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A technique for imaging materials with short transverse relax-  which minimizes gradient vibration. A great time improvement
ation times and prepared longitudinal magnetization is proposed.  js achieved with samples wheTe relaxation times are on the
The technique is single-point ramped imaging with T;-enhance-  grger of the gradient rise timeé (7).
ment (SPRITE) MRI with centric k-space sampling. The effects of The SPRITE technique also works well for samples witk
transient state behavior on image resolution and signal/noise are longer T,-relaxation times, such as polymers and elastomet
estimated. Centric sampling in the basic SPRITE sequence gives ®) Whe;e one can manip,ulate image contrast through parti

increased signal-to-noise and permits a quantitative determination . o . .
of the MR parameters associated with longitudinal spin prepara- saturation of longitudinal magnetization. Steady-state longitu

tion. Spin-lock and inversion recovery preparation experiments din.al r.nag.netization yields an observed magnetizatidn,
are presented.  © 1999 Academic Press which is given by Eq. [1] 9),

1-E

INTRODUCTION M 01— CE

y=M sin « [1]

Single-point imaging (SPI) methods (Fig. 1a) have proven

their worth for studies of short relaxation time systerbs?. | hereE = exp(—TRIT,) andC is the cosine of flip angle.
Gravina and Cory3) have discussed the sensitivity and reso- g 5o)ig-like samples, a vast array of preparation technique
lution characteristics of SPI, which is also termed constant t"’@iﬁversion spin echo, solid echo, dipolar echo, spin-locking
imaging. SPI methods assume that the RF pulse bandwidth{§4netization filters) can be employed to deduce molecul:
sufficient to ensure homogeneous excitation of the sample at; gl mation spatially resolved through MRL@). Magnetiza-
gradient values. The RF pulses are applied in the presencg;gf nreparation is easily incorporated into the SPI-sequence |
phase encode gradients, the phase encodetfiiseconstant, sampjing a single k-space point after each magnetization filt
and only one point ok-space is sampled for each excitation,yyjication, Beye®t al. have demonstrated) that magneti-
.puls.e..Swnchlng gradients on and off for eaebpgce pointis ,ation preparation permits accurdfe- and T,-mapping of
inefficient, yet the absence of RF slice selection makes thgmpjes with short relaxation times. The necessity of waitin
method mtrmsmally three-dlmen5|ona! and thereby requirgs, T.-recovery after each sampled point makes this metho
pulsed gradients in all three dimensions. As a pure phag&y (ime-consuming for materials with lor,’s. It seems
encoding method, distortions due to magnetic susceptibilityary natyral therefore to utilize longitudinal magnetization

chemical shift, and other unwanted time-evolution effects Afore efficiently and sample, with SPRITE, a whole line of
eliminated. Sharpet al. (4) have discussed the same advark'-space for each magnetization filter application.

tages, which accrue from sampling single points from multiple |, he general case, as longitudinal magnetization evolve

echoes, individually phase encoded. o _ during sampling, our SPRITE technique will be a “transient:

Our modification of SPI, smgle-pgmt ramped imaging with4te” imaging method1(l). The dynamic approach to steady
T:-enhancement (SPRITEp) consists of a ramped phaseate may cause relaxation blurring and transverse magneti:
encode gradient in the primary phase encode direction afg, oscillations {2, 13 in conventional transient-state spin
cgnvgntlonal .phase encode gradients in the other (seconq%g}p imaging. With shor™ samples, combined with active
directions (Fig. 1b). The use of a ramped phase gradigfibjient spoiling when necessa),(unwanted and deleteri-
permits imaging with greater speed and with love/dt, ;g transverse magnetization is eliminated with the SPRIT

technique.
! To whom correspondence should be addressed. In this paper we outline the use of centric order sampling
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RF pulse The operatiorF indicates the Fourier transform whilé(t) is
[~ the sampling function. The Fourier transform 0{t) is the
‘T; time sampling point spread function (SPSF) and represents tl
a Gy . .. effect of a finite sampling timeM(k,, k,) is the sample
primary encode direction

magnetization in the absencef saturation effects. Note that
T% decay in SPI based methods will merely attenuate the sign

