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Z Abstract
T
o Purpose—)ptimi~~..ion of sequence and sequence parameter, to allow 3D sodium imaging of
); the entire humn heart in-vivo in a clinically reasonable time
g.-_ Theory and M xthc ds—A stacl i spira s pulse sev'uencs was opt 'miz :d for cardiac imaging by
o considering factoi., such - spoiling Z.utation angles, repetition time <.nc time, T1/T2 relaxation,
< off-resonance, data ar quisi*:un window, motion and segmenr*_u k-space acJuisition. Simulations
% based on Bloch equztion as well as the Zaact t -ajectory used L. data acc uisiion provided the
§ basis for choice of pa-ame er ~<.ubinatiors 1or sodium imaging. S<aium pbk ntom scanning was
g- used to validate the choice of parz.ueters and for corroboration witk ,imulai'ons In-vivo cardiac
— imaging in six volunteers was also done with an nntimized sequence.
Results—Phantom studii s showed ~2od cu-.elatic.a with simu latior zosults. Tmages obtained
from human volunteers showed tl at tt.= F.cart c=.a be imaged with a r unn! resolutin of 5 x 5 x
10 mm3 and with SNR>15 (in the ¢ 2ptum) in about 6-10 minutes. _on-, a.:is \iew; of the
reformatted human heart show t-ae 31> imaging cape bilit .
Z
T Conclusion—Optimization of .ne sequence and ‘%, paran eters alloy7ed (u-vivo 3T sodium
T imaging of the entire human heart in a cli=;cally rea=s.. ble ‘ime.
>
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= Introduction
0
g. Tissue viability after an ischemic :ver:is an importan' det :rminant i1. the a :c.siop %0
=L

intervene with corrective measure s (st.<h as angion'.sty ¢ coronary bypass graft) i an
effort to reperfuse the affected myo ~ardiai ussue (1). Codium imaging pre- iaes a dire~*
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window into ce!! *#2%:l; Uiovugn atterea functioning of the sodium pump. Under normal
circurstances, toe sodium =i,y u-.antaivs a gradient across the cell membrane whereby the
~arace'lular concentrat on ( -1 %J mrol/l) is much greater than intracellular concentration
(~1¢ mn ol/l) (2). After a1 ischer.ic event or an event that affects cell membrane viability,
the in‘ract llular conce.itratie., of sodium ::ses onsiderably (by almost threefold) resulting in
= larger t,c 1 sodium tioal witk lviRI unle<; we area is completely occluded. Since sodium
ima~ng provides a dirc .. windov ‘nto ~ell membrane viability, it can be an early and
-ensiti~, e indicator in cat <or, stroke nd i1yoc2rdia. infarction (3,4).

invive 2315 a lower gyiomaz.etic ratio £ =25% o1’ 'H) and lower in-vivo concentration.
For example, concentration of sodi*..i in healt*;, m_roca dial tissue is 43 mmol/l (1 liter of

1

water = 111 =212 “H") (5). he sicwar 1"om in-viv) soi'ium in myocardium is then about
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12000 times 1~wer th- n proton signal. Cons 2quently, < 3*ia imaging suffers from poor signal-
to-nois > ra*.o and increased scan times. A result of the lower gyromagnetic ratio is that B1
field' require o induce nutation needs to be cunsequntly higher (since o= yJ B1(t)dt). The
seatum o1l therefore *; p cally has a hiner P! it than the proton coil (B1 limit twice as
Ligh 1or 2N> s 'H for ~w. coil). The 2xc’ation pul e is stretched by a factor of two to

achiz, e the sam_ nutation for sodium . sswm.»3 uperat’on at peak B1 to keep pulse duration
at 11init wum. SAR increases proportionaw !y’ as th_ squarz o “the peak RF utilized. Therefore,

-

SAK deposition in sodium imaging is approximz.cly four . nes that in proton imaging.

Most tvekiaques "oed to date .ely on non-Cuartesian trajector’=s to reduce echo time. For
example, re uial im~_ing has been used for studyine *..c brain £~ heart (7), kidneys (8) and
skeletal m asclr. (9). Boada et al {iu! have pre\iouslv =sed a t7istd projection technique for
brain imaging vhile O zwerkerk e* ui. (11) have presented - simil?. technique for cardiac
sodium ima,ing. Few stZies of 3D imaging of th. neart hax'2 Leen Cone to-date. Pabst et al
(12) used a spoiled gradient echo sequence to obta =, 5D images ,f thr heart in about 58
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minutes. Simil. 11y, >andstede et al. (13) s‘udied the tim< course ~* 23Na signal intensity
after myocardia, i.iai tion using ~.n ECY triggered 3.) e-.utent ecl v s Tuence with a scan
time of 30 min for six s'ices .1 3D -adial projection techm.ique wcs uscd b - Jerecic et al (14)
for cardiac imaging. Ver, recer.y, a stack <. ipirals has beca us>d v» rerfo 'm sodium brain

imaging at 7T (15).

To our knowledge, few studies havz veen done tc optimize .equenc~ and acqui-..uon
parameters especially for coaium co»/uc magnetiu resonance imagirz. Laci ..+ tardiac
triggering leads to shorte. 2~yuisition time but wie< ring is tyica.'y empleyod (5,160 4
reduce cardiac motion and blurring due te .veraging >f the systolic and diastzi'c ps ases of
the heart (17). The need to perfr=.. triggeri=_ entails imaging in ‘he r un-steadv state
although constant rf excitatio 1 sch<.ues car vercomue this limitatic.. [r wis study, we first
carried out a systematic optimization for SNP.'(...2) of p Use sequen e pre meters
including flip angle, echo train lep sth (- /), echo time, repe tition timi, dusired resolut’on and
data acquisition window. Simulat ons were carried ov- to r ieasure the point sp.e<u functiin

)duosnuep Joyiny vd-HIN

(PSF) for a given acquisition base ! on the exact ':-space wrajectory of the spiral ccquence
Simulation results were corroborated with results f*om imac:.. ¥ studies uing a sizgie
channel sodium coil at 3T.

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/

Gai et al. Page 3

Theory

Case “ur Spir2' Imuging
Spit \l in aging (18-21) p. ovides “ime efficient k-space coverage and has several advantages
espec allv for sodium .magirg. Chief amz.ug th>m are the possibility of reduced echo time
‘since th~ wajectory bre’us a k — u) and re“uced motion artifacts. In addition, the absence of
off-v_sonar. species sur i as sign»! fron fat and the much reduced B field inhomogeneity
artifac’ (by virtue of gyr-.aagnetic 1 1tio reine <ppt yximately 1/4 of 'H) provide an ideal
c~.mbination of circumstances for sor ium imagir_. Reduced off-resonance artifact allows
v 1onger data a quisition vZ.dows. M~ on artifact, are also much reduced as in proton
sauagiug aue to the inherent , »* cusing of Z.adient mor.ents in spiral imaging. In addition,
reduced gyromagnetic ratio (whe=, compared vith p-otoi imaging) will lead to reduced

yduosnuep Joyiny vd-HIN

Zepnasing o1 spins ad therefor 2 re<uced «rtifa sts. P1»vio sly described sodium imaging
etydie” 1. wie r.cart Puve used the 2D (7) or XD radial (14) acquisition technique. While a
tru> 3L r~ual te_nnique (such as a cushball geometry) does enjoy the advantages of a very
sho1* echo *.ine, it is not as efficient for k--pace cover. ge. The volume scanned is spherical
2.ad pre.e to aliasing artitcts unless a .arge aumber of s»okes are acquired. The geometry
¢overed by S stack ~T spirals imagin 3 is cylindrice« wt ich is conducive to complete cardiac
cc’ crage, esr.clally when employing «nisotropic res~ wtion along the long axis. A longer
sca.'niny” window has other advantages in wa. wie per~_utag > of time spent acquiring data
per repeti‘ion time increases s~ ce duration ~f it and crushe. gradients stay roughly
constant.

