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A technique for imaging materials with short transverse relax-
tion times and prepared longitudinal magnetization is proposed.
he technique is single-point ramped imaging with T1-enhance-
ent (SPRITE) MRI with centric k-space sampling. The effects of

ransient state behavior on image resolution and signal/noise are
stimated. Centric sampling in the basic SPRITE sequence gives
ncreased signal-to-noise and permits a quantitative determination
f the MR parameters associated with longitudinal spin prepara-
ion. Spin-lock and inversion recovery preparation experiments
re presented. © 1999 Academic Press

INTRODUCTION

Single-point imaging (SPI) methods (Fig. 1a) have pro
heir worth for studies of short relaxation time systems (1, 2).
ravina and Cory (3) have discussed the sensitivity and re

ution characteristics of SPI, which is also termed constant
maging. SPI methods assume that the RF pulse bandwi
ufficient to ensure homogeneous excitation of the sample
radient values. The RF pulses are applied in the presen
hase encode gradients, the phase encode timet p is constant
nd only one point ofk-space is sampled for each excitat
ulse. Switching gradients on and off for eachk-space point i

nefficient, yet the absence of RF slice selection makes
ethod intrinsically three-dimensional and thereby requ
ulsed gradients in all three dimensions. As a pure p
ncoding method, distortions due to magnetic susceptib
hemical shift, and other unwanted time-evolution effects
liminated. Sharpet al. (4) have discussed the same adv

ages, which accrue from sampling single points from mul
choes, individually phase encoded.
Our modification of SPI, single-point ramped imaging w

1-enhancement (SPRITE) (5), consists of a ramped pha
ncode gradient in the primary phase encode direction
onventional phase encode gradients in the other (secon
irections (Fig. 1b). The use of a ramped phase gra
ermits imaging with greater speed and with lowerdB/dt,

1 To whom correspondence should be addressed.
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hich minimizes gradient vibration. A great time improvem
s achieved with samples whereT1 relaxation times are on th
rder of the gradient rise time (6, 7).
The SPRITE technique also works well for samples w

onger T1-relaxation times, such as polymers and elastom
8), where one can manipulate image contrast through p
aturation of longitudinal magnetization. Steady-state lon
inal magnetization yields an observed magnetization,My,
hich is given by Eq. [1] (9),

My 5 M0

1 2 E

1 2 CE
sin a [1]

hereE 5 exp(2TR/T1) andC is the cosine of flip anglea.
For solid-like samples, a vast array of preparation techni

inversion, spin echo, solid echo, dipolar echo, spin-loc
agnetization filters) can be employed to deduce mole

nformation, spatially resolved through MRI (10). Magnetiza
ion preparation is easily incorporated into the SPI-sequen
ampling a single k-space point after each magnetization
pplication. Beyeaet al. have demonstrated (6) that magneti
ation preparation permits accurateT2- and T1-mapping o
amples with short relaxation times. The necessity of wa
or T1-recovery after each sampled point makes this me
ery time-consuming for materials with longT1’s. It seems
ery natural therefore to utilize longitudinal magnetiza
ore efficiently and sample, with SPRITE, a whole line

-space for each magnetization filter application.
In the general case, as longitudinal magnetization evo

uring sampling, our SPRITE technique will be a “transie
tate” imaging method (11). The dynamic approach to stea
tate may cause relaxation blurring and transverse magn
ion oscillations (12, 13) in conventional transient-state sp
arp imaging. With shortT*2 samples, combined with acti
radient spoiling when necessary (8), unwanted and delete
us transverse magnetization is eliminated with the SPR

echnique.
In this paper we outline the use of centric order samp
1090-7807/99 $30.00
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160 MASTIKHIN ET AL.
alf-k-space acquisition, and prepared magnetization with
PRITE technique. We discuss how these ideas influ

mage resolution, amplify sensitivity to magnetization pre
ation, increase signal/noise, and reduce the total acqui
ime.

THEORY

inite Sampling Effects on Image Resolution

Image space is related to reciprocal space through a Fo
ransform operation on a sampled signal which may be e
ng (longitudinal magnetization) as it is acquired.