SPI

Gy, z secondary encode directions M(k., ky). R(t) is a relaxation function which control$,
contrast ofT, blurring in the final image. After Fourier trans-
C ‘) formation the three functions are convolved:
> TR
M(x,y) = F{M(k,, k)} ® F{U(1)} @ F{R(1)}.
o RF pulses
b LTI L L When an image, matrix sizd?®, is acquired with a field of
TR time view, FOV, and maximum phase encoding gradient v&uye
E Gx primary encode direction
g _‘—1_‘_‘_|_‘_|_‘ YG,t,FOV = 7N,
Gy, 2 the nominal pixel resolution will b&x, wheret,, is the phase
encoding time:
secondary encode directions N FOV -
X = — =
¢ o RF pulses N ’yG Xt p
NN
& e The Fourier transform ofJ(t) is a sinc function, which gives
2 G rise to image blurringX4). The SPSF pixel resolution is 21%
§ x more coarse than the nominal resolution:
E H
12=w
FIG. 1. (a) Single point imaging (SPI) sequence. The image is phase Ax = 'yGti'

encoded with amplitude cycling of the gradient along the imaging axis. A
single point is acquired after phase encode tipfellowing an RF pulse with Relaxation Behavior of Signal during SPRITE

flip angle a. The repetition time is TR. (b) SPRITE imaging sequence. The . . . . . .
gradient is stepped with an RF pulse at every gradient level. Typically, 64 stepsPigital filtering of the free induction decay (FID) is standard

are employed, each of approximately 0.5-4.5 ms duration. As in (a), a singigactice (5) in NMR as a postprocessing step to improve
complex point is acquired following each RF pulse. The encoding tintg is signal-to-noise $/N), at the potential cost of decreased reso:
and the repetition time is TR. (c) Half-ramp SPRITE sequence, with acquiﬂ]tion_ We show below that transient longitudinal magnetiza
tion in the primary encode direction beginning at thepace origin. tion, in a SPRITE acquisition, modulates the acquired signal i

an exponential fashion and acts in a way entirely analogous

half-k isit d d tizat ith tﬁn exponential “filter” in conventional NMR.
alk-space acquisition, and prepared magnetization wi ®For steady-state longitudin®l,, all points ofk-space are

.SPRITE technique. W_e discu_sg_how these i_dea_s influe &Jally weighted with a known relaxation paramete(t).
image resolution, amplify sensitivity to magnetization Prepg=yo1ution to a longitudinal steady state during the image ac

ration, increase signal/noise, and reduce the total acquisit&msition can be avoided by the application of dummy scans

time. More commonly, the longitudinal steady state is achieved &
the periphery ok-space prior to the acquisition of significant
THEORY signal intensity.
For the transient-state case, notlapace points will have
Finite Sampling Effects on Image Resolution the same relaxation weightings. Two factors may influence th

weighting: residual transverse magnetization &pdelaxation

Image space is related to reciprocal space through a Foup%an during the approach to steady state. Residual transve

transform operation on a sampled signal which may be evoly L . .
) Lo L e : magnetization, from previous RF pulses, may result in un
ing (longitudinal magnetization) as it is acquired.

wanted echoesl@) and consequent image artifacts. For sys:
tems with T5 ~ 0.05-1 ms,i.e., comparable to or much
M(X, y) = F{M(k,, k)U(t) R(t)} shorter than a single acquisition step (0.2—2 ms), residu
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transverse magnetization is easily suppressed by “passineghe absence of magnetization preparatioh,= M,, € =
spoiling” (dephasing by phase encode gradients during acq{i/w) — 1, and therefore
sition steps) or “active spoiling” (dephasing by spoiler gradi-
ents). M,n= Mo(1 — W)C"E" + Mow.