The k-spac : traiez.ory for spiral is defined by (22 25)
k() = AA(t) exp(jA(t) +imny) 1]

Ao is the spiral angle at the origin; A = 2m/Ng, whe "o Ng is the n*unbe' of spiral arms. A(t) is
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the pitch of the spiral. A = Ko, /(27N;) where N is the Z.umber of .evolutions required to
reach maximum p.wois O A\ Lipay) - 2aN and j = \—1. Tk initial pe v vl the spiral has
constant angular velociiv wi “ie the latter part is traversed with consant lir sar velocity. The
function A(t) = Qt (1+t/T,~1/2 d_scribes su-l, . spiral wk 2re 1 de'ertoir s th e transition from
constant angular vel «city (~vhen t << T) to con. tant linea\ veiocity (whe= ¢>>T). T is found
by optimization such *.at the velocity an< acceli ration in } -sp22c remain ust withn limits
set by the gradient system.

Gradient Echo Variants

Two popular variations of gradient-ec.u 1magine Jor the spiral trrjectorv e co ~siwaered. The
first (labeled as sequence A) % a gradier: echo seauence where a larg » con-tuut ucpasing
gradient (24) is applied after t>2 acquisi‘.on and the phae encoding g'adient i. 1cphascd
after the echo (also known as SSFP ¢ID ez ¢ISP) while th> second i th¢ staderd spoi.ed
gradient echo similar to (A) excey ¢ the. RF spoiling is 2mp loyed. Thi latw. s quen-e is

labeled sequence B in this work.

)duosnuep Joyiny vd-HIN

In the first case, a large but constant sradient is arpued at *%.c ¢nd of each TR vhiie the XF
pulses have the same phase. The large constant s=aient proviccs a certain distribution of the

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/

Gai et al. Page 4

phase ¢ of the tr>=="72:20 Luagucuzation within a voxel. As shown by Buxton (25), if the
gradicnt area is 1aree enough, il 15 1 .ason-ule to assume that ¢ is distributed uniformly over
Zuc vox2l. The resulting sigr.al _an th-.a be calculated using the formulation from (26,27):

<
T .
T Mn+1\=,,—1[JR((D\‘f(L,T1,A"2R aldp|M{n|+(1-E,|M, [
> ) ,/‘[[ Z\ } k x 1 0
é>
5 R p) refrss to the phase disnezsion. Ry( V) is the rotation resulting from the RF pulse a,
2 whi'_ S(t, T'1, T2) corresponds to rel: xati » (see Arnendix for detailed definitions); M(n+1)
g§> and M(n) are *- - magnetization v~iues before und at the end of a given TR. E; = exp(—t/T1)
g and M is the em ilibrium n agnetiz=ion. An oriunize | train of excitation angles is difficult
= to derive in this case. Unless IR >> T2, poth lons.udir.al and transverse spins will
% contribute to the magnetizatioi 1n the new.- TR
=L
The m e 1ariar spoiled sequence (labelec as ~equence B) employs a RF spoiling scheme
such th. t wne trrasverse magnetization at the end of each sequence is essentially zero. The
mag 1etizat’on evolution is given by
- [vlz(n+1)= M, n)E1 coc a - (l—El)MO
% My(n + 1) = 1»Ab(n)E7 siv a
>
> :
%‘ Flip angle
e A constant 7iip anc!e rain employed with the spoile2 gradient cho spiral scheme (sequence
QZ) B) will let d to a filtering effect =, th > transver: € mae=.cuzatior vaies from one TR to the
g next. To re tuce this voziation, an “‘orative scheme can be <.uploye d to derive the flip angle
g train (28) wi ereby
g
©
=5 ) _1|sm a4, tan a, {1 P \
a =sin l———— - |1— tan a [4]
¢t | Fising, | ) 4
As noted, with sequence A, ther~ 1s no stand>rd solutior to 7 cunstent riag etization.
Consequently, a filter.ng eff_ct can occur ‘basid on T1 vluc) reculting ir olurring.
Z .
T Relaxation Effects
T Sodium exhibits biexpor catial T2 #Ziaxation v-ith - short com ponert (~0.5-2 =) 2=l a
:; longer component (~20 n < at 3T (29,30). Typic=lly 60% of t.\e <> gnal cerutibution ~umes
=% from the short T2 species while the rest *, irom the lunger T2 speries 31 “son
g approximation, £ can to be rerlaced by 2 ~.cighted sum of two 1 i-ex nonentials 1%~ = 0.6 x
=)
= E>;+0.4 x Eyy); where Eyp 24 1 €uns and L5y = 20 me T1 value yor sodium ale~ sho vs
% some variation (~25-40 ms). For sin-ulatior<, a vaiuc of 35 ms was vsed (32)\.
c
0 . . . . "
Q The 60:40 ratio of short and long I'2 f)r sodium holds onl* in when n.»tion >t N=™ 15
S restricted in some fashion, either Ly a yel matrix <. charr,ed macromolecules. For iuman .-

vivo studies, the above ratio was mclified to 15:85 “snort:lor2 T2) basec on studiz, uoi € in
perfused ex-vivo rat hearts (33). Extracelluiar volur_ rraction ’1 the normal myocardium 1s
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about 25%. The k2t T2 Cowponent 1n 1n‘racellular space is around 28% while it accounts
ror 11% of the e. tracellular zodiun-. Sodim.m concentration in ECV is 144 mmol/L and 16
Zawl/y in intracellular spac=. Zomb'.ang these factors gives a 15% contribution from short
T2 end £5% from the lon T2 sp-cies in-vivo.

Off.resoninc»

Giv.n the 'ow gyromag netic rati< (vNg/ ‘g = 0.26) of sodium, it follows that sodium imaging
18 lese susceptible to off-.csonance ¢ ffecis resuiung from field inhomogeneity or
susceptibility. In addition, motion reluted spin Azpnasing would also be reduced by the same
ractor (~ 4). In p.rticular, ct.cmical shiZ, etfects th=. o.cur from shielding of protons in lipid
are apsent in sodium imaginy;. 1 he above voservations nake sodium imaging over a longer
cardiac phase possible. In addit* 2.1, spiral imaying will s.\ow reduced motion artifacts even

yduosnuep Joyiny vd-HIN

wiul longer acquisitivn window s ~umpared to 13ctilin ar 1 naging. Assuming a variation of
.onghly =our . (Figure 3 in (34)) across the left sentricle for proton imaging at 3T, this

co1 "esp Y.ds to ~. variation of just +13Hz for sodium imaging. Thus, sodium imaging with a
long r spir~: acquisition window can be ».ed when co.pared with traditional proton

‘.nagirg.

Motion

The quicscent period of the cardiac cycle (correspe=aing to liastole) can vary from 60 ms to
aboui 300 ms (35). Since m~ 0. related drpnasing f~1io s the same principles as off-
resonace dne weiu expect ~.otion relatec wctifacts to be iowar by a factor of 4 in sodium
imaging. Siv.ce resolziion for sodium images is lower fian prot- a images, partial volume
effects wi'l be Jresent. However < -diac motiin is gre~‘cr dw.'ng systole, so there exists a
trade-off t 2twe en motir~, -related d=_hasing anc increased 2-cepta 1ce window. Despite the
use of a gat.ng window, m-uon related blurring wi'l result in ~= unau restimation of signal
and overestimauou of infarct zone. Finally, by cha »7.ug the orde" of ¢ piral arms in a

yduosnuep Joyiny Vd-HIN

predetermined . .uuuuun tasnion coherer t motion artif2~%s can be further reduced (36).

