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A pure phase-encoding MRI technique, single-point ramped
maging with T1 enhancement, SPRITE, is introduced for the
urpose of gas phase imaging. The technique utilizes broadband
F pulses and stepped phase encode gradients to produce images,

ubstantially free of artifacts, which are sensitive to the gas T1 and
*2 relaxation times. Images may be acquired from gas phase
pecies with transverse relaxation times substantially less than 1
s. Methane gas images, 1H, were acquired in a phantom study.

ulfur hexafluoride, 19F, images were acquired from a gas-filled
orous coral sample. High porosity regions of the coral are ob-
erved in both the MRI image and an X-ray image. Sensitivity and
esolution effects due to signal modulation during the time-effi-
ient acquisition are discussed. A method to increase the image
ensitivity is discussed, and the predicted improvement is shown
hrough 1D images of the methane gas phantom. © 1999 Academic

ress

Key Words: SPI; SPRITE; gas imaging.

INTRODUCTION

While intuitively appealing, gas phase MRI has not b
ctively pursued until quite recently due to a variety of te
ical challenges which have hindered development of ap
riate imaging methods. The most obvious problem is the
pin concentration, reflected in poor image signal-to-nois
ios. In addition, rapid molecular diffusion of gases (the di
ion coefficient is typically five orders of magnitude larger t
n the liquid phase) through magnetic field gradients may y
ignificant signal attenuation. Perhaps more importantly, p
tomic gases containing spin-1

2 nuclei have relaxation time
hich are dominated by the spin-rotation interaction (1, 2)
hich is associated with the electronic structure, magn
oment, of the molecule. Short relaxation times, typicall

he order of milliseconds, are frequently observed as a res
he interaction between the nuclear spin and fluctuating
ramolecular magnetic fields produced by rapid molecula
ation (modulated by collisions). The inherently shortT2 re-
axation time, combined with additional signal loss due

olecular diffusion through imaging field gradients, seve

1 To whom correspondence should be addressed.
324090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
n
-
o-
w
a-
-
n
d
y-

ic
f
of
-
-

y

estricts the use of spin and gradient echo based ima
ethods. Nevertheless, fastT1 relaxation is an opportuni
hich allows for short repetition times and extensive sig
veraging.
In the past few years, gas phase imaging has been exp
ith two very different experimental methods. Projection
onstruction techniques, introduced by Lauterbur (3), have
een explored by Kuetheet al. (4) to image inherently hig
ensitivity nuclei (fluorine) in the gas phase. Kuetheet al. rely
n rapid signal averaging to achieve acceptable signal-to-n
he rapid transverse relaxation of the gas phase speci
uires RF excitation in the presence of the frequency enco
agnetic field gradient. Not only does this introduce a l
idth restriction on resolution, the spectrometer deadtime
ents detection of thek-space origin data. Contrast in proje
ion reconstruction MRI gas phase images will be depende
ocal gas densities and theT1 relaxation time.

The alternative, and more popular, gas phase imaging
ality employs largely conventional MRI imaging techniq
ith spin-hyperpolarized noble gases (5–9). The laser hyper
olarization process creates a nonequilibrium magnetiz
hich may be greater than the equilibrium thermal mag
ation by a factor of 104. These imaging methods, which ha
rimarily found application imaging lung structure and fu

ion, are restricted to3He and129Xe noble gases. The sphe
ally symmetric electron density surrounding these nuclei
ludes spin rotation relaxation and yieldsT1 relaxation times
n the pure gas phase, of many hours. LongT1 relaxation time
re required for successful hyperpolarized gas imaging be
egression to thermal equilibrium is governed by theT1 time
onstant. In realistic porous media, or untreated storage
els, with significant surface relaxation effects, thermal m
etization will rapidly be reestablished and the hyperpola