M~ x, y! 5 F$M~kx, ky!U~t! R~t!%

FIG. 1. (a) Single point imaging (SPI) sequence. The image is p
ncoded with amplitude cycling of the gradient along the imaging ax
ingle point is acquired after phase encode timet p following an RF pulse with
ip angle a. The repetition time is TR. (b) SPRITE imaging sequence.
radient is stepped with an RF pulse at every gradient level. Typically, 64
re employed, each of approximately 0.5–4.5 ms duration. As in (a), a
omplex point is acquired following each RF pulse. The encoding timet p

nd the repetition time is TR. (c) Half-ramp SPRITE sequence, with ac
ion in the primary encode direction beginning at thek-space origin.
e
ce
-
on

ier
v-

he operationF indicates the Fourier transform whileU(t) is
he sampling function. The Fourier transform ofU(t) is the
ampling point spread function (SPSF) and represent
ffect of a finite sampling time.M(kx, ky) is the sampl
agnetization in the absence ofT1 saturation effects. Note th
*2 decay in SPI based methods will merely attenuate the s
(kx, ky). R(t) is a relaxation function which controlsT1

ontrast orT1 blurring in the final image. After Fourier tran
ormation the three functions are convolved:

M~ x, y! 5 F$M~kx, ky!% # F$U~t!% # F$R~t!%.

When an image, matrix sizeN2, is acquired with a field o
iew, FOV, and maximum phase encoding gradient valueGx,

gGxtpFOV 5 pN,

he nominal pixel resolution will beDx, wheret p is the phas
ncoding time:

Dx 5
FOV

N
5

p

gGxtp
.

he Fourier transform ofU(t) is a sinc function, which give
ise to image blurring (14). The SPSF pixel resolution is 21
ore coarse than the nominal resolution:

Dx 5
1.2p

gGxtp
.

elaxation Behavior of Signal during SPRITE

Digital filtering of the free induction decay (FID) is stand
ractice (15) in NMR as a postprocessing step to impr
ignal-to-noise (S/N), at the potential cost of decreased re
ution. We show below that transient longitudinal magnet
ion, in a SPRITE acquisition, modulates the acquired sign
n exponential fashion and acts in a way entirely analogo
n exponential “filter” in conventional NMR.
For steady-state longitudinalMz, all points of k-space ar

qually weighted with a known relaxation parameter,R(t).
volution to a longitudinal steady state during the image
uisition can be avoided by the application of dummy sc
ore commonly, the longitudinal steady state is achieve

he periphery ofk-space prior to the acquisition of significa
ignal intensity.
For the transient-state case, not allk-space points will hav

he same relaxation weightings. Two factors may influence
eighting: residual transverse magnetization andT1-relaxation
ecay during the approach to steady state. Residual trans
agnetization, from previous RF pulses, may result in
anted echoes (16) and consequent image artifacts. For s

ems with T*2 ; 0.05–1 ms,i.e., comparable to or muc
horter than a single acquisition step (0.2–2 ms), res
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161SPRITE MRI
ransverse magnetization is easily suppressed by “pa
poiling” (dephasing by phase encode gradients during a
ition steps) or “active spoiling” (dephasing by spoiler gr
nts).
If gDGxLx TR ! 2p and T*2 $ TR where DGx is the

rimary phase gradient step used for encoding, andLx is
ample length in thex-direction, active spoiling is usual
equired. The spoiling gradient strengthGx,spoil should fulfill

gGx,spoilLxTspoil @ 2p,

hereTspoil is the spoiling time (17). As discussed by Kenned
t al. (8), active spoiling is required only during sampli
round thek-space origin.
Since residual transverse magnetization and unwanted

es are easily suppressed, we now considerMz evolution
uring a SPRITE acquisition.M i is the initial (prepared)Z-
agnetization andM 0 is the equilibrium Z-magnetization
fter the first RF pulse,Mz is equal to

Mz1 5 M iCE 1 M0~1 2 E!.

fter the nth RF pulse,Mz is given by Eq. [2] (13):

Mzn 5 M iC
nEn 1 M0~1 2 E!

1 2 CnEn

1 2 CE
. [2]

Equation [2] may be rearranged, withw 5 (1 2 E)/(1 2
E), and the expression forZ-magnetization after thenth
ulse, becomes Eq. [3]:

Mzn 5 ~M i 2 M0w!CnEn 1 M0w. [3]

The longitudinal magnetization and, consequently, the
ge intensity depend on two separate terms in Eq. [3]. The

erm depends onn and is therefore the transient componen
nfluences image blurring. The second term, independentn,
s the steady-state component. It influences the imageS/N. The
xtent of resolution blurring is therefore determined, not o
y theT1-relaxation time, but also by the ratio of transient-s
nd steady-state components. The parametere reflects the
roportion of transient-state component in the observed si

e 5
~M i 2 M0w!

