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Abstra st
Purpose—\uar.‘it>.ive T, -relaxation-based contrast has the potential to provide valuable clinical
information. P -actical 7,-mapping, however, is impa‘:ca either v prohibitively long acquisition
times or by ~ontar.ination of fa<% i lti-echo prot scols Ly stin.1lat *d and indirect echoes. This
Z work presets « novel zust-procecz,ug approach aim ng to ove cor e the common penalties
L associated wi*., multi-ec*, protocols, and enablit. g rap.< and acrurate mapping of T, relaxation
oy
> values.
E Methods—BI« ch s'mulations are useZ (o estimate t-c actual .o mod. lation curve (EMC) in a
=
g multi spin-echo expeiment €.Lnulatione ure repeated “ur a range of 1, v-lues and transmit field
% scales, yielding a datal ase of <iz.ulated EMCs, which is then us2J 1o ider*.fy the T, value whose
% EMC most closely m atch s the experiment=!iy; measured data at »=cn vozel.
c .
g Results—T, maps ( f bo. nk2utom and “., vivo scans were succesorully re -onstructed, closely
g- matching maps producc 1 from si=gzie spin-echo data. Result* were ~Lusister t oy er the
— physiological range of T, values and across different experimental settir_s.
Conclusion—The proposed technicic wiiv: . s acer.cate To ma,pine *=. clinicallv feasible scan
times, free of user- and scanner-d.pen le~.. vari-.aons, while providirg a comp. ~hens've
framework that can be extended to model r.ner parameters (e.g., T, B, ", By, 1ift 1sic1) and
support arbitrary acquisition sckomes.
<
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o Introduction
gz, T,-relaxation-based contrast i5 o= of the 2..0st commo:ly used coutrac.s for nor inva.ive
E diagnosis and characterization of pa*iiologies. Altnoogh a most every cli.icc [ N'RI 2xan
o involves acquisition of To-weightr d inruges, the interp -etat ‘on of Ty onuact | tili rep-ains
'§ visually qualitative, and lacks infi rme tion on the actral T relaxation vohies inZopendei. Hf

reader, pulse sequence, and imagir.g de\ice. Ortitative To mapping has deroustrated
merit for various applications includi-o neurodec-..erative Gisi ases [1,2], char~Z.«rizatic n of
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cancerous lesicne M2 27 Jeiecuon o1 brochemical and biophysical changes in hip and knee
cartile ge [6-9], iaonasis ¢ Slone 10], 2osessment of diseased and post-transplant

zayocar dial edema [11,12], and mves*.gation of muscle physiology [13]. Nevertheless,

geni ine tuantification o1 T, rela-.ation values remains challenging in clinical practice,
main,v du = to the extr_mely long scan ti=ios asociated with single spin-echo (SE)
~.cquisitiza. . These scar, exten< on the ordz, of tens of minutes, a factor which not only
affe~.s pati—at comfort .id throuc out »ut also makes the scans highly vulnerable to motion
artifac’s. Sensitivity to a’Z{usion pre ‘ent: anot*_. n1portant limitation, adding echo time
("«) dependency to the signal decav particularly’ u. long echo times.

Mnulti eni= o Lo pulse seque ices Zc.g., CPMZ | 14]) are a commonly used alternative for in
vivo T, mapping. These sequences ~.nple mr'tipie timv points along the T, decay for each
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k-snace line 2ui - ingle repe ition ti..e, 'eaa ng to ign.ficantly shorter scan times.
Moreover tha -3¢ of :cho spacings that are an ¢ rder-c¢ ¢ Laagnitude shorter than the typical
Tt uselin single SE scans results in a signiticant reduction of diffusion effects in the multi-
echo sequenrcs [15]. These advantages, hovcver, cume at the cost of strong signal
cr.tamiration with sti-.u'ated and indi- ect erl.ucs, 2enc rated because each refocusing pulse
s ep~.ates the w.agnetizat’ L into three cob :rence pat iwa ys: the main transverse
mac~.cuzation = verted by the RF puls», and =, spurius pathways representing spins that
are stor. u along the longitudinal axis ana cpine #-. are »..a Fected by the refocusing pulse.
A very c.zar graphical depiction of this process I, provide. ~v the phase-graph formalism
[16] axd o her related a=roaches [17]. As ‘llustrica by Fenn g et al [16], a train of spin
echoes will geriate 3ETL _onerence pathways (ETL bein< e =cho train length), whose
cumulative contr'Lution will eventually be reflect< i in the acqu.ved signal. The subset of
coherence patl ways contrib*...g to *ach speci.ic e~Lo depend ; on the refocusing pulse flip-
angle and j hase, an< {urtherme~_ on the slice profile, w*.cn, con «dering typical use of non-
perfect recta..oular nr~Zies, intrinsically incorpor. tes a r>=.ze ot 1'ip < ugles. The resulting T,
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decay of the acquired echo-train will no longer exhibit a pure <apone itial decay of the form
S(t) = Spexp(—/T,; (1)