If yAG,L, TR < 27 and T% = TR where AG, is the
primary phase gradient step used for encoding, Bpds The change in longitudinal magnetization with pulses,is
sample length in thec-direction, active spoiling is usually known and therefore one can estimate the influencéof

required. The spoiling gradient strend® .. should fulfill gecay, during the acquisition, on resolution. We employ thi
notation of Vlaadingerbroek and den Bodrl) to represent
YGy. spoilx T spoil = 27T, C"E" in terms of an appareri;:

whereT g, iS the spoiling time 17). As discussed by Kennedy CE" = exp<— ”TR>

et al. (8), active spoiling is required only during sampling Tapp

aroqnd thekfspace origin. o 1 1 In(cosa)

Since residual transverse magnetization and unwanted ech- =|l=——=]. [4]

Tapp \T1 TR

oes are easily suppressed, we now considerevolution
during a SPRITE acquisitiorM; is the initial (preparedy- )
magnetization andM, is the equilibrium Z-magnetization. Given thatk, = yAG,nt,, and hencen = kJ/(yAG.t,),

After the first RF pulseM, is equal to Fourier transformation of our new function for evolving lon-

gitudinal magnetization will produce a Lorentzian function:

kTR YAG,T, TR,
Fiexd — ——=———1| — . )
’YAGxTapp tp 1+ |’}’AGXTapp(TR/tp)X

M,, = M,CE + My(1 — E).

After the nth RF pulse M, is given by Eq. [2] L3):

This function is the point spread function due to longitudina

_ hen 1-C"e" spin evolution during sampling. We term it the “evolution
Mz = MICE" + Mo(1 = B) 3 — g [21 oint spread function” (EPSF). The linewidth is
Equation [2] may be rearranged, with = (1 — E)/(1 — 2 TR

CE), and the expression faZ-magnetization after theth AXepsr=

pulse, becomes Eq. [3]:

YAG,Topp T,

Recalling thatG, = AG,N/2 and comparingAXgpsr t0
M,,= (M, — Mgw)C"E" + Mgw. [3] AXeess if our goal is to have evolution blurring smaller than
that of the SPSFAXgpsd AXspse < 1:

The longitudinal magnetization and, consequently, the im-
age intensity depend on two separate terms in Eq. [3]. The first - —
term depends on and is therefore the transient component. It~ AXsese  1.27 Ty,  1.27
influences image blurring. The second term, independent of
is the steady-state component. It influences the ingilye The The constraint ofAXepsd/ AXspse < 1 places a limit on the
extent of resolution blurring is therefore determined, not onkrspace matrix size in the primary phase encode direction, f
by theT,-relaxation time, but also by the ratio of transient-stafé@e no blurring case, once TR;;, and the flip angle are
and steady-state components. The parameteeflects the determined:
proportion of transient-state component in the observed signal:

AXepsr NTR N (TR
= T~ In(cosa) |.
1

1 TR
(M= Mgw) M, N>o'26<'|'l_ '“(COSOO> [5]

MW  Mgw

1.

Equation [5] permits one to estimate the limits where &
dynamic approach to steady state begins to decrease resoluti
by a comparison to the SPSF-limited resolution. Plots of th
observed transverse magnetization for various flip angles ar
TR/T, ratios are shown in Fig. 2. For TR/ = 0.01, 0.02,
Mz, = Mo(1 + €C"E") = M¢R, and 0.03 and for flip angle= 15°, € is consequently 3.3, 4.8,

Equation [3] may be rewritten, in terms ef with R, the
relaxation evolution function introduced in Eq. [1]:
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0.30 — T T 7T ing, the dependence of the image intensity on the prepare

a=15° TRIT1=0.01 o magnetization is much weaker than for centric order encoding

5 9P, 002 o T Conventional, full-ramp images will be greatly influenced by
i g 003 v T,-recovery as the system comes to equilibriug). The image

g 0T "iiaagig:. 1 SN is principally determined by the prepared magnetizatiol

2 ols L =80 '5‘3535355532_,,.‘,,% 1 for centric order encoding. For conventional, full-ramp encod

8 I S ing the imageS/N is determined by the steady-state magneti

= zation.