M0w
5

M i

M0w
2 1.

quation [3] may be rewritten, in terms ofe, with Rn the
elaxation evolution function introduced in Eq. [1]:

Mzn 5 M0~1 1 eCnEn! 5 M0Rn
ive
ui-
-

ch-

-
st
t

y
e

al:

n the absence of magnetization preparation,M i 5 M 0, e 5
1/w) 2 1, and therefore

Mzn 5 M0~1 2 w!CnEn 1 M0w.

he change in longitudinal magnetization with pulses,n, is
nown and therefore one can estimate the influence oMz

ecay, during the acquisition, on resolution. We employ
otation of Vlaadingerbroek and den Boer (11) to represen
nEn in terms of an apparentT1:

CnEn 5 expS2 nTR

Tapp
D

1

Tapp
5 S 1

T1
2

ln~cosa!

TR D . [4]

iven that kx 5 gDGxntp, and hencen 5 kx/(gDGxt p),
ourier transformation of our new function for evolving lo
itudinal magnetization will produce a Lorentzian function

FHexpS2
kx

gDGxTapp

TR

tp
DJ 3 gDGxTapp~TR/tp!

1 1 igDGxTapp~TR/tp! x
.

his function is the point spread function due to longitud
pin evolution during sampling. We term it the “evolut
oint spread function” (EPSF). The linewidth is

DxEPSF5
2

gDGxTapp

TR

Tp
.

Recalling thatGx 5 DGxN/ 2 and comparingDxSPSF to
xEPSF, if our goal is to have evolution blurring smaller th

hat of the SPSF,DxEPSF/DxSPSF , 1:

DxEPSF

DxSPSF
5

NTR

1.2pTapp
5

N

1.2p STR

T1
2 ln~cosa!D .

he constraint ofDxEPSF/DxSPSF , 1 places a limit on th
-space matrix size in the primary phase encode direction
he no blurring case, once TR,T1, and the flip angle ar
etermined:

1

N
. 0.26STR

T1
2 ln~cosa!D [5]

Equation [5] permits one to estimate the limits wher
ynamic approach to steady state begins to decrease reso
y a comparison to the SPSF-limited resolution. Plots o
bserved transverse magnetization for various flip angles
R/T1 ratios are shown in Fig. 2. For TR/T1 5 0.01, 0.02
nd 0.03 and for flip angle5 15°, e is consequently 3.3, 4.
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162 MASTIKHIN ET AL.
nd 5.9 and the transient-state component is more impo
han the steady-state component. Blurring caused by the
ient component will dominate the resolution. For a flip an
f 15°, ln(cosa) 5 0.034, and from Eq. [5], if TR5 0.01T1,

he flip angle becomes the main “evolution parameter.”
The choice of a large flip angle, to obtain more signal,

robably yield a resolution loss as illustrated in Fig. 3. Fora 5
5–200 (TR 5 0.01 T1, N 5 64) a regime where resolutio
uffers has already been reached. An additional limitatio
he use of large flip angles is the bandwidth restriction on
F excitation. This limits our ability to vary the flip ang
uring an acquisition (18) to preventMz evolution which could
therwise decrease this “filter effect” on the image resolu
Note that in the case of a halfk-space acquisition, with th

alance ofk-space reconstructed by symmetry, the evolu
urve will be symmetrical about thek-space origin. While th
eal part of the linewidth is the same as in the case of sam
rom 2N/ 2 toN/ 2, the imaginary part is equal to zero, and
agnitude linewidth is narrower.

ignal-to-Noise and Sensitivity to Magnetization Prepara

Since the image intensity will be principally determined
he low orderk-space points, the sensitivity to prepared m
etization will be increased if sampling begins at thek-space
rigin.
If sampling is performed, beginning from high frequenc

full-ramp SPRITE), theZ-magnetization at thek-space zero i
iven by

Mz~k50! 5 ~M i 2 M0w!CN/ 2EN/ 2 1 M0w. [6]

owever, if centric sampling is performed, thenMz(k50) is
imply the value of the prepared magnetization. This has
mportant consequences. (1) For conventional SPRITE en

FIG. 2. Transient behavior of the observed magnetization during a
rain, according to Eq. [3]. Note that for TR/T1 5 0.01, theErnst angle isa