ion advantage lost.
In this work we present a new way to image gases

reliminary account of some aspects of this work was rec
eported (10). The technique, called SPRITE, single-po
amped imaging withT1 enhancement (11), is based on th
ingle-point imaging (SPI) technique (12). Pure phase enco
ng with SPI (13) eliminates many of the difficulties encou
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ered with shortT*2 systems (11). A series of recent repor
ndicates the scope of the technique. Applications to ma
ciences are reported through studies on cement and co
14, 15), polymers (16, 17), compact bone (18), and wate
dsorption in zeolites (19). This near-silent technique is able
enerate images which may have quantitativeT1, T2, T*2, T1r,
r spin density contrast (11, 14, 17). One of the advantages

he use of the technique is the almost direct implementati
xisting imaging scanners, with minimal hardware modifi

ions. Although single-point methods may suffer from lo
cquisition times, ramped magnetic field gradients (SPR
nd considerations of repetition time effects on the resolu
nd signal-to-noise ratio (17) have resulted in a great tim

mprovement. A recent book chapter describes the rang
pplicable systems and compares the SPRITE method to
hortT*2 imaging techniques (20).
Unlike projection reconstruction techniques, SPRITE is ab

ample thek-space origin with high precision.K space is sample
n a rectilinear fashion and data regridding is not required pri
ourier reconstruction. SPRITE gas phase imaging is no
tricted to noble gases with longT1 relaxation times and th
echnique does not have a linewidth restriction on resolution
echnique is able to exploit the shortT1 relaxation times which ar
ommon due to spin rotation relaxation in gases and benefit
nhanced relaxation due to surface interactions.
Diffusion effects in SPRITE can be estimated (21, 22) and

onsequently it is shown in the present report that, once
mage field-of-view is chosen, optimum ways of setting

aximum amplitude of the phase encoding gradient and
ncoding time can be computed. A separate section pres
iscussion on this matter. The restricting factors for the
cquisition time are also discussed in this work.
Under Results, examples of one- and three-dimensiona

on and fluorine gas imaging are presented. A discussio
agnetization preparation forT1 andT2 contrast (14, 15) and
ew considerations on SPRITE centrick-space sampling (17)
re presented elsewhere.

SINGLE-POINT IMAGING CONSIDERATIONS

ampling

Single-point imaging is a pure phase encoding MRI met
he signal is acquired at a timet p after the RF excitation puls

12). In the case of a short signal lifetime, the excitation
cquisition are performed in the presence of phase enc
radients.
With a constant encoding time, the signal for a one-dim

ional profile is proportional to

S~k, t! 5E
2`

`

expF2
tp

T*2~ x!GR~ x, t!r0~ x! exp~i2pkx!dx,

[1]
al
rete

in
-

)
n

of
her

to

o
e-

e

m

he
e
e

ts a
al

o-
of

d.

d
ng

-

ith k 5 g/ 2p * 0
tp G(t9) dt9 andg the gyromagnetic ratio o

he nuclei under study.R( x, t) is a function that depends on t
odulation of the signal during the acquisition. Note that f

mall number of scanned points,n, the difference betwee
ummation and integration over all pixels in real space aj
umber in reciprocal space may be significant.
Only the case of constant gradient during the encoding

s considered here; then* 0
tp G(t9) dt9 [ G tp. The acquisition

rocess is repeated withn gradient steps between2Gmax and
Gmax [k 5 ( j 2 n/ 2)/Dx, 0 # j , n (full k-space

ampling)], where the field-of-view,Dx 5 pn/gt pGmax, is
etermined after Fourier transformation of thek-space signa
otice that in spite of the constant encoding time, the ma

ization evolution during the fullk-space scanning is reflect
n the explicit time dependence of the signal,S(k, t). With no
reparation pulses and if diffusion and saturation effects ca
eglected,R( x, t) 5 1 andS(k, t) 5 S(k).
The T*2 term in Eq. [1] dominates when scanning at

enter ofk space. However, as the field gradients are in
ented, the spin dephasing due to the gradient becomes

han the spin–spin dephasing, resulting in the predominan
he last term of the integral factor.