§ This suggests that one can improve both the sensitivity t
£ 005l _ any magnetization preparation technique and the infage

= using centric order SPRITE encoding. These ideas have pr

0.00 ! 1 L 1 L L viously been introduced in various modifications of spin-ech

o 5 1015 20 25 30 35 and gradient echo imagind9—23, but none of these tech-

Number of pulses nigues permit the observation of shdr} solid-like samples.

FIG. 2. Transient behavior of the observed magnetization during a pulse As an example, with JH71 = 0.01 a”O_' als ﬂ'mng!e
train, according to Eq. [3]. Note that for TR/ = 0.01, theEmst angle i»  (ENst angle would be 8°), th&/N for centric order encoding

= 8° and the signal change is minimal. will be increased a factor of 3.7 in comparison to sequentic
order encoding with Ernst angle excitation. In principle, by
varying the flip angle during sampling it is possible to increas

and 5.9 and the transient-state component is more importaignal while maintaining resolutior24, 25.

than the steady-state component. Blurring caused by the tran-

sient component will dominate the resolution. For a flip angfeecondary Phase Encode Directions

of 15°, In(cosa) = 0.034, and from Eq. [5], if TR= 0.01T,,

the flip angle becomes the main “evolution parameter.”

The choice of a large flip angle, to obtain more signal, wi

The primary phase encode direction is defined by th
ﬁtepped ramp in Fig. 1a. The secondary phase encode gradie
. . . B encode orthogonal directions. LE} be the time for magneti-
probably yield a resolution loss as |IIust_rated in Fig. 3. Eor. zation recovery between successkepace lines (ramps) in
15-20 (TR = 0.01T;, N = 64) a regime W.here r.eS.OIU.tlonthe primary phase direction. Longitudinal magnetization evo
suffers has already been reached. An additional limitation )

the use of large flip angles is the bandwidth restriction on thlxﬁa1lon effects in the secondary directions may occur if the dela

RF excitation. This limits our ability to vary the flip angletlme Tq is too short. Figure 4 shows how the simulated signa

. . . . behaves, in a secondary dimension, for various delays after
during an acquisition) to preventM, evolution which could Lo . o
. S " : ._ramped acquisition in the primary direction. If one assume
otherwise decrease this “filter effect” on the image resolutio

Note that in the case of a hatfspace acquisition, with the Biat M, has entered a longitudinal steady state by the end «

balance ofk-space reconstructed by symmetry, the evolution
curve will be symmetrical about thespace origin. While the

. . . . . 008 T T T T T T T
real part of the linewidth is the same as in the case of sampling oot p
from —N/2 toN/2, the imaginary part is equal to zero, and the 0.07 - TR/Tl‘g‘gzj y
magnitude linewidth is narrower. 0.06 L 003— — 7/ -
- /I
Signal-to-Noise and Sensitivity to Magnetization Preparation g 005 T

Since the image inten;ity will be pri.n.ci.pally determined by % 004 [ . 1/N=0.031 |
the low orderk-space points, the sensitivity to prepared mag- £ 00 F vz =
ngti_zation will be increased if sampling begins at kspace Z om | s /‘,/' 1/N=0.015
origin. = —<,

If sampling is performed, beginning from high frequencies 001 __N—-l_’Z_S/‘_‘ 1/N=0.0074
(full-ramp SPRITE), th&Z-magnetization at thie-space zero is 0.00 R R !
given by 0 5 10 15 20 25 30 35 40

Flip angle, degrees
M=o = (M; — Mow)CN2EN2 + Mw. [6] FIG. 3. Blurring vs flip angle, for TRf, = 0.01, 0.02, and0.03.

Blurring is defined as the condition under which the EPSF becomes wider the

. . . . . SPSF. Here the blurring parameter is equal to 0.26[{TR* In(cosa)]. N is
However, if centric sampling is performed, théf,.o, is the number of points in the chosen dimension. Straight lines are plotted

simply the value of the prepared magnetization. This has tW@erences for various values ofN./One can see that fod = 64 and flip
important consequences. (1) For conventional SPRITE encadgles exceeding 15°, blurring due to transient effects influences the imags
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12 T T T T T Preparation module Observation module
1.0 frverer v v v 90y (SLy 90
L A L A R S A e A A
e i . .
08 Spin-Lock Preparation
T/T=1 o 180 SPRITE
0.6 - . b
3 v /
5 v
T
04 L L L L y Inversion-Recovery
0 5 10 15 20 25 30

Number of acquisition steps

FIG. 4. Simulation of Z-magnetization approaching steady state in a
secondary phase encoding direction for a (8464) half k-space centric
encoding experiment., is the delay for magnetization recovery. The flip angle
was 15°, TRT, = 0.01.