8° and the signal change is minimal.
nt
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ng, the dependence of the image intensity on the prep
agnetization is much weaker than for centric order enco
onventional, full-ramp images will be greatly influenced
1-recovery as the system comes to equilibrium. (2) The image
/N is principally determined by the prepared magnetiza
or centric order encoding. For conventional, full-ramp enc
ng the imageS/N is determined by the steady-state magn
ation.
This suggests that one can improve both the sensitivi

ny magnetization preparation technique and the imageS/N
sing centric order SPRITE encoding. These ideas have
iously been introduced in various modifications of spin-e
nd gradient echo imaging (19–23), but none of these tec
iques permit the observation of shortT*2 solid-like samples
As an example, with TR/T1 5 0.01 and a 15° flipangle

Ernst angle would be 8°), theS/N for centric order encodin
ill be increased a factor of 3.7 in comparison to seque
rder encoding with Ernst angle excitation. In principle,
arying the flip angle during sampling it is possible to incre
ignal while maintaining resolution (24, 25).

econdary Phase Encode Directions

The primary phase encode direction is defined by
tepped ramp in Fig. 1a. The secondary phase encode gra
ncode orthogonal directions. LetTd be the time for magnet
ation recovery between successivek-space lines (ramps)
he primary phase direction. Longitudinal magnetization e
ution effects in the secondary directions may occur if the d
ime Td is too short. Figure 4 shows how the simulated sig
ehaves, in a secondary dimension, for various delays a
amped acquisition in the primary direction. If one assu
hat Mz has entered a longitudinal steady state by the en

FIG. 3. Blurring vs flip angle, for TR/T1 5 0.01, 0.02, and0.03.
lurring is defined as the condition under which the EPSF becomes wide
PSF. Here the blurring parameter is equal to 0.26[(TR/T1) 2 ln(cosa)]. N is

he number of points in the chosen dimension. Straight lines are plott
eferences for various values of 1/N. One can see that forN 5 64 and flip
ngles exceeding 15°, blurring due to transient effects influences the im

e
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163SPRITE MRI
ach primary phase encodek-space line, then for centric e
oding a discontinuity occurs between the first and se
-space points in the secondary direction. This will influe
he imageS/N by altering the baseline but will not cause ima
lurring. ForTd/T1 5 2 and centric encoding,Mz is close to

ts equilibrium value. The overall image acquisition is ob
usly faster in this case compared toTd/T1 5 5.
If n-fold signal averaging is required, the partial satura

ffects onMz in the secondary phase encode directions
equire that the entire data matrix be acquiredn times sequen
ially rather than the more conventionaln repetitions of acqu
itions of each individual line ofk-space.

alf-k-space Acquisition

During a conventional SPRITE acquisition, phase enc
radients vary from2Gx to Gx and one samples a full line
-space during each magnetization cycle. Centric order en
ng with the SPRITE-technique (half-ramp SPRITE) me
hat one collects data from only one half ofk-space during eac
agnetization cycle. To collect the other half one must re

he acquisition, and this is time-consuming. If magnitude
ges are desired, it is possible to exploit the inherent symm
f k-space (26) to reconstruct the missing data. While ext
ively discussed in the literature, halfk-space imaging is no
ery common in spin-warp imaging. The exact position of
enter of the echo can be difficult to identify and inevita
hase errors occur. Numerous algorithms have been pro

o correct phase distortions in the final image (27–29). These
ethods usually require sampling somewhat more than h

-space.
For SPI-based methods (especially applied to materials

void these problems. Ourk-space data is assembled point
oint and we can exactly identify the zero-phase point.
eptibility, magnetic field inhomogeneity, and other fac

FIG. 4. Simulation of Z-magnetization approaching steady state
econdary phase encoding direction for a (643 64) half k-space centri
ncoding experiment.Td is the delay for magnetization recovery. The flip an
as 15°, TR/T1 5 0.01.
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istorting phase in the case of spin-warp imaging lead on
ttenuation of signal in SPI-based methods.
Half k-space acquisitions do have an inevitableS/N loss

exactly=2) because of fewer independent data points. H
ver, centric order sampling is so advantageous that i
asily produce anS/N increase of more than a factor of
econsidering the previous example, aS/N gain of a factor o
.7 due to centric sampling, even after the “half-k-space
ling loss,” still has anS/N increase 2.6 times greater than
equential sampling. A halfk-space, centric ordered acqu
ion will also have much better preservation of the magne
ion preparation in the final image.