but will rather follow a ¢ 2neral’..ed echo-m~ulation cu ve ‘M C), wtose characteristics
depend on the relaxz.ion v-iues as well as on a variety o1 other caperimez,cal and physical
parameters, e.g. T, 7 B¢, B and diffuc*,n. When fitting a pr-. expone 1tiai curve to the
experimental multi-echo EMC. ez,uneous T, valuss will arise, as ~.emplified i1 Figure 1,
illustrating the percentag < error for jirterent 1. va ues and fo a rarzc of trac=wat 2, F
inhomogeneity scales ass..iated either with the »=. ral variati wn ~ [ the f°,, angles »'Lug
slice borders, or with inhomogeneity of ..¢ B fie! . Two straigh’iorward <ie.na*.ves for
improving the fitting of multi ©Z data inc'.ue excluding either tt = fi1st, or all 22 numbered
echoes from the fit [18]. Thes= rz.ions, 2'iough impreving the fitung Jidelity »inder
quantification of short T, componer’s, mak~ inettic, nt u. e of the ac Juir=d Jat., ard s'ill
result in distorted T, values. Othe, mc.e sophisticatea soli tions emg loy ~nal rtical o
numerical stepwise tracing of all :ohe ‘ence pathway< that arise in a muli-echc sequer<c
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[19-23], incorporate the phase grah fo,malier: into mr del based-reconstruct Lu approac..=s
[24], or use non SE-based pulse sequence schemes wnat c2= ue more accu atelv zuodeled vyet
at the cost of reduced T, encoding sensitivity [25,Z0]. Notwitk,tanding promising

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/

Ben-Eliezer et al. Page 3

accouting for r laxation drirl.. wr RF ruises [20,22-24], flip angle variation along the
suce / ¢lab profile [25,25], rolviag or iengthy 3D acquisition schemes [20,23], or not

allo ving straightforward model ‘..version for deducing a T, value from an experimentally
meas.'red >cho train [? ],

In thi~ work we present = .,ovel apnroa :h for the calculation of accurate T, maps from multi
©L dat>. rhe approach 1° h~5cd on sing stepwise 3loch simulations of the experimental
pu’,e sequence in order to trace all cc hercuce pathv ays occurring along the echo train and
tharcb— CCurate'y reproduce »'! iesultine <.umulated «nd indirect echoes. These simulations

are nerfos 0 Guce as a pre- nrortosing sten “ur a range of Ty values to create a database of
echo-modulation curves, each correzonding t o wiique Ty value. The experimentally
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acanired Aot~ 2o 0 O matched ixel-by pr el arainst ‘he ¢ atabase using a best-fit criterion to
reveal the eam=leg’ trie T, values. Validations ¢ f the | »oposed technique in comparison to
reizren e s'agle € measurements are presenced in phantoms and in vivo, confirming
acciracy and cobustness over a range of ror“.uety usad clinical settings. Generalizations to
meiti parametric estimzidon, e.g., joint 7, and 5 " Sttiny, are exemplified and discussed.

Methods

Pre-processing: Ge.eration of a simulated EMC databa<<

In orcer tc precisely mo<i the 11agnetizat. on evel.uon a ring multi-echo acquisitions,
simula.izus of th_ prospect’, ¢ pulse sequences were prograr..n>d in-house in C++ and
MATLAB ’ rthe MzmWorks Inc., Natick, MA). Sim.iations w.-e based on time and space
propagatic n of spins accordin< ‘v Bioch equatidns. »=.a emplo 'ed he hard pulse
approxima‘ion ‘or siruiating the Jr pulses [27,28]. The <aact pvise sequence scheme and
the parametc - values w2 obtained through offli1 ¢ simula*:ou o1 the Hulse sequence

diagram using Siemens’ POET sequence testing toui, providin wne a aplitudes and timing of
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each RF and gidient pulse. The exact Rl pulse shapes were rea< rom the pulse sequence
source code and uupoi‘ed i1to M.ALA L.

Although full volumetric simul~.ions would e ideal for EM C 1.0aclin 2, st ch simulations
are not practical due ‘v thei- extreme com,utai’onal intewsity ~=J extendeu runtimes. To
facilitate the process, ~.e-dimensional im»_ing ‘imulation : were carried vut solely ~long the
slice dimension. This choice can k. justified by ti-e fact thai the sti-..ulated and ndirect
echoes are essentially cem.oed by imzortect refocus ng pulses « ncoding solely »:cne the slice
dimension and furthermo =, vy considering that t+_ ‘lip angle ‘ari tion al~Ly the slic
profile can only be accounted for by siniating alor_ the slice dir.ension. T'ou g this
simplifying step, it was possibl~ « employ lugh sampling resolu ion Ht ca. 2000 «a 5000
spatial points, offering accura‘e trocxing o ail the concrence pathways Jor spin nackeis
residing at each and every point alorg the sl*ze prosi'e. Ti e simulate 1 objec censisied of a
Gaussian spin density distribution (full width at half heigh' =2.5 cm_ pocitiol ea at the
center of a4 cm FOV and imagec wit14 mm spatial - esol ttion. The si.ulaiion’s interroi
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resolution was set to 140um in orc>r to 2ecount Zur intre pixel dephasing effer,, while - -
temporal resolution was matched to »at used in t+2 actual ~.p. riment.
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1~