Methods

Excitation pulse

A modified 3D slab szJ-ctive excitation pu-se th.at allowec ror a relauvely shc.o IC was
used. The RF pulse was a truncate- sinc-gauss w th one lefi side lor2 1or shortc, etfective
TE; pulse duration was 1 £5 ms at a =uminal ¢ ngle of 70° for ,odium Z.uagi 2. *'he iterative
solution (eq. [4]) for RF } n'=C train determination *as introdued ‘o determ:..e the flir
angles for echo train length in a realtime *~,n1o0n.

Sequence Determination

To resolve which of the two choices (A) or 75)) prevides better sigral, 2 snapi> 1- Eloch
simulation was performed. Bloch .imu’ations were pei forr ied using >qu.tion: [2], [2] and
[4] with TR increases in steps of . ms from 15 ms to 40 ms. Since the c~ho in - chane~,

)duosnuep Joyiny vd-HIN

with the flip angle (due to pulse st.etchi~e). eck 2 ame r.corded for a particul>~ (1p ang!:
was used in the Bloch simulations. 1 >ree sequenc~ variati~is \7ere consilered- £.x) Con ‘tant
gradient-echo dephasing with constant flip angle *~.in (B) Spo‘.ed gradient with constant
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flip angle train »»< {} _ptuuar 1up angle frain combined with sequence (B). To ascertain
signai per unit t1 ne for segiC.ivd .cquis’aon, the segmented acquisition during a cardiac
yvlewas set to a fixed 7alu> ¢l 360 “us. Thus, for TR =20 ms, the echo train length (ez/)
was 18, vhile with TR =30 ms #..d TR =40 ms, the et/ was 12 and 9, respectively. To
estim e te signal stroagth fur each imr!'Z.en ation, we considered the discrete Fourier
t.ansforr. ¢ f the trans 'ese macouzation /{5 (M,(nTR)], n=1,....etl), which gives the
filtecd PST. Peak of th . ¢SF in tin provides knowledge of the signal strength achieved.

For each TR (changed in steps of 5 n s) fur sequen~: (A) and (B), the flip angle was varied

(in «*2=, 4l o) U realize the M= imum sicz.at possibl=. Note that for the constant flip angle
versinn ~£-_Lonce B, the excit*.un angle 42s not ne cessarily correspond to the Ernst
angle of a = cos™ !(exp(—~TR/T1)). TLis is becaio¢ tie m nimum TE changes with the

1-

excitation ~=~12 T, sequence B with ar 'ing flip ar.gle « long the e/, the maximum flip

yduosnuep Joyiny vd-HIN

angle (at n = ~*7} was varied in steps of 5° to der>rminu “L.c maximum signal for a given TR.

B1 Inhomogene'ty

Cur current work useZ a single transmi .-rece?ve s face coil which results in considerable
1I'F Zield ink~.n0geneit:- wuat is disadv inta zeous for _linical applications. As an alternative to
corzecting for 2L (which involves subst. ntiai woquisitic. time and post-processing), we

mo lelec the B1 inhomogeneity resulting 1.2 2 50% d~up irom the prescribed angle for
sequ nce (A) and (B). The ackieved maximr~, value of r - was then compared to the flip
angle ‘or (A) and (B) Tuis prov.ded an incicatiz.. of the £ NR drop to be expected for a 3D
acquisiuon for siices aw~, rom the transmit/receive coil

Imaging Resolution

To determi.'e imaging resol*.un as a function of rel=~auon and {i!1 inhomogeneity, the
exact spiral tra;~~*~7, (based on equation [1]) was sim:lated in M atla »®. The segmented

yduosnuep Joyiny Vd-HIN

trajectory — where a franctic= o0, (Gwa number of spiral ~..ns (givon by etl) is acquired
per cardiac trigy er— meant th~* =2'- xatio’. needed tc be mo-:lied accordingly. Since the
spiral arms were acquii2d i’ t¥o shot., (each shot duration — 20 m: ), the k-space locations
resulting from such an a quisitio’. were modified to refl :ct th< ~egmen ed i ature of the
acquisition. For exam~.ie, m#gnetization 1or sgiral arms ',... 18 (+r the c2se with 36 total
arms) were calculate.! wi.n initial magnetizatioo My =1 for arm 1 ~zu sigat >~ uition for
the 18 arms based on egs. in [3]; M_ Zor arms 2-18 correspo ~aed to recovered lewgitudinal
magnetization from previes:, 1R. Spirzlarms 19,. ..,36 follov ¢d the s~iue 1 2t.~n with
initial M, for arm 19 beir. ¢ 1 {Iigure 5). Exact unaging param. ster. were use~ to derive is
PSF; values for TE, TR, Tyq and excitation angle were as recorded uu the sca~ner. For
example, for spiral sequence (B) »iun consta= w1p angle, when ” R = Zu ms, spiral arms =
36 and flip angle = 35°, TE = 0.74 », Lger = 15w ond TFE facior (et = 18; when TR =
40 ms, spiral arms = 18 and flip =40°, [E=077 ms, T,.,=35ms, 7 FE f.:to. =6

Off-resonance effects were simul: ted "y introducing t'.e fz stor (e "230-) whire AR is the
field inhomogeneity. The magneti zaticn was conser uentl”, modified using A= 13 1. (vai 1e

)duosnuep Joyiny vd-HIN

derived earlier). The signal obtained in k-space was thon reconstructed usizg the gridding
algorithm described by Jackson et al (57}. S~=.pung desity co.mpensatiol * us performe 2
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prior to griddin~ == & .oauauzeda dens. ty compensation factor calculated using (ky(2).gy(2)
+hy(ty gy(1)). This was folle . by « 2D iuverse Fourier transform. The reconstruction was
Zuplen ented in Matlab®. Toe 7 WH™ ( (full width at half maximum) of the resulting PSF
was usec as an estimate 10r the f.ial resolution, different from the nominal prescribed

resol tion

Lnaging

Phariom studies—A.i imaging v as 1 2rfr=..ed vn a Philips 3T Achieva system equipped
v (th a broadband amplifier with m»'.nuclear r~ability. A surface coil with an integrated
ransmit/receive "odium co’! and a tramit/receive 't coil (Rapid Biomedical GmbH,
rumpar, Germany) was used. Coil dimerz.ons were 27 ~m (R/L) x 28 cm (F/H) for the
sodium transmit coil while the zce1ve coil ha 1 dimensicas of 18 x18 cm. The Tx/Rx 'H coil

yduosnuep Joyiny vd-HIN

nau aimensions 23.5 x 23.5 cm Tl.¢ maxiitum achie rable RF was 33 uT for the sodium coil
wd 125 pt tor the proton imaging coil. A L oft'. containing 4% agar 150 mM NaCl gel was
im. ged v.ing a 5D protocol (16 slices) with slices along the coronal direction parallel to the
coil Imagi~.g parameters were FOV =30 cm, ECG ga.>d acquisition (60 bpm) over 360 ms
-1 card.ac cycle, T™, 1 E corresponding, to s_quences Al A3 and B1-B3 (constant flip and
o~amized [up); NSA - 16, prescribed resolution w.is 4 < 4 x 8 mm?, scan time 5:22. All

co nparisor ,cans were performed in a cingle sessior since phantom positioning may

othc twit = result in variations in the measurea >SNR

Hum: n s ‘'udies—'-.,ututiona’ review bo.rd .pproval w 2« < tained for human studies. Six
volunteers w<.¢ image~ .u the prone position with cardi~_ ieads attached to the back. A
double ob'.que ~can was used to establish the 1=1. ventrie'z: sho.t axis as well as the long
axis. Nom nal -esolution a=4 imagin r window ¥ e cardiac ~ ycle was kept constant at 5 x
5x 10 mm"® and 35u ms, rese_cuvely. Other imagine Larameters w >re: FOV = 26 cm, o =
75°, TR/TE = 101 CZ ms, Tyeq = 35 ms, spiral artys = 15, [FE fastor =9, NSA =22,
number of overcontionnne «lizcc 155 an time: 6-10 mirt:ics (dep.nding on heart rate).

yduosnuep Joyiny Vd-HIN

For comparison to reformattad 2> _ axis® sodium in ages, I~=.y axis 'H images were
obtained using a single slic, ultipl- phase segmented gra2.c..t ec.10 seqience with the
following parameters: FOV =40 im, TR/TE =4.4/1.2 ris, 0 = 15, par ial <, = 0.65, res =
4% 4x10 mm3.