Figure 1 shows a three-dimensional SPRITE pulse sequ
uring the measurement the gradient is rapidly switched
tepwise manner (11) and consequently longitudinal magne
ation evolution may significantly modulate the signal du
he gradient ramp. The resulting convolution may cause im
lurring. The magnetization time evolution is considered

FIG. 1. Three-dimensional SPRITE pulse sequence. The RF pulse
pplied with a repetition time TR, and the acquisition is performed at a timt p

fter each excitation. The minimum encoding timet p is determined by th
nstrument deadtime. A single point at constantt p is acquired as a function
radient amplitude, making this a pure phase encoding technique. A sign
elay time between each successive ramp of the primary phase en
radient may be required for gradient cooling.
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326 PRADO ET AL.
ntroducing the time variable:t 5 j TR, where TR is th
epetition time for the RF excitation or equivalently the gra
nt step duration andj is the sampling number. This leads

S~ j ! 5 E
2`

`

expF2
tp

T*2~ x!GR~ x, j !r0~ x!

3 QS U j 2
n

2
U DexpS ij 2p

x

DxDdx,

[2]

hereQ is the pulse function defining thek-space samplin
ize:

QS U j 2
n

2
U D 5 H1 0 # j , n

0 j , 0 andj $ n . [3]

Prior to a more detailed analysis presented in the follow
ections, a situation where the diffusion coefficient and
elaxation times are not space dependent is considered
erm corresponding to theT*2 decay will produce signal atte
ation without blurring. Then

S~ j ! } R~ j !S0~ j ! 5 RT1~ jTR! Rdiff~ j !S0~ j !, [4]

here RT1 ( jTR) represents the longitudinal magnetiza
volution effect,Rdiff ( j ) is the diffusion modulation andS0( j )

s the signal with only sampling modulation,

S0~ j ! 5 QS U j 2
n

2
U D E

2`

`

r0~ x! expS ij 2p
x

DxDdx. [5]

Sources of signal intensity modulation on thek-space sam
ling produce a filter-like effect on the real space ima
ecause the image is determined by the convolution of the
istribution and the Fourier transform of the modulation fu

ions, the final resolution results from the largest width o
ransformed functions. In particular, the sampling wind
esolution is the Fourier transform ofQ(u j 2 nu), which is
roportional to sinc((pn/Dx) x) and whose corresponding f
idth at half-height is

FWHHk 5 1.2
Dx

n
, [6]

hereDx/n is the pixel size.
As shown below, the FWHH, corresponding to any of
entioned factors, can determine the image resolution. I
ext two sections, modulations due to molecular diffusion

ongitudinal relaxation duringk-space sampling are analyz
-

g
e
he

.
in
-
ll

he
d

iffusion Effects

The characteristic high molecular mobility in the gas ph
requently plays an important role in the image resolution
ensitivity.
Molecular diffusion in the presence of magnetic field gr

nts produces an irreversible attenuation which modulate
-space signal, restricting the manipulation of the pulse
uence parameters. When the magnetic field inhomogene

inear, the attenuation results in (22–24)

Rdiff 5 expS2
Dg 2G2t p

3

3 D , [7]

hereD is the diffusion coefficient. This modulation is ind
endent of the profile order and can be written as

Rdiff~ j ! 5 expF2S j 2
n

2D
2 4Dg 2Gmax

2

3n2 t p
3G

5 expF2S j 2
n

2D
2 4p 2D

3Dx2 tpG , [8]

howing that once the field-of-view and the number of po
re chosen, the shortest encoding time produces the min
iffusion effects.
Based on the linewidth (FWHH) of theRdiff ( j ) Fourier

ransform, the resolution is reduced by the diffusion mod
ion when

FWHHdiff

FWHHk
> 1.6

nÎDtp

Dx
. 1, [9]

r equivalently,

tp . 0.39
Dx2

n2D
. [10]