Each run of the =*==!zti . geuciawes a sitgle echo-modulation curve, reflecting the intensity
of' each echo alo e the trair 0. « ¢ ven se. of parameters. A database of simulated EMCs is
aeatea by repeating the sim =.on fr. a range of T, values ([1...299] ms in steps of Ims
and "30¢ ..1000] in steps of 5 m<; and transmit field (B;") inhomogeneity scales ranging
between ¢ 9% and 12070, wh_re a value ~£ 1004 corresponds to a purely homogeneous B;*
+.eld. Tb~ calculation ‘ir.e depe=.us on the ~.umber of simulated values of the T, and B+
par~-ueters and ranged ,ctween 1 ! our ‘or a limited number of a priori known T, values to
10 hor.s for full high-re. 2iution sin.ulat.on of 25 £ {* inhomogeneity scales, 450 T, values,
a~.d ETL=10. Examples of two datab ses are ill»z.ated in Figure 2, which shows a
suuplitied set of EMCs corr=,ponding #= 15 =[30 .55] and [72...103] ms (Figure 2a), and a
cevui 12 =11...300] ms and R,” mhomoc-:.eity scales = [60...120] % (Figure 2b). A
pronounced effect of the stimula*-u echoes ca 1 be s.en, >ausing the second echo intensity

yduosnuep Joyiny vd-HIN

Zeiuaity w o€ nigher than the fi st ~Zli0, except for ve -y si ort T, values where the strong
ciqnal decay umine’es over the stimulated >che effeci. [he cumulative effect of higher
orcer si'nulated echoes is also apparent and manifests as even/odd modulation of the later
echc es. Figr.re 2b hints at a potentially pr-uiematic proverty of the simulated EMC database
- name’y, that mod lauor curves corre sporing to iffe ent [Ty, B; "] pairs can sometimes
1 togsect ome another “s shown later, ‘his character’stic does not prevent the parameter
se’.ction prezoaure from finding a unigue sowtion dr.ing the post-processing stage. It is,
hov eve.. expected that the uniqueness wili uepend or e €. perimental echo-train length
(ETL), were too low ETL va'- es might red :_c the robustne.s of the parameter selection
procecure 29]. A sir:puticatior of the sim.J2*2un was int ~7=ced by fixing the T parameter
to a value of .5 sec for lie phantom measurements and ! sec fcr the in vivo scans.
Although ".| re'.xation does take nort in the m~_uetizatiow z7oluiion during an echo train,
simulatior s fo. a range of T, values = [200...4*3| ms have <’iow 1 that for refocusing flip
angles in th.» range [ 120...127] this parameter has negligible effec. on the corresponding

EMC — a chatac*eizlc which is in agreement witi pre=-ously rep orte 1 findings [19,22,23].
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MRI data acquisition

Experiments were performed ~a 3 T ‘whole-body MR syst<.us (1A SNE1OM Trio / Skyra,
Siemens AG Healthcare, Erlang~a, Germanv® for T, ph into”..s "\na hurian subjects. The
experimental protoce’ invol” ed running a »rocuct multi JE _~an<,.ce, des’gned to scan each
k-space line multiple tir.es following an ex sitat on pulse v»ing a t=.in of « queliy spaced spin
echoes, producing a series of 2D ir.uges that con 2spond to increasi= L'Es. In cqartion, a
full set of images was ac~uired with = single ! E se quence for 4 simil»z 1ang.* ..« TEs
providing a more reliable ref_rence for the sample T values. >hai ‘om scarc were
performed using a 4-channel head coil. T*_ phantor, shown in Figure 3, corziiteo of a
matrix of nine 15 ml test tubes c~.uaining m:.ined water doped v ith unCl, concentrations
0f 0.070, 0.135, 0.270, 0.405, 0.54%, u.675, S.ouv, 1.0, 0.540 m. %, cezresponding te the
tubes numbered 1 through 9 (tube #9 was del': ..otV fili>d with ide tice! sHluion to t ibe
#5 in order to test reproducibility ¢ f par.meter extract. on). This phar ton offcreu a broad
range of T test values with T/T; rati»s of 13.8 + 1.3 sim.lar to human tiss 1e. ., report< 1

)duosnuep Joyiny vd-HIN

in [18]. T} values were estimated .'sing Siemens’ uoublr -flip-angle T| weighte< 50 grad:-at
echo protocol. Scans were furthermc -e repeated for .efocusi=g angles 18 1°, 150°, ana 1.20°
in order to assess the stability over a range of comr.unly used values. Idenucal experimental
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parameters wer= =22 I, i wuwu- and s ngle SE acquisitions given by [TR=1500 ms,
1E=12.24,... 215 me Npg—1S, wor.1X 5i7.=192x192, FOV=110x110 mm?, slice

Y kness=3 mm, refocusing / ~acitat’on slice-thickness factor = 1.2, BW,=200 Hz/Px].
The tota. scan time was 453 mir ror the multi-echo sequence, and 1 hour 28 min for the
single SE sequence.