FIG. 5. SPRITE sequences used for imaging with prepared magnetiz
he imaging module is constant (full or halfk-space SPRITE) while th
reparation part may vary. In this case we illustrate a spin lockZ storage
reparation and an inversion recovery preparation. A large variety of p
ation schemes are possible.

FIG. 6. Dependence ofT1r on the applied spin-locking field for polyis
rene. It is seen that for SL fields less than 0.5 G,T1r is small. The SL field
ecomes comparable to local magnetic fields which determine theT1r.
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164 MASTIKHIN ET AL.
Note that while for a full rampk-space acquisition wit
hase encoding, only relative phase changes are significa
half k-space acquisition with reconstruction of the miss

ata prior to Fourier transformation, absolute phase value
mportant. Therefore, after conjugation, if for some reason
pectrometer frequency is misadjusted, one must multipl
onjugated data by a phase difference; otherwise, phas
ortions will appear in the image.

EXPERIMENTAL

The SPRITE technique was implemented on a Nal
Martinez, CA) 2.4 T 32 cm i.d. horizontal bore supercond
ng magnet. A water cooled 7.5 cm i.d. gradient set (maxim
radient strength 100 G cm21) was employed, driven b
echron (Elkhart, IN) 7780 amplifiers. The RF probe wa
omebuilt 32 strut bird-cage coil. It was driven by a 2 kW
MT (Brea, CA) 3445 RF amplifier. All experiments we

FIG. 7. Measurements of T1r for SL fields of 0.1 G which correspond
T1r of 0.72 6 6 ms. Various repetition times TR are employed. (a) M

urements by full-ramp SPRITE. The values derived from the SPRITE im
iffer from the bulk measurements. (b) Measurements by half-ramp SP
here is no significant difference in measurements with various TR value

hey agree with the bulk measurements.
for

re
e
e
is-

c
-

a

erformed at ambient temperature with a Tecmag (Hou
X) Libra S-16 console.
Our philosophy for magnetization preparation follo

losely that of Bluemler and Bluemich (10) with the difference
hat our preparation always involvesZ-magnetization, usual
ith Z-storage for each line ofk-space (Fig. 5).
In our spin lock (SL) preparation experiments, the m

mum SL magnetic field was 2.2 G. Our spin lock phan
as a block of polyisoprene (Aldrich) with relaxation p

ameters as follows:T1 5 145 6 2 ms, T*2 5 1.1 ms
pin-locking was applied in the conventional way (30), that

s, after a(90)x excitation pulse, ay-pulse was applied fo
xed delay to lock spins in theY-direction of the rotatin
rame. Measurements with various SL-delays and SL-
trengths were performed. SL-delays were changed from
o 1.6 ms in steps of 0.4 ms. After SL-evolution, a(90)2x

ulse was used forZ-storage, to conserve the SL-prepa
agnetization as longer lifetime longitudinal magnetizat
or bulk measurements a(90)x pulse was used to genera
n FID. Bulk T1r 2 measurements are incorporated w

maging measurements in Fig. 5. SPRITE acquisitions
oth centric and sequential order encoding were perfor
he phase-encoding timet p was 100 ms and maximum
hase-encoding gradients were 12 G cm21. 1D-64-points
rofiles were acquired with a nominal resolution of 0
m/pixel. Several TR times were used: 0.55, 1.55, 2
.55, and 4.55 ms. These corresponded to 35, 99, 163
nd 291 ms acquisition times for sequential SPRITE wit
cquisition points and 17.6, 25, 81.6, 113.6 and 145.6 m
alf k-space centric order SPRITE. Because theT*2 of
olyisoprene is long, 1.1 ms, compared to the shortest
.55 ms, active gradient spoiling (2 G/cm during 0.3
as after the single point acquisition at each gradient le
For inversion-recovery (IR) measurements, a cylindr

ample, 4 cm diameter, 6 cm height, consisting of poly
lene shell and PVC core was employed. TheT1 of poly-
thylene was biexponential, corresponding to amorp
nd semicrystalline components of 3606 8 ms and 116 1
s, respectively. TheT*2 was 3206 9 ms. TheT1 of PVC
as essentially single-exponential, 1446 6 ms with aT*2 of
62 6 8 ms. For IR-nulling, a 180-pulse was applied wit
elay t before data acquisition. The delay corresponde