SNR measurements

In order to prevent any b~-iground flicring fiom . ffecting ST R mes-ureme i+,
reconstructed images wei = ~unverted to complex A= ‘a format n ti = scanne~. The file< "vere
read off-line in a Matlab® program and S*ix measu >ments were ~.ried ont L 7 placing
ROIs in the object and the remo*- vackgror—ua. SNR was measur :d uung standard
formulation (Sgor/oror Whet » Sp~, s the ©*cual 1n an RO in tissu: wh*ie oror refers to

standard deviation of an ROI in the r.mote b2z, 'nd).
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Results

Phariom

Figire 1 shows the simulited an-. measured PSF with sequence A (SSFP-FID) for three
differ °nt " "Rs (20, 30 ~.ad 40 .ns) and cors.ant lip angles 55°, 60° and 65°, respectively. The
“aaximur. i1 PSF was recorded for the giveL rlip angles with the corresponding TR for the
case when ~aort:long T~ = 0.6:0 4. Me. sured SNR for the three cases obtained from the
phante.a study is shown =, a square icor. The ~.ca. ured signal increased by 28.3% across
th s three TRs while the simulated sie 1al increaseZ oy 31.3%.

Fionre 2 =120, Jic simulated and ~.casured P<T tor seq 1ence B (SPGR) with constant flip
angle as well as with the optimized Zip angle <ziien e described in the Theory section.

yduosnuep Joyiny vd-HIN

Apain theao oo 1 cases are (onsiderca Jor ii'ustrai've purposes: (1) TR = 20 ms, flip =
35° (constant) fip = 15° (optimized train) \2) 1R = 3\ s, flip = 40° (constant), flip = 50°
(optim.zed} and (Z) TR =40 ms, flip = 40° (const), flip = 50° (optimized). A square icon
indi ~ated wit's each PSF shows the measure2 5ivK 1o+ each case. For both Figures 1 and 2,
v2laes wore scaled to .o simulated val.e for cgyuuence 33 (optimized) in order to provide a
vasis ror relatZ, ¢ compari,ons betwee 1 all values (si nul ited and measured). The difference
in mzasured SN petween the constan ana ~r*Zauzed .rain for each TR was minimal. The
me n d; rerence in measured SNR betwec: the -y cases (constant and optimized) for the
threc difi=rent TR sequences was 1.4% while t+2 mean diivence across the three sequences

was 3 7%. The simulate aitferer ce across he thrzc cases wvas 16.6%.

These resul’s show Lt for both sequences (A) and /=), longe* "'Rs result in higher SNR. In
addition, sequs ace B (SPGR) nez o1 ms slightly- better “l.an seq1en e (A) at each TR (Figures
1 and 2). (\f nc'e, the I angles ~<.responding to maxim .. sign-| strength are relatively
higher with ~equence (A .udicating higher SAR - position

yduosnuep Joyiny Vd-HIN

Figure 3 shows im12:20 iz nar 1esponse for sequences (A and (B for flip angle variation
from a5 to @ 1ywer value 3.5 .y Tigure 4 shcws the Lueasured SNR of slices
obtained along the corcnal (ir-ction ‘slices parallel to the ~uu with ‘lice 19 being farthest
from the coil). Both simi lations .nd measurements indi :ate .oy tene b (S >GR) with
constant or optimized (lip a~.gle train provides better rob sti.><< #., B1 inbumogeneity than
sequence (A). In add.*ir.i, the signal provic =d b 7 either the conste=. rlip & ugle wan: or
optimized train is very similar.

Relaxation and Off-resonance Effi cte

Since simulations and measurements sh~~ed that 1~2,ger TR imag’ug provic.s hHett>r SNR
per unit time, the upper limit or TR was d~crmined. Typically, r *lax ition and ~*-resonance
effects will result in a bound vn th_ acqui<iiion windov.” (and theresore 7 R). Fienre 5 shows
the simulated k-space data for the spiral trai=_.ry 1o seq ence B1 v ith ~orstat fl.p aagle
of 35°. Figures 6(A) shows the PS< for sequence B1 (.,\PGR), 6(B) s.1ow - the line pre.rile
through the PSF for the three seqi enc s (B1), (B2) ard (B $) with cons.™nt f ip ~ugles. i
peak values for the PSF were 1.29, 1.55 and 1 7Z, respe-tively. This shows ar L.uprover:_ it
of about 37.5% (from TR =20 ms to TR =40 ms which ic Lic5e to the n easurel

improvement of 34.5%. FWHM for sequences B, 52 and B3 "vas equal at 6.8 mm while
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the nominal res~™*:22 ., wo = unn. As des 'ribed earlier, we consider a mean off-resonance of
13 Hz across the left ventri=!<. Siue .atiors show that the peak of PSF deteriorates from 1.72
‘v '.28 when TR =40 n s w.il~ the r_ak deteriorates from 1.29 to 1.23 for the shorter TR of
20 r>s. ("WHM stays the same 2* 0.8 mm.) This indicates that the relatively longer data
acqui itio v of sequenc ¢ B3 <.l outperfer.s th » shorter acquisition of sequence B1 despite
acrease n ain field i.xbumoger iy related signal loss. Any further increase in TR (or a
furtk.cr incr_ase in field inhomoee eity provides diminishing returns as one gets a better
.espor.e from shorter T.> sequence: Fo. exarie, for TR = 50 ms, the maximum value of
tho PSF (normalized for short duratic 1 ditferenc=.); decreases from 1.73 to 1.09 due to the
assumed inhomc eneity. We considere” « IR of 4P ..s as a reasonable compromise between
sauvasing SNR versus off-rc ¢2..ance blurag and artit. cts.

yduosnuep Joyiny vd-HIN

Fioure 7 chowoo 2,0 1'ne profile throuch e phentom efle “ting the increased signal with
increasine TR #5r SPIR sequence B1, B2 ¢nd } 3. No = uat no additional blurring is noticed
(ar at e1ge~) witk e increase.

In-vivo Imaginr;

11 e in-vivs case with Girferent ratio of « hort and 1yng 2 sodium, simulations show a
siriar trend ~T increasing signal with ‘ncreas.ug TR. 7 he optimal TR based on oft-

obse 'ved for the SPGR sequence with constar* cxcitation augle was 75°. Using an optimal
flip ar gle \rain gave mzaimum s gnal wher the fiaal angle wa , 80°. Maximum of PSF
obtaineu by si-.ulating »!ung the spiral acquisition traject<.y pr wided a slight edge for the
constant fl'p an<.c case (~4% higher). When off _sonance was considered, PSF,,,,x dropped
by 25% fcr co istant excitati<.u SPGL' sequence

SSFP-FID scauence pro iaed a slightly higher PC ey, at 22 upumal =xcitation angle of 90°

yduosnuep Joyiny Vd-HIN

(~2.6%) when compared with constant excitation augle SPGR Iiowever, SSFP-FID suffers
from greater si, nal reduction due to By a1 d B; inhom~geneity. 2. a result, sequence B3
(SPGR) with flip angi of '5° w~., user ror in-vivo ir'2Zug. FWHI 1 war the same for all
sequences considered,

Imaging
Figure 8 shows the first 8 images (out = 16) obt.ined usin;” th.c sodium puantom v
sequence B3 (SPGR). The de~.case in SM v ith increasing dis*unce from Qe chil is
apparent. The measured SNR fr2 we first 8 slic~2 was 43.1 wile 's 1t was 33 5 across 211 16
slices. Figure 9A shows sample short axis so”:.in in ages obtai.ed frew, a volunte . Figure
9B compares a reformatted long axic ,iew of th- sodium images with » currespouding long-
axis 'H image obtained at ap sroximate!, the same cardiac phase. Bot : im=ges are u.vpped
and scaled to the same diment.uns.

