili v distribution. T.c assumptions used in “.us work <hou.d be valid for most
situations unles. :.uie is a foreign body with high snez ptibility ( ..g. netallic prosthesis).

yduosnuep Joyiny Vd-HIN

Further, iron is the 2=l Liluaiy occurring substance with iugh sus_eptibility that can occur
in high concentiation with’z {,ouv 1 the case of tiscne iro uverload it may be possible to
approximate the R2* fi ym vhe .aulti- .cho source images, ~..u us>> th2t valoe to estimate the
susceptibility of those titsues (37). In addition, the air-tissue .ucsk vas detc rmined by using
a 5% threshold on the MIP i.nage. The ac.uracy of the ohject-h2-_d tield “aap estimate will
be affected by the accur.cy of the air-tissue matk, howeve we ha -C roun i the.. sewing a
threshold value within a range of 2 27 does not : ignificant. y affect *..c final w-.cr-fat
separation. When using t+:csholds 2+, ve 9%, the vone, whict nhas a s=ocept Lty value
close to that of tissue (32 . m.ay be masked as air. T"is error i the air-tissve .nasking ~.ay
introduce error in the object-based field mp estimat- . It should be ..oted tha* Uve a r-tissue
masking algorithm that we have “.ed was <:{iicient for the cases that were tested in this
work, and that the modular n. ture =~ our n<usea namework woula al'uw the use ot more
sophisticated air-tissue masking algo’ithms.

The forward calculation of the fie d in 10mogeneity re: juire s 3D inforinatior. o~ the
susceptibility distribution. Thus, t e pidposed mettod m-.y not be suitable tor 2D . aging

)duosnuep Joyiny vd-HIN

PR

unless multiple closely spaced slice: are acquired, pr- viding an accurate > represe=iition
of the tissue. Further, incomplete estimauu., ui the steeptibilit -induced “.id in 3D
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acquisitions mey’ ~72uI wiwae cuges 01 the imaging FOV. For the slices at either edge of the
imagig volume one may -2 .Uic + . synth.etically extend the imaging volume by replicating
o1 xtrevolating the edg > slives. [his ‘would only serve as an approximation of the actual
slices, but it may be adeq 1ate for improving the accuracy of the field map estimate for the
edge lice . Based on uur ar~.aysis of the zumt-ipread function of the dipole kernel, we
~stimate “u. t errors in th_ estim~is of the s ceptibility-induced field map may occur for the
thre~ slices at each end ur a 3D velnme Further work is required to determine the
perfor.iance of the prop..ed algorit m .t the #Zge. of volumetric acquisitions.

Fin~ll-- 00 proposed method vus not teste 2 using data from a true dual-echo acquisition.
Thie wee =20 Lussible due te the *zaavailabili*, at our s te of the product reconstruction
pipeline that was needed to obtain .. complev val ed, sradient nonlinearity-corrected

sonree imeocs 0 the acquire d dat2 Tuaed, the propos °d method may provide greatest

yduosnuep Joyiny vd-HIN

benefit ta tw~ ~5int v ater-fat separation aly orit.'ms, w*.cn are widely used for 3D
vo 'umk tric .magi-.g and are known to be espccially vulnerable to swaps because of the
limi‘ed numk or of measurements.

n co~.clusion. ¥ nave de cribed a no vel 7 pproach t) inr prove the robustness of existing
W ater-f... separati~z, algorithms by incrpcratine ~uject based information of the BO field
int omoe=.eity. This approach can be applied to ar;, comn!=x-based chemical shift encoded
watt t-fa. separation technique. Initial results are b’ uly pro+.ising for improving the
robus nes: of water-fat serz.aticu.
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o

Z Figire 1

T Flow chait of the propos~d apprvach. A maximum intensity projection (MIP) image is
g salcul **_u from the n ulti--cho soure< umages b7 projecting along the echo time dimension.
> An air-ussu * mask is t.en c-.ated from tue MIP image. The estimated susceptibilit,
= g p Y
=5 di<uaibution is generatec from e a.r-tis 'ue mask, nsing the known susceptibility value of air
= and ‘iie mean of the values of water . nd 1>*. the est'mated susceptibility-induced field is
< calculated 2= - then demodulateZ irom the <.1ginal source images. Finally, the