FIG.5. SPRITE sequences used for imaging with prepared magnetizatiol
The imaging module is constant (full or haifspace SPRITE) while the

each primarv phase encodtespace line. then for centric en preparation part may vary. In this case we illustrate a spin Bcktorage
pri yp p Ine, ' preparation and an inversion recovery preparation. A large variety of prep:

coding a discontinuity occurs between the first and secopgion schemes are possible.
k-space points in the secondary direction. This will influence
the imageS/N by altering the baseline but will not cause image
blurring. ForT,/T, = 2 and centric encodingyl, is close to distorting phase in the case of spin-warp imaging lead only t
its equilibrium value. The overall image acquisition is obviattenuation of signal in SPI-based methods.
ously faster in this case compared®gT, = 5. Half k-space acquisitions do have an inevitaBi®\ loss

If n-fold signal averaging is required, the partial saturatiotgxactly/2) because of fewer independent data points. How
effects onM, in the secondary phase encode directions m&yer, centric order sampling is so advantageous that it c
require that the entire data matrix be acquinetimes sequen- €asily produce ar&/N increase of more than a factor of 2.
tially rather than the more conventionarepetitions of acqui- Reconsidering the previous exampleS/&l gain of a factor of

sitions of each individual line ok-space. 3.7 due to centric sampling, even after the “half-k-space san
pling loss,” still has ar§/N increase 2.6 times greater than for
Half-k-space Acquisition sequential sampling. A haK-space, centric ordered acquisi-

. . _ tjon will also have much better preservation of the magnetize
During a conventional SPRITE acquisition, phase encoge preparation in the final image

gradients vary from-G, to G, and one samples a full line of
k-space during each magnetization cycle. Centric order encod-
ing with the SPRITE-technique (half-ramp SPRITE) means 7 T T T T
that one collects data from only one halfleépace during each
magnetization cycle. To collect the other half one must repeat
the acquisition, and this is time-consuming. If magnitude im-
ages are desired, it is possible to exploit the inherent symmetry
of k-space 26) to reconstruct the missing data. While exten-
sively discussed in the literature, hadfspace imaging is not
very common in spin-warp imaging. The exact position of the
center of the echo can be difficult to identify and inevitable
phase errors occur. Numerous algorithms have been proposed
to correct phase distortions in the final ima@g€29. These
methods usually require sampling somewhat more than half of
k-space.

For SPI-based methods (especially applied to materials) we SL-field, G
avoid these problems. Olrspace data is assembled point by FIG. 6. Dependence of,, on the applied spin-locking field for polyiso-

point and we can exactly identify the zero-phase point. Sysiene. It is seen that for SL fields less than 0.51G, is small. The SL field
ceptibility, magnetic field inhomogeneity, and other factonsscomes comparable to local magnetic fields which determin@ he

1.0 15 2.0
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al2 v performed at ambient temperature with a Tecmag (Housto
TR=0.55ms o TX) Libra S-16 console.
101 ;ggﬁ M Our philosophy for magnetization preparation follows

3 °§ 355ms o closely that of Bluemler and Bluemich @) with the difference
5 08T u\\ #35ms = 4 that our preparation always involv&magnetization, usually
5 N . . ; '

z | \\”\D:D:n | with Z-storage for each line dé-space (Fig. 5).