The measured SNR in the septum over all slices where the septum w.'s acyri<i>d for *lie six
volunteers was 17+1.7.
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Discussion

Ir vive sodium MRI re wirc s ev‘ender scan times to realize sufficient SNR. In particular,
sod.um maging of the hvart requi- s efficient use of scanning time primarily to counter
artifats 1 ‘om patient p~ution /cardiac and r~,p ratory motion, patient movement and patient-
oil displ>. ement) wi ich .ypically lucrease w:iu increasing scan time. Hence traversing the
k-spa-e¢ in a fast, efficier* .uanner is in vortant. Since sodium T2 time is relatively short, a
¢_an teclnique that is rohet w0 mot on aad provi<. s a short echo time is paramount. Stack of
spi-als imaging fulfills all the above \ riteiia. Since *ae T1 of sodium is short (~ 25-40 ms),
AN oooiuiug provides near thee,cucal VN =.dvantage aver corresponding N-slice 2D

imaoine A 0, uiable conve.gen~z ot factore lirectly rosulting from the gyromagnetic ratio
() of sodium being about one-fourt’, ot y for »~, s al.ows for extended data acquisition

yduosnuep Joyiny vd-HIN

(of the nrdo- 2877 qlue) cona icive *2 sp.ral 1 magin’. G.ven the myriad number of
combinatinne ~poss ble MR parameters, L locl equaii~.. simulations help to determine

me xim mm %redic*cd SNR in the setting of signal loss from relaxation effects, off-resonance
and motion. perating near the maximum P outpu. ~f the sodium coil ensures lowest
prosible _cho time. Crwu er-intuitively const~.. ca-itat on angle with a spoiled gradient-
«chr spiral n~:{ormed beticr than an c stin 1zed flip 7 ngl: train that aimed to keep
mac~.ouzation ~Lustant from one repet 'tion 2 0 the aext. On closer inspection, one can
sur uise wat steady-state magnetization 1s 2~hievzg fairlr- . < vidly for sodium since T1 ~ TR.
As aresu't, a larger final excitation angle for th< uptimal <..itation train results in
margially longer eche “..ue ana provides the com.wnt flif ang le train sequence a slight
edge. £. similar wavantaee .5 seen with relation to RF hom~_cnu ity; larger flip angles
employed "vith s= uence A resulted in more rapid Zail off in exc tation over a range of flip
angles.

Relaxation «nd off-resor-..ce can be studied by d-.iving the Z..ct PJF. Although the
absolute values ot the PSF will change as a functic . ot resolutiez,, the relative PSF values

yduosnuep Joyiny Vd-HIN

depend only o1 :ciaxauon properties, fiel 1 inhomogen~:ly, excitat:un angle, echo time,
repetition time aid daca acouisitic. winzow. For exainl-, when in sia..” resolution was 5x5
mm?2, for TR = 40 ms, t1e . ~aimur, PSF ranged from 1.9y to 1..9 wi‘h A= 13 Hz. For TR
= 20 ms, the PSF maxinam rarged from 1 ZZ to 1.16, tlus 'nait.‘ai.in the trend. The
FWHM was 7.9 mm ror al’ (Rs considere 1. While the F\'/Hu: uoes not _nange with off-
resonance, PSF side 1*Les show increase” ampli‘ude and r.ople _irects. N rte that th.
maximum PSF actually decreas~J rrom 1.72 ‘o 1.59 when tne sp~t.al resolrtior. changed
from 4x4 mm? to 5x5 m. n*. This ".ay be courteri* tuitive, bu the =ignal is rez.e *=uuwd by
the total volume under the SF, approximated a¢ Ts oy X (1 < FYWWHM2/5); this gives a
25% higher value for the 5x5 mm? cas= versus 4x/ .nm?. Slice thickness * s 1.7t _onsidered
in the optimization as it has n~ Uearing o= sequence parameters ¢ xcey t for the 1 . duration
of the scan. Since each slice e 1vzaing is ~cquired in two shots, the nur.oer of «':z~s w.ll
dictate the total scan time while 3D .1ab di=.cnsion (clice lirection) ¢ ffer s the SNV Ir this
study, the number of spiral interle.ves .or a fixed TR 1as | eld const: ut. (*’= possible (o trade
the number of interleaves with sig nal werages. For e.amr le, when TR - 40 m,, numk_, f
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interleaves was fixed at 18 (etl = 9. If INS A i~ o, numer of interleaves cor'J oe increased
to 36 (etl = 9) and NSA dropped to & :~ keep tot~! scan tim.c ccastant. Ou - sim.iations a id
phantom as well as in-vivo measurements show=2 minor chanes resulting from such
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variations in cemhinzticL, of nnerieaves ond NSA. For example, three combinations of
mterlcaves and 1 1SA< were iod (v werleares = 18, 9, 36; corresponding NSAs = 16, 32, 8).
Laexim 1m difference in SNI' v as 7% with the combination used in our experiments above
providiny the highest SNR. This s because in non-Cartesian sampling schemes such as
radia, or s»oiral imagirg, incr.asing the r.aoer of spokes or interleaves acts as averaging
.nce earl: . poke or ai'v s mere!, a rotated , ersion of any other spoke or arm.

Tle cor.cibution to tota, seZ.um signal iom the .ster relaxing sodium was calculated to be
15°, based on studies in the reperfus.d ra. neart. N- studies on the ratio of fast to slow T2
cont=L Luus na e been done i iumans <'.ce toxic <hift reagants are required to isolate the
shart and 1o 77 contributiyns Tuere is eviZonce tha interspecies variation in the ratio