) g g Y.

g demodulated som ce images serve 2< uie input i~.iv any water-fat separation algorithm.
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o

Z Fig\ re 2

T (top 'eft). The susceptib’ity-inuaced field tha* was calculated using all slices of a 3D
g acquis“ion. (bottom [ eft): Tne point-<iead fun tion (PSF) of the dipole kernel along the
é> slice-e~.coding axis. Ntice *L.at the enezzy of the PSF is concentrated near the origin, which
5 srgests “uat only a sub:et of *l.c ncighl oring slices may be used to calculate the

2 susc.ptibility-induced field at the ceiter .1*2c. A thi=shold of 0.01 was established (dotted
g§> ane), which ~~egponded to a tot=] of sevenr ziices (i.e. three slices on each side of the
g center slice). (riot): The susceptibi'..y-induces [ields *hat were estimated using only a
8 subset of the total slices, as well as the _orrespor-.1g d. fference images. Using only the
% seven center slices captures m. .ch of the - 1sce stibili y-in luced variations.
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o

Z Figire 3

T Watcr, fa , and BO field ~stima*_s using a grarhcut algorithm, without and with the object-
g vased .10 map infoi matir.i. The BP Zeid estin ate in the bottom row is shown as a sum of
é> the obi_ct-bsed field _stim~ic and the ~.inaining field that was estimated by graphcut. A
=5 swap is rUserved in the dJome <{ the liver when using graphcut alone (white arrow). When
= the ~uject-based field map estimate 1+ fir: * Zemoduiated from the original source images, the
g§> graphcut me+h21 correctly separ=*_s the wate: and fat signals. Further, notice that the object-
g based field man « stimate provides == accurate ~zumat. of the BO field map. In the liver

8 dome, the mean / minimum / maximr+. uifferenc<. bet\7een the object-based estimate and
% the final estimate were 16.7 /- v4.1 /77 £Hz, .espec ivel .
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o

Z Fig\ re 4

T Watcr, fa . and BO field ~stima*_s in the ankle "1sing a region-merging algorithm, without and
g vith t. 2 vpject-basec field nap infor-.ation. Tt e BO field estimate in the bottom row is

é> shown .s a . um of the ubie~t-vased fie'Z estimate and the remaining field that was estimated
5 by regior -merging. The rapid'; var sing BO field in this anatomy caused a swap when the
2 sour.e¢ images were processed using dnly »Zgion-mu rging (white arrow). By first

g§> aemodulatine <-e object-based fi=ld map estiw..ate from the source images, region-merging
g was able to corre tly separa e the w=icr and fat cignals The object-based field map estimate
g provided an accurate estimate of the fiiu inhom~_ 'neiiv, especially in the region of the toe.
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o

Z Figire 5

T Watcr, fa . and BO field ~stima*_s in the brachial plexus using hierarchical IDEAL, without
g ~nd w ., we object-bised “ield map = jormatio . The BO field estimate in the bottom row is
é> shown .s a . um of the ubie~t-vased fie'Z estimate and the remaining field that was estimated
5 by nierar.aical IDEAL. Water [at s vap. in the head and neck (white arrow) are properly
= rese’ved by hierarchical IDEAL only wh.+ (e obje st-based field map estimate is first
g§> aemodulated £-2m the source im2_Zos.
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o

Z Fig.re 6

T Watcr, fa , and BO field ~..ap es*imates in the ~hdomen using a voxel-independent algorithm,
g vitho.* und with the »bjec’-based fie!i map int rmation. Numerous swaps are seen
é> throughout he abdom.q, se7.e of whick are highlighted (solid arrows). By first
5 de.aodul~.ung the objec -base- {ield ma, estimate. the voxel-independent method
2 denrunstrates an improvement in the watc r Zat sepaiation. However, some swaps are still
g§> visible in the =z-onstructed image: (dashed 2+, ows).
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