?g 00 \v\v\ ~—r In our spin lock (SL) preparation experiments, the max:

g oal \\v\ | imum SL magnetic field was 2.2 G. Our spin lock phantorr
g '\ N was a block of polyisoprene (Aldrich) with relaxation pa-

02 L \: | rameters as followsT, = 145 = 2 ms, T% = 1.1 ms.
* Spin-locking was applied in the conventional wa&g), that
00 R S T S — is, after a(90), excitation pulse, a-pulse was applied for
00 02 04 06 08 10 12 14 fixed delay to lock spins in th&-direction of the rotating
SL-delay, ms frame. Measurements with various SL-delays and SL-fiel
b 12 e strengths were performed. SL-delays were changed from 0
Bulk o to 1.6 ms in steps of 0.4 ms. After SL-evolution(20)_,

S tor \ TR=155ms » 7 pulse was used foZ-storage, to conserve the SL-preparec
2; 08 izz Imnz N magnetization as longer lifetime longitudinal magnetization
EE 455ms o For bulk measurements(@0), pulse was used to generate
Cl 06 L i an FID. Bulk T,,- measurements are incorporated with
§ ' imaging measurements in Fig. 5. SPRITE acquisitions witl
g o4l \ | both centric and sequential order encoding were performe
R ;\ The phase-encoding timg, was 100 us and maximum

02 F %& 4 phase-encoding gradients were 12 G ¢mlD-64-points
profiles were acquired with a nominal resolution of 0.88
0.0 b mm/pixel. Several TR times were used: 0.55, 1.55, 2.5F

00 02 04 06 08 10 12 14

3.55, and 4.55 ms. These corresponded to 35, 99, 163, 2.
SL-delay, ms

and 291 ms acquisition times for sequential SPRITE with 6-
FIG. 7. Measurements of J for SL fields of 0.1 G which correspond to acquisition points and 17.6, 25, 81.6, 113.6 and 145.6 ms f

aT, of 0.72* 6 ms. Various repetition times TR are employed. (a) Mean|f k-space centric order SPRITE. Because fh“e of
surements by full-ramp SPRITE. The values derived from the SPRITE ima

differ from the bulk measurements. (b) Measurements by half-ramp SPRI?@&'yISOprene_IS long, _1'1 ms, _(?ompared to the _ShorteSt TE
There is no significant difference in measurements with various TR values 4?2 MS, aC“V? grad|e_m sp0|I|_ng_ (2 Glem durmg_ 0.3 ms
they agree with the bulk measurements. was after the single point acquisition at each gradient leve

For inversion-recovery (IR) measurements, a cylindrica
sample, 4 cm diameter, 6 cm height, consisting of polyeth

Note that while for a full rampk-space acquisition with ylene shell and PVC core was employed. Theof poly-
phase encoding, only relative phase changes are significant,&ttylene was biexponential, corresponding to amorphot
a half k-space acquisition with reconstruction of the missingnd semicrystalline components of 3608 ms and 11+ 1
data prior to Fourier transformation, absolute phase values &t8, respectively. Th&” was 320= 9 us. TheT, of PVC
important. Therefore, after conjugation, if for some reason théas essentially single-exponential, 1446 ms with aT?; of
spectrometer frequency is misadjusted, one must multiply tB62 = 8 us. For IR-nulling, a 180-pulse was applied with a
conjugated data by a phase difference; otherwise, phase @liglay  before data acquisition. The delay corresponded t
tortions will appear in the image. the null point of the inversion recovery of longitudinal

PVC-magnetization{ = T, In 2 = 100 ms). The imaging
parameters were as follows, was 75us and maximum
EXPERIMENTAL phase-encoding gradients were 12 G ¢nn both direc-
tions, FOV, = FOV, = 7.5 cm, with 64X 64 pixels. The