does exist (38). A different ratio of Z5:75) prev iuel! the same optimal solution although
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infarcted mvo~~rdiup  can be much higher (~0.L (39)). “.ccordingly, we studied the effect of
the cor 'esrundine ratio (11:89) using simulauons. Optimal solution (TR = 40ms, o = 75°)
stay >d tne sa-.ie while the signal was 2.85 ti-..cs nign>r due to the much higher total sodium
cr.centr.aon as well ~5 »'ightly increaced comconuntion of long sodium T2 species. In
«ddi“on, res!is obtaines (rom phantc m a 1d volunte er s udies were consistent with
observations fro..u simulations providi,g ind*=~Z. supprt for the assumptions used in the
sin ulat; yns. In the six volunteers, the SN for e~ uences 51, B2 and B3 was derived from
ROL pla-ed on the ventricular septum. The SN ror B2 . .* 33% higher than for B1 and
47% 1 igher for B3 comzared to 31. Simul. tions sliowed 1 1cre ases of 20% (B2 vs B1) and
34% (ES vs B since R¥ wuhomogeneity is a significant ¥~ .0." in the measured SNR, it is
possible th .t the “ip angle at which SNR is maxi=>um can be u.“ferent from the one derived
through si nul: tions. Howeve~, we a’'fference i. mi=oy tor a fi» ed ' 'R and small changes in
the excitat.on ai.ole Tor examr!., in phantom experime=..s, a flip angle of 55° (instead of
40°) resultea ‘n a sma' arop in SNR (3%).
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The relatively :oug ecno time that was us *d will result iz some lo<, of the sodium signal
(about 25% of t1.c (uwa' sighal tor Zne phuntom and 12% = in-vivo i uagng). The echo time
was determined by two fact."s: (a) .ardware limitation a'.d (b) e couing s-heme. Since the
nutation angle is given b, a =~ B1(t)dt, th= 31(t) field for ;odivm ~erds t) be about four
times that for proton imagi.g to achieve tl ¢ sa.ne nutatio.> ang.v. Howercr, the peak B1
delivered by the 'H cii is 13.5 uT while “Lat de'ivered by the Mu coil is “3 p1. Thi
limitation means that the RF pn'<c 1s about ! .6 tir\es longer for Nz imagine tha1 the
corresponding pulse for sroton im-gmg. Using a ron-selectiv 2 exe’lauon pu:se 1 >7ui” in
aliasing artifacts and minc. reduction in scan tim.. ; nother facte~ that irz,cased the ccho
time by ~0.3 ms was the need to perfor. , encod’..g with a stacl. of spir='.. A k-space
trajectory similar to the cushb-li radial im.ging trajectory but wi h s iral armz Io. ~fficient
coverage would result in a shortz, echo t.ue. A moditicd radial traject-ry with !z~ger lata
acquisition has been proposed recer’cy (7) L additicn, ealier works have lcok>d ¢
optimization based on T2 and fiel : inb ymogeneity effi cts or density ada;*~a radial
trajectory (40,41). However, as nc ted >arlier, the stac’ tra’sctory may be het er suited “or
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cardiac geometry in that it covers « cylu.drie>! ;pace al’owing for thicker sli~_s along the
long axis of the heart.
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RF field inhom~zo=2it; caaccivatea by tl e use of a single channel surface coil resulted in a
iarge ariation i the measvrd Giv-o. For uxample, the SNR varied from 24.2 to 11.1 in the
~ertricolar septum over all s'ie_s for = study subject. Previous studies have shown that the
hun.an e 7e is capable of !iscerni~.g objects from the background with 100% certainty when
the S.NR > 5 (the Ros~ criterion (42)). Tk2 sigr.al in the septum was well above this
<areshol r r all volut te_rs. How over, sigr~i in the posterior wall away from the coil can fall
belew the tlireshold for siices. I~ -ove nents in coil design and correction techniques should
overcr.ae this deficiency. 1otal sodi im ¢ oncer: atidn can only be determined when some
te_nnique for compensation of RF in* omogeneit; can be employed.

One eorlize () studied the adv-.aage of re*zuspective (as opposed to prospective) gating
for improving SNR (16). In our we~l,; the win“_w i"r tk ¢ echo train to be played out was
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number of enir~l arm« can be varied to chai ge t.\is wir ~uw. For example, for TR =40 ms

an 1 he. rt r~..e of 7 bpm, it would be possible to drop the number of arms by 1 (to 8) making
the cho trai~. cime 320 ms. On the other ha~g, 1t cou!1 be increased to 400 ms with a lower
heurt rat<. It is not cle~: v hether using ontir:ous ~on-i-iggered acquisition is beneficial.
Our ubservatious over 2 'Lnited data s 2t w ere incone [usi ve. In some subjects, image SNR
with _ontinuor< scanning led to impro 7ed Uo¥-iuon o the distal parts of myocardium.

Ho vevd , in other volunteers, non-triggeicd im=s_s exhit . 'd greatly increased blurring and
partial vc lume effects, negating any beneficial ~Ziects of ii..;roved SNR.

Earlier w~.xs on 20 sodium ZL.uaging of the ueart have exhibr*_1 shortcomings. While 3D
imaging of “ne hear* was accomplished in 54 mins i {12), the ~.ork of (14) showed just one
cardiac ir age rom the 3D data c... TPI of the heart i= .uore e.fici nt (5); however, only a
single slic.: with a hot ~Jior map <~ crlaid on proton image- (nakes it difficult to ascertain

image quali.v (Figure 2 2 (0)). A measure of the CivR was =1, »ot | rovided.

yduosnuep Joyiny Vd-HIN

Conclusions

Simulations for optimi.-atio 1 of parar.cters of a 3D stack of ,..zals eque. ce allows for the
entire human heart to be imaged “.1 about 6-10 minutes. (o o'z kncwled'ge, this work
presents the first mult’sle ca~uiac sodium ‘mayes from a ful. 3D <t and tb > consequent
reformatted images.

Acknowledgments

The authors would like to acknowledge Dr. Yuxi Pang, Dr Zurist an Stehning & Dr. Mi~lLael Schar ¢ 1 nilips
Medical Systems and Marco Irkens of Rapid Biom- l.cal for initi~. help with the ¢~ .. This wor'- w1s s1: yported by
the intramural research program of the Clir_a1 Center at *id.

Appendix

cos¢@ sin » 0

)duosnuep Joyiny vd-HIN

RZ 9):—sinq0ws<p0
) L v 0 1

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/

Gai et al. Page 13

[ 1 0 0
xln =0 cosa sina
\ J 0 —sina cos a

E, 0 O

2
OEZO

.“(t,? T2

\ J|00E1

References

yduosnuep Joyiny vd-HIN

L. CTaaou 1o, Fleno D, Fitzgeral' SW, ,udd 1 M. "heorei cal  asis for sodium and potassium MRI of
the human ko~ at 1 5 T. Magn Reson Med. 1997; 38(4):0£5-661. [PubMed: 9324333

2. 2olin eni " 1. Extracellular space and ionic distiioution in rat ventricle. Am J Physiol. 1974; 227(3):
676—603. [ProMed: 4413398]

3. Cuawerke.k R. Sodium MRI. Methods Mo’ Biol. 2011: 711 175-201. [PubMed: 21279602]

. Roclutte CE, Ki-, xJ, Hill nbrand HB, “her £L, Lima JA. Jicrovascular integrity and the time
.ourse ~7 yocardi»! ,odium accumula ion 1fter acute mfa ction. Circ Res. 2000; 87(8):648-655.
"TuobMed: 11C29399]

5. Cuwe. kerk R, Bottomley PA, Solaiyappan i, “r-ouer AF, Tonaselli GF, Wu KC, Weiss RG.
Thsue ‘odium concentration in myocardial infarcti<.; in hum~- - a quantitative 23Na MR imaging
stu'y. R diology. 2008; 24°{1):68-96. [Pub! 1ed: 1854771,

6. Inglese M, Made'"., 4, Oesinc.ann N, Babb . 5, Wu W, Stoeckel ¥ Herbert J, Johnson G. Brain
tissue sodi.u concert .uon in multiple sclerosis: a sodiur Linaging study at 3 tesla. Brain. 2010;
133(Pt 3°.847-55 /. [PubMed: 20110245]

7. Konstan lin S Nagel AM, H=icr PM, Schad LR. "w~ uimensiona’ rad;al acquisition technique with

density a lapticn in e=aium MRIT .iagn Reson Med. 2011: #<+):109C -1096. [PubMed: 21413073]