In vivy valis ations were =utormed via brain (N=5) and prostate (N=3) scans of healthy
vulunte~ss under instituiiorzi (RB guide'ines and _fter obtaining written informed consent.
Br-.in scans were performed with a rc ceive-only 1?2 channel head coil array and used the
follos- o paran. sters: TR=2502 ns, TE=12,50,45,60 75,90 ms, matrix size=128x102,
FOV="2::1775 um?slice th. ckneso=3 mm. Py acq=2 1Y HZ/PX, Oefocus=180°, with a total

scan time of 2:42 min for the multi € (using = Gi" AP A acceleration), and 26:54 min for
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the cinala OE D te scans w2re perfurn ed v7ith a . ecei 7e-only 6-channel body matrix coil
array and nieed “he foilowing parameters: T2=2.00 m: Te=15,30,...,150 ms (NTg=10),

me trix size -128x 128, FOV=170x170 mm?siice thickness=3 mm, BW,q=200 Hz/Px,

Oref ~us=180°, scan time=5:20 min for the ruiu >k Lrotocol, and TR=2500 ms,
TE=20,47,60,80,100 ™., matrix size=1-8x12%, TCV=170x170 mm?slice thickness=3 mm,
12focasing / en.citation < ie-thickness factor = 1.2, F W, (=200 Hz/PX, Oyefocus=180°, scan
time- 20:40 mi= [or the single SE prot.:col.

Data post-proce.isin?y

T, ma»ss ware generat~2 rom th.: single St dat~ Ly fitting eac pixel in the corresponding
time-sei1es of Z1COM mugnitude images to an exponenti~; aecy of the form of Eq. (1).
Although tlie rec.iting maps may be affected bv ~csidual diffusicn effects, these are
negligible in ¢ ymparison to “..¢ variahility of th= T, values in ~ ivo [30], and the maps were
therefore u 'ed 1. -5 study as = vaseline reference for *..c multi S.° maps. As a second step,
T, maps werc 2ener~:_u trom the multi SE data, 1 rst usi..g the sa ne « xponential fit used for
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The EMC matching was done for e=ch pi> el by calci ating th~ L2 norm of the difference
between the experimer.tal a1d s'.nulat~d EMCs, and c.iosirs the EMC giving the minimal
value of the L2-norm. T 1is was ir.plemented using a br.te for~e scarct ov r the entire
database of simulated “MCs which, due o th> limited 1 un.her o.” fit parar ieters, was
sufficiently fast for t.'e pr.cpose of this stucv an1was comp'sted in 1255 the=  »i~ute per
slice. Following this procedure, a unigue pair of ‘T,,B;*] v lues was »zsigned to Zuch pixel,
yielding a pair of T, and B:* parametri~ .nap. of \e subject.

Analysis of the EMC matching algorithm in the precZ.ce »f noise

Estimation of the EMC matchinge ~igorithm’s ,cnsitivity to noise was performea through
computer simulations by stuc ying th2 matchi= o proe2ss accuracy o4 procision at diiferent
noise levels. To that end, a representa‘.ve set of ~~ho-mod'ulation cur es vu: e. trac‘ed from
a simulated EMC database and the 1 ma*_ned back to the d tabase af er « ddir. g ¢ rere it
levels of noise. The EMC databas > we s constructed fc. a t pical mult, SE p e meler set with
TE=12,24,...,216 ms, NTg=18, slive thickness=3 ~.um, B';cq=200 Hz/Px. Testes paramet- r
consisted of T, =20,40,70,140 ms, R; = 80,100,110 7o and SMR levels ¢ 10,20.23<,55,190.
The SNR level was defined as the ratio between half i the init'al EMC ar.plitude, and e
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standard deviati~=~ £ |, wdiesizea nois 2 vector, modeled to have random Gaussian

distrit ution. To \'nstrate th STIR . ofinit?un, Figure 6 shows representative ensembles of
Zn'Cs vith added noise wh'le igur / presents simulated images at corresponding SNR
leve's. T1e matching pro.ess wa~ repeated N=128 times for each [B,T,,SNR] triplet (each
time vith 1 different ruise v.ctor), prodrziug an estimate of the accuracy (mean value) and

wrecisior (¢ tandard devizaon) . cach par-iueter set.

results

MnClI- “har‘om se=2nz

Toklz 1 suunnarizes the measurcd 1 values [or the nir 2-tube phantom shown in Figure 3. A
clear bias towards higher T, valuez cmerges v-lien using an exponential fit to process the
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e O Jaia, as> corpared to vhe refiienc s sitgle SI' maps. This effect results mainly from
the cont=utll . of st"mulated and indirect ¢ chocs to lator parts of the echo train, causing an
art ficic | e'ongat®on of the decay curve. Any deviation from an optimal 180° refocusing flip
ang. = towarr’s lower values amplifies this ~Ziect due .o higher percentage of the signal being
d-mina*_d by indirer* et oes. A signif cantl’, uighe - accuracy, on the other hand, is achieved
ecross the enlire range 20 15 values wien 2mployin<, the EMC algorithm. This accuracy was
me.aained for dirterent refocusing flip angies and wa, also consistent across two different
typ *s 01 MR scanners. Notwithstanding thi. =1p.oved = i rmance, the EMC algorithm still
exhivits 11creased residual error for lower refrousing flip angles — very similar to the pattern
seen 1 Or th» exponenti-iiy fitted -alues. Th s bi~; can pres 1m25ly be ascribed to the
increascd effe<. of T re'2aation on the echo train, which ‘. not 1ccounted for in the current
implement ition [ or lower refocusing flip angle<, iarger fraction: of the magnetization are
stored alo g tt e longitudin»' uxis wl ere only 1 r<laxation is “.ctiv 2. As a final observation,
consistency’ of ti.> TiviC algoritium should be noted in ~_curately <~timating the T, value of
test tubes #5 «nd #9_ontaining similar MnCl, cocentr=iions (0. 34 M) but positioned at
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different locations within the cail The % profile effect is ! arly mnifested in this case by
the variation ot the T, errors hetween the wo test tu' s wher w.sing exponential fitting. The
joint [T5,B;"] EMC fit_hov eve:, is ahie to overcome .e und~+lvin;” AB;" field
inhomogeneity and reproduce corsistent T relaxation v idues for these twc test tubes and for
all flip angles. Further .etails regarding ti e m asuremer t a1 d fitting crror f the single- and
multi SE acquisition schr.nes are given in .he L'iscussion.