The SPRITE technique was implemented on a Naloraumber of SPRITE half-ramp pointd was 64/2, with a
(Martinez, CA) 2.4 T 32 cm i.d. horizontal bore superconducttominal resolution of 1.2 mm. The TR was 0.45 ms with &
ing magnet. A water cooled 7.5 cm i.d. gradient set (maximuiry for magnetization recovery of 0.9 s. The number of
gradient strength 100 G c) was employed, driven by averages was 4, giving a total imaging time of 3 min 50 s
Techron (Elkhart, IN) 7780 amplifiers. The RF probe was a The resolution phantom was a disk of crosslinkéslpoly-
homebuilt 32 strut bird-cage coil. It was drivety la 2 kW butadiene, 4 cm diameter and 0.8 cm thickness, with relaxatic
AMT (Brea, CA) 3445 RF amplifier. All experiments wereparametersT; = 221 = 9 ms, T% = 336 = 12 us. The
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FIG. 8. (a) Half-SPRITE image of a composite cylinder with a PVC core and polyethylene shell without IR nulling. The PVC signal dominates the ir
(b) Half-SPRITE image of the same sample with IR nulling (the defay,c In 2, is 99 ms). No PVC signal is observed. (c) Cross-sections of the two image
at the same scale. One can see that the PVC signal is totally removed by IR nulling while the polyethylene signal has a decreased intensity.1P2xairsize is

imaging parameters were as follows: encoding time= 100 RESULTS AND DISCUSSION

us, gradient strengtls, = G, = 12 G/cm, FO\ = FOV, =

5.6 cm, 64X 64 pixels, with the number of SPRITE ramp In our original SPRITE papeb] transient state effects were
pointsN = 64 (32 for halfk-space sampling). The nominalnoted in the contrast of samples wikh-relaxation times on the
resolution was 0.88 mm. The SPSF resolution was XZ188 order of the duration of the primary phase encode ramp. In tf
mm = 1.06 mm, TRT, = 0.01,with aT4 1.1 s for magne- Theory section we have provided a theoretical explanation
tization recovery. Eight averages were acquired for a totménsient longitudinal magnetization effects in SPRITE imag
imaging time of 9 min 20 s. ing and explained how transient effects should influence pre
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SPRITE encoding direction

FIG. 9. Half-ramp SPRITE images of a resolution phantom made from crosslinked polybutadiene. The pulse flip angles were 15°, 20°, and 30° (clo
from top left); the same dynamic scale is used for image presentation. Both signal-to-noise and resolution blurring increase as flip angld hecledtes.
right panel shows a schematic of the phantom with characteristic sizes of the voids indicated.

pared magnetization and image resolution. A variety of hgifeparation. SPI-based methods, however, permit only or
k-space centric and fuk-space sequential sampling SPRITEoint of k-space to be acquired for each excitation pulse anc
images of realistic materials were acquired to validate tlensequently, one line &fspace for each magnetization prep-
advantages of SPRITE for solid-like materials. aration. Although the SPRITE technique permits shorter TF

SPRITE imaging of solid-like materials, with prepared magimes than SPI, there are still restrictions on the overall imag
netization, is conceptually similar to liquid-state snapshatcquisition time due to gradient rise times, as well as gradiel
FLASH imaging @1). Magnetization-prepared FLASH per-coil and amplifier duty cycles. Our imaging system requires &
mits acquisition of an entire line dfspace for each excitationleast 200us per gradient step for gradient stabilization. To
pulse and, in principle, 2[k-space for each magnetizatioracquire one half-line ok-space therefore requires at least 6.4
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ms for a 64-point line. This restricts the applicability of the 250 — T
technique to materials witlh, no shorter than 10 ms. For even a=15" o
shorterT,’s one could return to a simple SPI sequence with 200 - er‘fw‘vg(R 202 .
rapidly switched gradients and apply a spin preparation for ) yﬂ* B 0.
eachk-space point. %150 - ” % i

Theory shows that magnetization evolution during sampling 2 }:..-’V"' i '-‘,
will be most severe for samples with their initial magnetization g ]’,’ AR T % N
substantially altered from the equilibrium value. Therefore, in ~ ='®[ [ °"J¢,\ o 1 2 mm-hole
spin-lock magnetization preparation test experiments a weak & r l‘ jﬁ/
spin lock field (0.1 G) was chosen for our sample whére < sof \' 1
was already short_ (0.72 6 ms) (Fig. 6). For thisT,,, theZ o
stored magnetization after the longest spin lock delay (1.2 ms) 0 M 1 .