8. Haneder S, Konstandin €, wlorelli JN, Nagel AM, Z. cllner FG, Genad LR, Schoenberg SO,
Michaely HJ. Quantitative and qualitative (23)Na Ml ‘..iaging of the aum in kidneys at 3 T: before
and after a water lond Dz 11100y, zut1; 2€9(3):857-865. [Prtlied: 2177 1954]
9. Nielles-Vallest. ‘in S. Weber M2 2., M, Rungers A, S; eier P. ©'Linbs SE. Wohrle J, Lehmann-
Horn F, Essig M, Schai1LR 3D -adial ».ojection techniquc with »!trash. rt ec..» times for sodium
MRI: clinical applicatic 1s in waumar orain and skeletal musc’e. Magn .>esor. Me 1. 2007; 57(1):74—
81. [PubMed: 17191248
10. Boada FE, Shen G, Charg SY, Thulborn <R. 'pectrally w @igi..22 wisted rvjection imaging:
reducing T2 signal tt-auation effects in fas - thre >-dimensior al sodi~., imagi ig. 1 Zagn Reson
Med. 1997; 38(6):1022—1028. [PubM _u: 9402205

11. Ouwerkerk R, Weiss RG, R~i.womley PA l.eas wing human cardir . ussue se”.u1 co )centrations
using surface coils, adi.batic ev~..ation, and tw. st~ projection i nagi .g with min mai « 2 1u"ses. J
Magn Reson Imaging. 2255; 21(5):546-555. [Pukt.ie!: 15834911

12. Pabst T, Sandstede J, Beer M, Kenn W. . ciser A, vo. Kienlin M, Nruoauer S "lan1 D
Optimization of ECG-triggered ?Z (23)Na M of the human heart Mar.u Reson Med. 2001;
45(1):164—166. [PubMed: 1' 1464990

13. Sandstede JJ, Hillenbrand H, seer M, Taost T, Butter F, Mw~hann W, Barer W "al. 1 D, Neu bauer
S. Time course of 23Na signal inter sity af*.i myocardi. | inf: rction in i ma's. M'agi R _son Med.
2004; 52(3):545-551. [PubMed: "5334,73]

14. Jerecic R, Bock M, Nielles-Valles vin ¢ , Wacker C, Bar.r W Schad LR. EC-¢a eq Z5Na-MT »f
the human heart using a 3D-radia. proj. ~tion tech=.que wi“a ultra-short echo times *IAGMA
2004; 16(6):297-302. [PubMed: 15160295]

=

yduosnuep Joyiny Vd-HIN

)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/

Gai et al.
15.
16
Z
=
) 17.
>
? 18.
=1
3
= 19.
=
5 20.
C
wn
= 21.
©
<A
22.
23.
"+
Z 25
=
= 26.
>
= 27.
0
Q
28.
<
S
= 29.
(7]
Q
= 30.
=2
31.
32.
z 33.
=
;‘; 34,
>
=% 35.
=0
o)
=
gg, 36.
>
@
@ 37.
.
©
~—
38.

Page 14

Qian Y, Zhao T 7her~ 11 %37 1y, poaca FE. High-resolution sodium imaging of human brain at
7 T. Magn Re ron Med. 2012: 6R(1):227-2 3, [PubMed: 22144258]

Ko standin, S.; Schaa LR. 2D r.dial s~ aium heart MRI: Prospective vs retrospective ECG-gating
usin,” golden angle inc. eme...s; Pre _eedings of the 20th Annual Meeting of ISMRM; Melbourne,
. ustrlia. 2012; p. 169¢

Jei=cic. R.; Bock, M.; Zabe!, H-J.; Scha, LR. T.me resolved sodium imaging of the human heart
at 1.57, ®roceeding: of e 8th A..aual Meet'.,g of ISMRM; Denver, Colorado. 2000; p. 1651

A'.a CB. {im JH, Che Za. High-sneea spiral-scan echo planar NMR imaging-1. IEEE Trans Med
Imacing. 1986; 5(1):2- 7. TPuoMed. 182 '3976]

*.reyer CH, Hu BS, Nishimura DG, N'aco Za1 A. Fast spiral coronary artery imaging. Magn Reson
Med. 1997 78(2):202-213. [PubM . u: 1461122

King KF, Foo 'K, Crawfo. 1 CR. Ont_,uzed gradi-... we veforms for spiral scanning. Magn Reson
wied. 1995; 34(2):156-160. T uoMed: 74750 /3]

Cline HE, Zong X, Gai N. Desie~ or a logarith uic k-t nace spiral trajectory. Magn Reson Med.
2001 A28 1150-1135. [Publ ed: 1'7+0579]

Vlaardineerh-sek, N'T.; den Boer, JA. Magn tic i'esona. '~ imaging: Theory and Practice.
Spiinger: Serlir” 1997. p. 1169-1180.

3orn_ct P, Sonomberg H, Aldefeld B, Groen J. T~=~vements in spiral MR imaging. MAGMA.
1999; 97,-2):29-41. [PubMed: 10555171}

. van uer Meulen P, groen TP, Tinus AM, Bru.unk G. F st Field Echo imaging: an overview and

contrast ~.iculations ’.iagn Reson Im igin z. 1988; 6(+.):355-368. [PubMed: 3054380]

Cuxton RB Zuelman RR, Rosen BR, \V’isme, Si, Brad: TJ. Contrast in rapid MR imaging: T1-
and 7 z-weighted imaging. J Comput Ass.>t Tomoe:. 1987 *1°1):7-16. [PubMed: 3805431]

L rnst RR, Anderson WA. Application of Fourier t..storm s»- _troscopy to Magnetic Resonance.
R v S¢i Instrum. 1966; 3777 ):1).

Fre.mar R, Hill "I0. Phase »~J intensity anc .oties in Fouria uarsform NMR. J Magn Reson.
1971; 4:3F5-383.

Stehling MK improved signal in “snapshot” FI A5d by vari~:!~ {1, angles. Magn Reson
Imagin 3. 1672; 10(1):165-1727. |Put Med: 1545771

Kemp-F arper R. €% ies P, Wimz s S. Measurement of 22 (a transv rse relaxation in vivo. The
flip angle independent ~..periment. J Magn Reson “cries B. 1025, 119:223-228.

Constantinides CD, Gillen JS, Boada FE, Pomper M ~, Bottomley P.1. Hi man skeletal muscle:
sodium MR ‘=~~zin_ w.d yuanurication-p dtential applicatie, i exerc’.e and disease. Radiology.
2000; 216(2) 559-568. [PithMad: 1592454 6]

Berendsen HJ, Edzes HT. "he ~userv~.ion and general iaterpre=tnn of sodiu.m magnetic
resonance in biologica' maicrial. #.an N Y Acad Sci. 1973 204:459-185. 'PutMed: 4513164]
Pabst T, Sandstede J, Pcer M senn W, Nevvater S, Hahn D. "valu. tiov. =1 sod .um T1 relaxation
times in human he .ct. J M.gn Reson Imag.1g. 2903; 17(6):72.6-725. [PubM-u: 12766903]

Van Emous JG, Van Fonteld CJ. Changes ~¢ intra ellular sod.um T? ,claxatios times duiing
ischemia and reperfusion in isolat~Z iat hearts. Mayn Reson N ¢d. 1998 +u(5):679- J03. [PubMed:
9797149]

Sung K, Lee HL, Hu Hi T, Nav<i KS. Prediction .. mvocardial s gnal during CIN i baiancea SSFP
imaging. MAGMA. 201v; 23(2):85-91. [PubM~ . 20.'29086]

Johnson KR, Patel SJ, Whigham A, H-L.im A, Pett'_,ew RI, Oshinsk. JN. Th~_o-din ~-.-10nal,
time-resolved motion of the e~.unary arter’_s. J Cardiovasc Magn K =sor. 2004; 6/2>:443—673.
[PubMed: 15347131]

Pipe JG, Ahunbay E, Menon P. Effect. of interle~£ z=der fo1 spiral MRI ¢ dyr.iic droc sse .
Magn Reson Med. 1999; 41(2):417-422 [rubMed: 1008026 3]

Jackson JI, Meyer CH, Nishimure DG Macovski A. Sel ctio 1 of a convc'ution -t ctior ,or
Fourier inversion using gridding com juterised tomos.aphy application]. IZ" " rans Me~
Imaging. 1991; 10(3):473-478. [} ibMcd- 1822°5,50]

Foy BD, Burstein D. Interstitial sodi.™ nuclear ma<..ctic res~.an *e relaxatio \ times .. perfus :d
hearts. Biophys J. 1990; 58(1):127-134. [FubMed: 22S5027]

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/

Gai et al. Page 15
39. Arheden H, Saeed M -7 T3, wao U V, Bremerich J, Wyttenbach R, Dae MW, Wendland MF.