In vivo T2 mapping

Figure 4 shows represent itive 1p mapping of tie hi'man brair  co.mparing m.ps derive:’
from a single SE protocol using exponenti=! [itting (17ig. 4a) to one< uerived fr-m « multi SE
protocol using exponential fittine /I'1g. 4b) a=i rMC matching (' ‘ig. /. ). As is the case for
the phantom results, much be ‘ter est.uation ~T die T, relaxation volios ic obtained in vivo
with the EMC algorithm, and 1 good agreeme=* -ith the reference s'agle ZE valucs.
Representative experimental echo- nodriation curves .re g resented i1 Fig. 4¢ fo- OJ #1,

illustrating the deviation of the m 1lti- cho train (red curve from the pre € pc nevaal decay

)duosnuep Joyiny vd-HIN

of the single SE train (blue curve) ana showing t+_ simr.ated EMC that was as<’_ued to tis
voxel (empty black circles). The accwracy provided Ly the EM C algorith u can be ~isu
appreciated from the quantitative comparisons in Fic. +n, and f om the ful. neld-of-view
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difference map= i~ Fiz. 17 &, carcuiated b ' dividing the absolute difference between the
single - and mult. SF maps % U, 1+ .eren o single-echo value. The residual errors seen in
T1g . 4g might be attribu ed t» iv.accur.cies of the EMC algorithm. However, they might also
reflc ct tr 1e physical inco.'sistenc’cs between the single- and multi-echo acquisitions, or
artifats v the lengthv (33 r.nute) single ccho acquisitions themselves. These effects
aclude <lic» misregis t2ion an- TSF pule~t,un artifacts, which appear to prevent reliable
fitti=g in sr.ne regions .« the sinc'.* SE T2 map. In addition to the T, relaxation map, the
=MC *uting process alsc generated . By bias wap shown in Fig. 4d. As mentioned above,
jr:ntly fitting T, and By" improves t+ 2 To-map »-.uracy by accounting for any
wmwomogeneities in the By #.id. In preciice, howe o, Fig. 4d constitutes rather a general
Uiao wiap, which, although ho2- i1y weight< oy the B;” inhomogeneity profile, embodies the
effect of any experimental paramz.cr that was kept 11vai‘ant during the EMC database
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Zuivuiauon. Additior 2l interpre‘atic., ot th's m. p is g ven in the Discussion section.

Fi,ure 5 shuws representative T, maps from a prostate scan. In this application, generation
of a referenc~ single SE map was infeasible lue 10 s:znificant prostrate motion caused by
ir~, olunt-.cy bowel acti~ i * during the 1r ag acuision tine. The faster multi SE protocol
\7as uole to e-licct data .h reduced notion artifact s an 1 allowed calculation of the T,
mar: snown ir g, 5 c-e. Apart from he £} wigorit’im’s basic capability for unraveling
wht wi oelieve are the true tissue Ty vaiu~e thic gxamr!. wmderscores the importance of
emp.oyit g a joint [T,,B; "] fit in situations whe+_ e coil L. -nsmit sensitivities vary

signit cani'y within the "OV. Ju. taposing the m2z n Fig. Sc, 'vhere only T, was fitted, with
the one .u Fig Zureveals “Lc efficiency of the EMC algori*.u i1 removing this bias and
reinstating 4 mor< uomogeneous T, relaxation m=;.

Accuracy and precisivn of the ZwC alge~.inm in the presencs ot noi se

Summary of e noiez /" error propagation analysis is prescated in Figre 6 and Figure 7.

yduosnuep Joyiny Vd-HIN

conventional exnonential fit. once 2qain v flecting tk - strong *.as incurred when fitting
multi-SE data to the th *ore.ical .node! in Eq. (1). The MC ~'~aritl m fui *hermore provides
higher precision, manife sted by thc lower standard-devi-.tion ~htaired vitt this approach.
Full numerical results ~.ce sur.marized in :upg'ementary on.ine n.ateuial. Tae error in the
EMC fitted T, value. inc.cases at high noi. e le 'els with a» .ean erre- o104, 12 1.5 2.8
and 5.4 % for SNR = 10, 20, 35, 50 »~.a 100 resp =ctively. 1b.se errore, wowever e still
lower than the correspondirz values for lue e.pon=ntial fit, na~.ely 58, 5¢ 9 ~0.5, 65.8
and 79.9 %. A similar trend w-, seen in the fiti.ug precision ¢t lov7 SNR give n by a sta.dard
deviation of 0.4, 0.8, 1.1, 2.0 and 3.7 ms for ..c EMU algorithn. vere=, 1.2,2.4, 3.5, 5.6 and
10.5 ms for exponential fitting.

Discussion

Quantitative in vivo mapping of T, rel-.xation has beei a lcng standi,g coo'lenge. A- of
today, only single SE sequences 1 rovi le stable, and r_lativ ely reliable, T v lucs m vi=o.