was less than 20% of the equilibrium magnetization. Bulk and
image derivedT,, results are displayed in Fig. 7 for (a)
sequential order and (b) hatfspace centric order encoding. FIG. 10. Cross-sections of the resolution phantom images of Fig. ¢
For the centric order encoding experiments the obseffyed throug_haz_-mn_”l hole. Note that resolution decreases as the flip angle increas
values coincide with the bulk measurement for all TRs whilE'® Pixel size is 0.88 mm.
they systematically diverge from the bulk value with sequential
order encoding at long TRs. o o ] o

Nulling chosenT, populations through an inversion recov—thf"‘t blurring increases with _fI|p angle, in the d|re9tlon of the
ery (IR) preparation is an attractive modification of th@rmary phase encode gradient. For a more detailed analys
SPRITE experiment that will greatly increase image contrast 90Ss-Sections in the SPRITE direction of the images are di
is also a preparation technique, which is anticipated to have #f@yed in Fig. 10. The cross-section goes through a 2-mm ho
greatest transient effects on the image resolution. Images dff¢h€ phantom and it is seen that resolution decreases as |
cylindrical PVC, polyethylene composite phantom are shovifi® angle increases. The overall shape of the profiles is ides
in Fig. 8. One image (Fig. 8b) shows that the PVC polymé&cah which means that |rrad|at|qn of the sample is homoge
signal from the phantom is easily nulled by the choice of d#OUs and blurring can be ascribed to transient state effec
appropriate delay after an inversion pulse with Hakpace along. (Any visual dlffergncgs are due to differences in signe
centric encoding. The other image (Fig. 8a) is a control with r§pPlitudes; after normalization the shapes are the same).
inversion recovery magnetization preparation. The PVC signal10 estimate theS/N improvement with centric encoding,
in Fig. 8a is much greater than of polyethylene; however, it Rnantom images with a hak-space acquisition (imaging pa-
completely suppressed after IR nulling in Fig. 8b. Cros§@meters as above, flip angte 15°) and a fullk-space acqui-
sections through the image centers are displayed in Fig. 8c. TN (imaging parameters as above, but flip angl8°) were
detailed contrast and resolution features of the general $RMpared. Profiles through the center of the sample are sho

nulling experiment will be the subject of a separate commurift Fig- 11. The experiment&/N ratio of the two images was
cation. 2.5, in favor of the centric halk-space image. The predicted

As with all SPI type experiments, one must consider tne@lue was 2.6. The increas&N could be used to decrgase the
pulse bandwidth when comparing the results of images dWmber of averages by a factor of (Z.6) 6-7 to attain the
quired with different flip angles. In this work the typicalS@meS/N as for conventional SPRITE imaging. If one com-
180°-pulse length was 5@s. For maximum gradients of 12 Gbines the halk-space acquisition with delays, of less than 5
cm™* the required excitation band wasS ,L/2 = 100 kHz, T,, it yields a reduction in the acquisition time for imaging of
where L again is the characteristic size of a sample. Trolid-like materials with magne'tization prgparation technique
longest RF-pulse homogeneously irradiating the sample \,\gsgreatler t.han a factor of 10 in comparison to conventione
therefore approximately 1@s. This corresponds to a flip angleM@gnetization-prepared SPRITE.
of 33°. The upper limit to the pulse flip angle in this work was
therefore fixed at 30°. CONCLUSION

To examine pulse flip angle effects on image intensity and
resolution, a series of experiments, centric encoding, wereWe have demonstrated in this work that centric order er
undertaken with a crosslinked polybutadiene phantom. Figureding applied to a SPRITE acquisition significantly increase
9 shows representative two-dimensional images of the phahne S/N while permitting the use of any magnetization prepa:
tom acquired with 15, 20, and 30° flip angles. The images amaion technique without degrading, within bounds, image res
displayed with a common gray scale. According to Eq. [4blution. For materials with shoif%, transverse magnetization
with the imaging and sample parameters chosen, resolutisreasily spoiled, and this allows us to estimate the transien
will be degraded once the flip angle exceeds 20 degrees. Nst&te longitudinal magnetization behavior and its influence o

Position, points
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