he null point of the inversion recovery of longitudin
VC-magnetization (t 5 T1 ln 2 5 100 ms). The imagin
arameters were as follows:t p was 75 ms and maximum
hase-encoding gradients were 12 G cm21 in both direc-

ions, FOVx 5 FOVy 5 7.5 cm, with 643 64 pixels. The
umber of SPRITE half-ramp pointsN was 64/2, with a
ominal resolution of 1.2 mm. The TR was 0.45 ms wit
d for magnetization recovery of 0.9 s. The number
verages was 4, giving a total imaging time of 3 min 5
The resolution phantom was a disk of crosslinkedcis-poly-

utadiene, 4 cm diameter and 0.8 cm thickness, with relax
arametersT1 5 221 6 9 ms, T*2 5 336 6 12 ms. The

-
es
E.
nd
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165SPRITE MRI
maging parameters were as follows: encoding timet p 5 100
s, gradient strengthGx 5 Gy 5 12 G/cm, FOVx 5 FOVy 5
.6 cm, 643 64 pixels, with the number of SPRITE ram
oints N 5 64 (32 for halfk-space sampling). The nomin
esolution was 0.88 mm. The SPSF resolution was 1.213 0.88
m 5 1.06 mm, TR/T1 5 0.01, with a Td 1.1 s for magne

ization recovery. Eight averages were acquired for a
maging time of 9 min 20 s.

FIG. 8. (a) Half-SPRITE image of a composite cylinder with a PVC c
b) Half-SPRITE image of the same sample with IR nulling (the delay,T1PVC

t the same scale. One can see that the PVC signal is totally removed by
al

RESULTS AND DISCUSSION

In our original SPRITE paper (5) transient state effects we
oted in the contrast of samples withT1-relaxation times on th
rder of the duration of the primary phase encode ramp. I
heory section we have provided a theoretical explanatio

ransient longitudinal magnetization effects in SPRITE im
ng and explained how transient effects should influence

and polyethylene shell without IR nulling. The PVC signal dominates th
, is 99 ms). No PVC signal is observed. (c) Cross-sections of the two im
nulling while the polyethylene signal has a decreased intensity. Pixel si1.2 mm.
ore
ln 2

IR
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ared magnetization and image resolution. A variety of
-space centric and fullk-space sequential sampling SPRI
mages of realistic materials were acquired to validate
dvantages of SPRITE for solid-like materials.
SPRITE imaging of solid-like materials, with prepared m

etization, is conceptually similar to liquid-state snaps
LASH imaging (31). Magnetization-prepared FLASH pe
its acquisition of an entire line ofk-space for each excitatio
ulse and, in principle, 2Dk-space for each magnetizati

FIG. 9. Half-ramp SPRITE images of a resolution phantom made fro
rom top left); the same dynamic scale is used for image presentation. B
ight panel shows a schematic of the phantom with characteristic sizes
lf

e

-
t

reparation. SPI-based methods, however, permit only
oint of k-space to be acquired for each excitation pulse
onsequently, one line ofk-space for each magnetization pr
ration. Although the SPRITE technique permits shorter

imes than SPI, there are still restrictions on the overall im
cquisition time due to gradient rise times, as well as gra
oil and amplifier duty cycles. Our imaging system require
east 200ms per gradient step for gradient stabilization.
cquire one half-line ofk-space therefore requires at least

rosslinked polybutadiene. The pulse flip angles were 15°, 20°, and 30°
signal-to-noise and resolution blurring increase as flip angle increasesThe bottom

the voids indicated.
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167SPRITE MRI
s for a 64-point line. This restricts the applicability of
echnique to materials withT1 no shorter than 10 ms. For ev
horterT1’s one could return to a simple SPI sequence
apidly switched gradients and apply a spin preparation
achk-space point.
Theory shows that magnetization evolution during samp
ill be most severe for samples with their initial magnetiza
ubstantially altered from the equilibrium value. Therefore
pin-lock magnetization preparation test experiments a
pin lock field (0.1 G) was chosen for our sample whereT1r

as already short (0.726 6 ms) (Fig. 6). For thisT1r, the Z
tored magnetization after the longest spin lock delay (1.2
as less than 20% of the equilibrium magnetization. Bulk

mage derivedT1r results are displayed in Fig. 7 for (
equential order and (b) halfk-space centric order encodin
or the centric order encoding experiments the observeT1r