)duosnuep Joyiny vd-HIN

Although pure 3D multi-SE protocols piovide L alterrative Ty mapping anrzoach, the
choice of multi-slice single-SE as a re “arence tect.ique i= s study was moti-ued by t 1e
extensive scan time associated with 3D acquisiti<..s, making t.ese more motion sensitive
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and hence less «»#*=t12 IL, i vivo vanidat ons. Multi-slice multi-echo sequence schemes
offer : ignificant decre=se ir seuu u-.e, ye! are affected by strong contamination from
suinula‘ed and indirect *cho s ieadir g to non-exponential T, decay that depends on a

mix ure f experimental .actors cuch as pulse sequence timing, magnetic field

inhor. oge 1eities, flip ungle ~ariation ale=. the <xcitation / refocusing slice profiles, type of
crusher c.a lients, anc rore. Tk, to achie~, ¢ sufficient accuracy and independence from the
expr.ument . setup, it i- uecessary ‘o ac count for these parameters. The EMC algorithm
presered in this work ad'Ziesses thii corplexit, oy employing comprehensive Bloch
sizaulations, which not only model th > abovemer*.oned factors but can be generalized to
weorporate othe. experimer‘.: parametz, or acquic*.in schemes. The ensuing T, maps
Suuw wign correlation to may s Loquired veig classic S 7 scans and, more importantly, offer
invariance to the chosen sequencz parameter alues and 1cquisition schemes. This stability

yduosnuep Joyiny vd-HIN

1

Cowuines very usetul and indeel! critical fo - cor ductit g crss-platform or multi-center
etdie” wuue .ae uss of different scanner he rdw are, soitware versions, or parameter sets can
lead to wurious variability of T, values.

T*.¢ bias .nap shown i~ 7. gqure 4d comr.emer:, uic Tp-11ap information produced by the
J’M algorith=. and refl=_s the corre« tior achieved asir g a joint [T,,B*] fitting procedure.
Althzugh this r.p originates from fitt.ng o .~ = range of B;* inhomogeneity scales (and as
such is . wongly influenced by the flip ang!» nrofli) it c2uit be considered a true By map
as it also smbodies second order distortions carscu by By ...nomogeneities, T relaxation
and d. ffus.on. Previous ~_ports as well as ¢ 1r ow~ simulai’ ons have shown these to have
minor c.iects ov e experiuental EMC shape for the T)-m2ppiag conditions used in this
study, henc ¢ just:Zying their exclusion as separate arameters nom the fitting process. This
being saic , altc rnative pulse <zquenc > designs « an ~Z.ually be 'isec to accentuate these
effects ana thercfore Ly encode “L.em, e.g., by employin< low refc using flip angles and short
TRs to encou~ Tior er=aient pulses to encode difiusion. Fiendin 2 th> simulated EMC
database to accommodate additional narameters would then result in separation of the bias

yduosnuep Joyiny Vd-HIN

map into its unerlying components. and vould allov (etrospert.ve reconstruction of
multiple contrasts tron a single wcquisiaon (contrary 2 we classice! app-oach where each
contrast is acquired duri1g a separ.ce scan). Further genr ralizatiows arc als» possible and
involve, for example, rodelirg of the prc.on lensity, o1 fitt ng n.oiltizie T- components by
extending the EMC inatcr.ing process fron. a si1igle T to « multi-T» fiung < “th~ form

/

EMCexperIW-utal — Zai . lLvMC :1imulated) <3 2 =
i 9

Although theoretically straightforwar, extendins we matching p.ocedvr: in th = way will
lead to a significant increase ‘.: the comz uiation time due to the L rge, sear~l. space. This
poses a challenge when using ~tundard ~osktop PCs ana might require replacii  u.= siinple
brute-force search procedure empleyed ir Zius proot-of-pr nciple stu ly by a no-e
sophisticated optimization approa :h.

)duosnuep Joyiny vd-HIN

Such extensions would be in line v’ith a oener2! Lend te wards simultaneous m.pping of
multiple parameters. Several multi-p.ametric tect.uques Fave recently bzen m-Liished,
where analytically or numerically calculated sigr~:-models are matched to data that is
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acquired using ~*2miisod puise sequence schemes [25,26,31,32]. The individual
appro..ches diffe - mainly ir L o1 .al me el they assume and in the manner by which the
vaiame ‘ers are encoded into th~ acqrisition. Some techniques formulate the multi-
parametiic estimation as nverse problem and include an analytical signal model into the
forwerd o veration [32,54]. C.ner technir:cs ut lize highly incoherent undersampling to
caorten f.¢ acquisitios’ t'.nes, e 7., the pior<oring works by Doneva et al [35] and the
Mac..etic P.csonance Fugerprinti= > ap,woach [36], which relies on the incoherency of the
anderc.mpling patterns « .u applies  pai‘ern-r<.og 1ition algorithm to extract the underlying
MK parameters. While the EMC apn oach was r<. originally designed to handle incoherent
sawpling patterns and focus-i on obtai=.ug high a~<u-acy with clinically established multi-
Zelu pulse sequences, use o1 inoonherent <~zupling sche.nes can nonetheless still be realized,
yet would require incorporation ~< additional nodei bas.'d or compressed-sensing

yduosnuep Joyiny vd-HIN

feciuuyues 10 recons. ruct fully vamzicd da a pror to « pplying the EMC fitting procedure.
P01 wo vunrariser, of the EMC algorithn wit 1 exisung multi-parametric techniques and
oth.2r T . r.appirg approaches such as the slice-resolved EPG method was not performed in
this tudy a~.d will be pursued in future w~.x.