M zasurement of the distribution val»me o gadopentetate dimeglumine at echo-planar MR
im: ging to quantity . yoc: rdial *..rarcti~n: comparison with 99mTc-DTPA autoradiography in rats.

=z Rad ology. 1999; 211(."):652 -/08. I” ubMed: 10352594]
I 40. M agel AM, Laun FB, W: ber M %, Matthies C, Semmler W, Schad LR. Sodium MRI using a
'IU densits -adapted 3D -adial 2 _quisition tec*...que Magn Reson Med. 2009; 62(6):1565-1573.
> [PuoM_1: 1985991.]

? 41. Kr.stand n S, Nagel AM. rerformance of sampling density-weighted and postfiltered density-
5 adapt~d projection rec mstr»~iion 1. soa um magnetic resonance imaging. Magn Reson Med.
Q 2713; 69(2):495-502. | rubMed: 22+ 737( 81

< 42. Rose, A. Vision: human and electre=ic. Plenum- 2ew York: 1973.
Q

>

[

(7]

Q

=.
©

=4

<

o

Y

>

>

C

~

=

o

-

<

Q

>

c

2}

(@]

=5

©

=

<

2=

o

>

>

[

=

=)

o

=

<

Q

>

[

(7]

(@]

=.

©

~

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/

Gai et al. Page 16

Figire 1

The ign: | resulting fror. sequcuace A (SSFP-FID) with three different TR times: (Al): TR =
20ms Sip=55%(A) TR =30 ms “.p=60° and (A3) TR =40 ms, flip = 65°. The square
boxes ~.car the correspondirg peaks mezi the measured SNR scaled to the value obtained

fre.n the Lumulated signl for =_que 1ice .33(opt) (see Figure 2).
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o

<

= ;_

) i~

>

> rigure ?.

%.._ A: Tae sig.ial resulting rrom ser:oce i3 (SPGR) with an optimized flip angle scheme.
e simv’.aced signal from didierent TR (ime: are ciiow.: (B1): TR = 20 ms, flip = 45° (max);
= (52) TR =30 ms, flip = 50° (max): ~..d (B3) TP. = 40 ms, flip = 50° (max). The square
% poxes near the cc rrespondir ¢ peaks m2.x measur=2 3 NR from the phantom scaled to the
§ vaiue obtained from the simm l.ed signal Zor sequence 33(opt).
g- B: The signal resulting from seuence B (SPCR) wih a onstant flip angle scheme.

— sunuiated signal fro11 differemt T™ umes < ve si own: ‘B1," TR =20 ms, flip = 35°; (B2) TR

30 s, tip - 40° und (B3) TR =40 ms, t.ip = 40°. T he square boxes near the
cot esp w.ding ~caks mark measured SNR from the phantom normalized to the value
obta ned from the simulated signal for se;,uence B3.
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o

Z Figire 3

T Simn late.! change in sig~.al as - runction of a ~hange in the excitation angle as would be
g *xpec <4 ane to B1 it hom~geneity. A polynom al of order three was fit to get a smooth
> variaticil. o, \ax 18 the cptim~ u1p angle s determined through simulations. TR =40 ms for
c g .
=5 bela searences. The Rt spoil=l gre diert echo seanence shows better B1 robustness
= conrared with sequence A (SSFP-F D).
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Fig\ re 4

th~ presew.ce of RF inhc moge~_ity.
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Mea. ured' B1 inhomoge~.city c'.aracteristics f~t the three sequences for TR =40 ms.

Page 19

Meast “Zuients were (aken L coronal Sices par: llel to the sodium coil. From the above, it’s
appare-. the t sequence 83 /Zonstant ex < ..ation or optimized train) provides better signal in
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Figire 5
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o

TE =) 7+ ms, spiral wms -- 36, eche Liain leng h = 18. Two shot acquisition and T2

Page 20

Simn late.! k-space data fur the _xact spiral trai=ctory used for data acquisition. TR = 20 ms,

relaxat’on e fects can e eaily perceiv-. as the signal evolves from the center of k-space.
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A
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2

o

>

> rigure £.

%.._ (A ©“SF re.ulting from aata acor=i. »d w'th sequence B1: TR = 20ms, flip angle = 35°, 36
e spiral arms, echo train leagth = 18. 1'eak val»z vt tl ¢ PSF was 1.29. FWHM was 6.8 mm.
= () Line profile through PSF (at y = .50 mm) r<,ulting from data acquired with the three
% SPGR sequences B1: TR = “u ms, flir Lugle = 35°, 5¢ spiral arms, echo train length (et]) =
é 1o; B2: TR =30 ms, flip ang'c = 40°, 24 spiral arms, e’ = 12 and B3: TR =40 ms, flip angle
g. =40°, 18 spiral arms, et/ = 9. P=.x values for »SF were .72, 1.59 and 1.29, respectively.
—~ r wrv was 6.8 mm for all thre = 2uses. Ot ly th ¢ cemi-al 190 mm of FOV (= 300 mm) is

or OWL
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o

p Fig.re 7

T Line oroi'le through im?<e 5 (<« 16 slices) for a NaCl/agar phantom obtained from three
g SPGK -_yrences B1, B2 a".d B3 witt u constan* flip angle train. Increased TR from B1
é> (TR=2Cms) to B3 (TR =40+,5) does n~* (esult in increased blurring from T2 effects. Line
5 prorile wus obtained by takine (ie 11ear. of 20 line profiles (to reduce noise variation)
2 aror.d the center of the image.
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Figire §

wi.adow/ cvel = 1200/610.
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o

res: 4 » 4 x S mm3, NCA = 5. lotal scza time: 5 min 22 s. All images with constant

Page 23

Eigh" co1 tiguous slices /uut of 6 slices) of th~ sodium phantom obtained using a 3D spiral
seque.'z. with optim:zed s~quence v-lues: TR/ "E = 40/0.77 ms, 18 spiral arms with etl =9,
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-
A

<

=

o

>

> rigure ©.

%.._ (AY: six (1 18) slices ¢ otained »!ug th < short axis from a human volunteer (57 kg female)
e asing .ne optimized 3D spiral seque.'ce. True Lominal resolution was 5 x 5 x 10 mm?3
= (~cconstructed: 5 x 5 x 5 mm?3). Tot~! imaging +..e: 8:50. The images have been thresholded
% to reduce backgr vund noise

§ \p): Ketormatted view (long =a18) of the Lo slices (sod.um imaging) shows the LV and RV.
g- (Location of short axis images ~< 11igure 9/A) e shown 1s dashed lines on the long axis
— uuage.) Lhe entire v lume (of ¢ 0 =un fron apex to b.se) vas acquired in 8 min 50s. On

siohtiwe *F rong wxis image of a single si'ce .ong axis view) acquired with the same
voi 1nte >. Rule® shows dimension in cm for both images.

<

T

Y

>

>

c

~

>

o

-

<

Q

)

c

»

(@]

g

©

=

<

-

Y

>

>

c

=

>

(©)

=

<

Q

)

c

0

(@]

=,

©

~

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/