alues coincide with the bulk measurement for all TRs w
hey systematically diverge from the bulk value with seque
rder encoding at long TRs.
Nulling chosenT1 populations through an inversion reco

ry (IR) preparation is an attractive modification of
PRITE experiment that will greatly increase image contra

s also a preparation technique, which is anticipated to hav
reatest transient effects on the image resolution. Image
ylindrical PVC, polyethylene composite phantom are sh
n Fig. 8. One image (Fig. 8b) shows that the PVC poly
ignal from the phantom is easily nulled by the choice o
ppropriate delay after an inversion pulse with halfk-space
entric encoding. The other image (Fig. 8a) is a control wit
nversion recovery magnetization preparation. The PVC s
n Fig. 8a is much greater than of polyethylene; however,
ompletely suppressed after IR nulling in Fig. 8b. Cro
ections through the image centers are displayed in Fig. 8c
etailed contrast and resolution features of the genera
ulling experiment will be the subject of a separate comm
ation.
As with all SPI type experiments, one must consider

ulse bandwidth when comparing the results of images
uired with different flip angles. In this work the typic
80°-pulse length was 55ms. For maximum gradients of 12
m21 the required excitation band wasgGmaxL/ 2 5 100 kHz,
here L again is the characteristic size of a sample.

ongest RF-pulse homogeneously irradiating the sample
herefore approximately 10ms. This corresponds to a flip ang
f 33°. The upper limit to the pulse flip angle in this work w

herefore fixed at 30°.
To examine pulse flip angle effects on image intensity

esolution, a series of experiments, centric encoding,
ndertaken with a crosslinked polybutadiene phantom. F
shows representative two-dimensional images of the p

om acquired with 15, 20, and 30° flip angles. The images
isplayed with a common gray scale. According to Eq.
ith the imaging and sample parameters chosen, reso
ill be degraded once the flip angle exceeds 20 degrees.
h
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hat blurring increases with flip angle, in the direction of
rimary phase encode gradient. For a more detailed ana
ross-sections in the SPRITE direction of the images are
layed in Fig. 10. The cross-section goes through a 2-mm

n the phantom and it is seen that resolution decreases
ip angle increases. The overall shape of the profiles is i
ical, which means that irradiation of the sample is homo
eous and blurring can be ascribed to transient state e
lone. (Any visual differences are due to differences in si
mplitudes; after normalization the shapes are the same
To estimate theS/N improvement with centric encodin

hantom images with a halfk-space acquisition (imaging p
ameters as above, flip angle5 15°) and a fullk-space acqu
ition (imaging parameters as above, but flip angle5 8°) were
ompared. Profiles through the center of the sample are s
n Fig. 11. The experimentalS/N ratio of the two images wa
.5, in favor of the centric halfk-space image. The predict
alue was 2.6. The increasedS/N could be used to decrease
umber of averages by a factor of (2.6)2 ; 6–7 to attain th
ameS/N as for conventional SPRITE imaging. If one co
ines the halfk-space acquisition with delaysTd of less than 5
1, it yields a reduction in the acquisition time for imaging
olid-like materials with magnetization preparation techniq
f greater than a factor of 10 in comparison to conventi
agnetization-prepared SPRITE.

CONCLUSION

We have demonstrated in this work that centric order
oding applied to a SPRITE acquisition significantly increa
he S/N while permitting the use of any magnetization pre
ation technique without degrading, within bounds, image
lution. For materials with shortT*2, transverse magnetizati

s easily spoiled, and this allows us to estimate the trans
tate longitudinal magnetization behavior and its influenc

FIG. 10. Cross-sections of the resolution phantom images of Fi
hrough a 2-mm hole. Note that resolution decreases as the flip angle inc
he pixel size is 0.88 mm.
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168 MASTIKHIN ET AL.
patial resolution. One is able therefore to rationally tr
esolution for increasedS/N as desired.

A half k-space acquisition for SPI-based methods
chieved with minimal phase correction. The increasedS/N
ermits a reduced number of signal averages, and hence
cquisition time decrease of a factor of 10 when compare
onventional SPRITE with prepared magnetization. If sig
veraging is not required, the centric halfk-space acquisitio
ives a noticeable increase inS/N with a decreased acquisiti

ime.
One very practical advantage of the halfk-space centri

ncoding strategy with SPRITE is that it removesT1 as a facto
n the image intensity. It is introduced instead as a fa
ontrolling image resolution.
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