viva'luation of tie accura~, of EMC-b: sed paramete sel :ction was done in this study by
comzaring the »Zsults to single SE bas»d 1, ==s. Alth.ough a quantitative fitting error can
be stin ated for these single SE reference mane 1, ough = (\athematical goodness-of-fit
crite -ion, the same cannot be applied for the EMCT parame..- selection procedure as it is not
based on a simple analy*.c mode'. A closec -form _xpressiin fir the fitting error in the EMC-
based '\, maps I, therefor- .0t available and other approack.cs 15 estimate this value are
currently b ing r.sed. Numerical assessment of =uise propaga:on in the EMC algorithm
(using a N ont -Carlo approa-..y ana analysis o “its Zoansitivity o s11all changes in the echo-
modulatior cur.e<ic presented 1., rigure 7, which illust-..es the » rethod’s robustness down
to SNR levei: around '3 and to its superiority ovet convenuonal ~xp« nential fitting for any

yduosnuep Joyiny Vd-HIN

SNR level. Due to the use of maenitnde images in the fitting ~:ucess we expect Rician noise
distributions to characterize the later echc »s where th_ 1, decay™ is strongest [37]. This,
however, would attect the tingle SE ar.a multi-SE da.~ -similarly re;-ardicss of the fitting
technique employed, an 1 shuuld t*crefore not bias the crmparisor. bet\7eei the
corresponding T2 maps. In pr-.ctice, the T, m. ps recons ruc ted u-ing e F VIC algorithm
exhibit high accurac_ ' wit', respect to the rc fere \ce values «~d, more i=.port~tlv address the
challenge illustrated iu Figure 1 — nam<zly that th> measure.ne.. bias is ~.pendent <. the
underlying T, baseline value I.1s impor*.utid no'e, however, *l.at even t.e cor ected T,
values still do not repres.'nt the zuysical spin-s ~.. relaxation ime . of the tiss 1€ aud a0
rather a spatiotemporal average over multiple 2..¢s0s opic dome.us re<iimg withir. each
macroscopic voxel. This, in turn, rel~.cs to anoth.cr important fac or cor*.iouting w the
signal decay, namely diffusic u. At sho*t ume scale< this decay w'll b goviined siuply by
the tissue diffusion coefficien.. when l-ager echo-spacu g is used, sp'as wi'l s art \»
“sample” their surroundings and ev.n tra- crse differe 1t T, domains, cau sing thy A rfusion-
related decay to correlate with the mers oscopic length s cale within the tissuc [~ 8]. Alithough
this effect is expected to be more onoyunced in sirzie SF. protocols (due w the lorz ccho-

)duosnuep Joyiny vd-HIN

spacing used in this type of sequence), suv-pixel inforaation might still b= deduced from
accurate multi-echo measurement of the =~~=2scopic T, with r *gard to th> ~.csoscopic
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length scale, e.;  *2 fillg ‘o wuiuple ©, compartments, or by comparing data sets
acquii 2d using o'fferent eckc Lpai .g duradons.

The hig: reliability and « tabiiity o7 [, mapping achieved with the EMC algorithm can
proviie a starting point .or in~proving the i~ ¢ ‘tigation of diseases in areas where fast and
< ccurawe 0. antitative sseosment ~¢ we Ty rel=.ation time is essential but impractical in
clinicwi rout ne. Commor cxamples arc neurodegenerative diseases that are associated with
Aomyel . ation. In this ci se, putentic | bic markers <. .ch as myelin-water fraction and extra/
int~a-cellular water fraction are calcu'ate«. nased or aumeric classification of the tissue T.
Ac r2ziuiy teperted [39], existiug technicw.cs for estimating these parameters exhibit
significont - Lability, whicl car Lo attribute< o differ >nces between their underlying
models or to the simplifying assumziions incorpoura‘ed 11 each technique. By closely

AW

matchine +ho TR 17 fatabase s1nulatic.s 1) the actua’ acquisition protocol, the presented

yduosnuep Joyiny vd-HIN

techniane offar- faith ul reconstruction of t.e ovject’s T, relaxation values, which might
he o st. nd~.dize ~uantitative T, assessment :or clinical applications.
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o

Z Figire 1

T Simn latic n of the T, bia~ wher qtting a multi spin-echo decay curve to an exponential
g nodei = e form S() =S ,exp(—/T-). 1he bia« ranges from 41% to more than a 100% with
é> respect o th.2 underly1..g b2 une valu-, and reflects the deviation of a multi-echo

5 m~dulatiza curve from 1therr_uca’ exy onential decay as a result of stimulated and indirect
2 echrs. The relative error varies prir-aril ' =, a func'ion of baseline T, value and transmit
g§> aip angle itk ~econdary contrib=uons from uwner experimental parameters delineated in
g the text. Simnlatiins compa-ed one Jimension~! wulti - versus single- spin-echo pulse-
8 sequences, assuming perfectiy homoe<..cous Bn 72 trib.tion and no diffusion effects.
=, . . - ,
= Simulation parameters were T:=[15,30 . ,15)] ms \N1g=10), BW,,=200Hz/Px,

ORefocusing—1108°...138°], T{=Z sec, slice-tnick 1ess re tio - f 1.2 between refocusing and
excitai'on R” puls~s. Further details are elat ~.ated in the Methods section.
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o

Z Fig\ re 2
L Exarple. of a simulated ¢cho--.10dulation-cv7e (EMC) database for a multi SE protocol.
E ‘a) Sii~puried database conaining tv, ranges « f consecutive T, values. (b) Full database,
é> spanni~.g T, range of . t0 2”5 ms and P, inhomogeneity scales of 60% to 120%. Both
5 drzabases were down-s: mple (v h. If th.s actual T~ and B;* resolutions for visualization
= purruses.
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Figi.re 3

T, w=igh'ed fast spin ec’.0 im» se of the nine-+1be phantom used in this study. Tubes [1...8]

vere (2 ped with vary g e uncentratic..s of mar 2anese chloride (MnCl,) imparting each tube
a differont 'y relaxatic.a timz. 1ubes #© und #5 were prepared with similar concentrations in
orzer to verify Tp mapp'ng comsistency dver different spatial locations.
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o

Z Fig\ re 4

T In vi70 1> maps of a hur.an br.m in a healthv adult volunteer. (a) T, map derived from a
g cingle €T data set anu fitte 5 to an exronential o >cay curve of the form S(2) = Spexp(—#/T>).
é> (b-¢) T, mas derived .rom = multi SE Zarta set via (b): fitting to the same exponential model
=5 as in (a) or (c): matchir g to th. aatibas > of simulated EMCs proposed in this report. (d) B;*
2 bias .nap, produced by the EMC fitt11g a,'w:vach, a.d resulting from jointly fitting T, and
g§> 317 valnee (= Tixperimental dec~;, curves foz xOI #1 marked in panel (a), for single SE
g (blue) and for m1 1ti SE (rea). Emnt;- circles (b1=.) show the simulated EMC that was

g matched to the experimental multi-ect . aecay ¢+, 2. (1 g) Relative errors for the maps in (b-
% ¢), calculated as 100x[(b) — (a}v(a) and 'C0x[\c) — ()]/(a). (h) Quantitative T, values in

ROIs 1,2 and 3, for ti e maps shown in pan s (. )-(c).
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o

Z Figire 5

T In vi70 1> maps of the buman rrostate in a he~lthy adult volunteer. Severe motion artifacts,

g rorres ~Zuding mainl ' to ir voluntarv Luwel mo rements, caused strong pixel misalignment

é> during . 32 min acquivitior <1 a single € data set and prevented reconstruction of a

5 celierent 7o map. (a) T, mane Jeriv 2d f.om a multi SE data set (total acquisition time = 5

2 min ZJ sec) and fitted to a standard ¢ xpoi #z.ual cur 'e of the form S(?) = Spexp(—t/T>).

g§> Overestimati~= f the T, values i~ uxpected ‘= wis case due to elongation of the echo-decay

g curve by stimmla:2d and ina rect eckues. (b) S2+.c datc set as in (a) but matched to a

8 database of simulated EMCs, constructou solelv £z, a range of T, values. (¢) Same data as in

% (a) but subjected to a joint [T, 51"] mat~l ing o a da‘aba e of simulated EMCs, constructed

=L
for a range of T» and B1" value.. 1he last | anei cleari 7 d= nonstrates the effectiveness of
us'ng « joint «t in ~voiding transmit-sensitiv *, -related distortions of the T, map.

<

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/

Ben-Eliezer et al. Page 18

o

Z Fig.re 6

T [1lus. raticn of the noise ~.alysis procedure for By = 100 %, T, = 70 ms, at SNR levels of (a)
g '0 and' {») 100. Estin-atior of the EMZ matchir g algorithm’s sensitivity to noise was

é> perforr.ed twrough covpute: simulatic*, oy studying the matching process accuracy and
5 prcisior at different ncise levcis. W'o thot end, a renresentative echo-modulation curve

= (bla~x solid line) was extracted from a sii~iated Ei 1C database and then matched back to
g§> .ne datahace ~£or adding noise at Zuterent SMi levels. The process was repeated N=128
g times (grav solid lines), pro tucing -2 estimate < whe a>curacy (mean value) and precision
8 (standard deviation) for each | B, T»>.S*x| paramz_>r se*. Black dashed lines in the Figure
% represent EMCs at T, values | cated or- 'tand'ard-d\ viat'on above and below the

=L

representative echo-r.odulation curve, graj hica'ly illustr= ing the standard deviation of the
motching process *.ader the given noise leve’
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o

p Fig.re 7

T EMC ma ching algorithr.’s per ormance in th~ presence of noise. (a-¢) Accuracy (mean
g ralue, ~.u precision one <.andard-d<, iation er or bars) of T, values, estimated using the
é> EMC r.atcl.ing algoriium (+lue) and c~.ventional exponential fitting (red), as a function of
=5 EMiC SN\ for three rep esent=iive By, ] value pairs. Black dashed line shows the true
2 und-.1ying T, value for each represe 1tat1 7= ccho-m>Hdulation curve. (d-h) Images of a
g§> synthesized €hz9p-Logan phante+, at SNR 1=, ¢is corresponding to those shown in panels a-
=) c
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