Using Einstein’s equation and considering isotropic di
ion, the mean square molecular displacement during th
ervation time can be estimated by^dxdiff

2 (t p)& 5 2 D t p. The
mage is blurred by diffusion if

SDx

n D , 1.3Î^dxdiff
2 ~tp!& . [11]

his shows the expected result, namely that the resoluti
oarser due to molecular diffusion when the mean sq
isplacement during the phase encoding time is of the ord
r larger than, the sampling pixel size. Therefore the s
ncoding times in the SPRITE sequence are a major adva
nd indeed it is possible to rationally choose an encoding
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327MAGNETIC RESONANCE IMAGING OF GASES
p to minimize diffusion effects given an estimate of the
usion coefficient and nominal pixel size. Note that since
-space origin in SPRITE is acquired in the absence of m
etic field gradients, diffusion through imaging field gradie
oes not attenuate the image intensity, contrary to the ca
radient and spin echo imaging methods. Cory has discu

he sensitivity and resolution comparison of frequency en
ng and pure phase encoding for liquid state microsc
21, 22).

1 Relaxation Effects

Intensive signal averaging is frequently required in S
ased methods in order to overcome signal-to-noise lim

ions. This may result in a lengthy acquisition, unless a s
epetition time is used. Thus, image resolution and sensi
ffects by longitudinal magnetization evolution during
cans must be thoroughly assessed.
In a SPRITE pulse sequence, the repetition rate is limite

he gradient amplifiers duty cycle rather than the grad
witching time, allowing for a significant reduction in t
verall k-space scanning time. Strong gradient set mecha
ibrations produced during an SPI acquisition are elimin
y the small gradient field changes implemented in the SPR
equence.
Assuming a complete dephasing of transverse magnetiz

uring the repetition period, the measured longitudinal m
etization for the orderj pulse is (25)

M~ j ! 5 Mss1 ~M init 2 Mss!expS2j
TR

T1app
D , [12]

here the apparent relaxation time has been defined as

T1app5
T1

1 2
T1

TR
ln(cosa)

, [13]

nda is the flip angle determined by the RF pulse durationa.
he observed magnetizationM init in Eq. [12] is the magnetiza

ion for j 5 0, andM ss is the steady-state or asymptotic va

Mss5 M0

1 2 expS2
TR

T1
D

F1 2 expS2
TR

T1
D cosaG sin a, [14]

ith M 0 the equilibrium magnetization. The pulse durationta,
s limited by the condition of uniform excitation of the ent
ample so that
e
g-
s
for
ed

d-
y

-
a-
rt
ty

y
t

al
d
E

on
-

ta >
1

bandwidth
#

4p

gGDx
. [15]

Using Eqs. [12] and [14], the longitudinal relaxation m
lation effect during thek-space scanning can be written a

RT1~ jTR! 5 1 1 e expS2j
TR

T1app
D ; e 5

M init

Mss
2 1. [16]

n the absence of magnetization preparation through du
cans or other pulses (17), M init 5 M 0 sin a, and

e 5
1 2 cosa

expSTR

T1
D 2 1

. [17]

The sensitivity factor, i.e., signal-to-noise per unit of time
roportional toM ss while e represents the relative signal inte
ity affected by magnetization evolution blurring. A small
ngle causese ' 0 and RT1 ( j TR) ' 1, in which case n
istortion is produced in the image.
For large flip angles and/or short repetition times thee factor

n RT1 ( j TR) becomes significant. In a sequential profile or
he T1 modulation resolution is computed by the linewidth
ts (Lorentzian) Fourier transform

FWHHT1 5
DxTR

pT1app
. [18]

his simple relation shows that when the condition [19] is m
he image resolution is affected by the longitudinal magn
ation evolution during the scan (17),

TR

T1
.

p

n
1 ln(cosa). [19]

n the other hand, as TR increasese decreases and the sig
ffected by this resolution rather than the sampling pixel
ecomes small. When repetition times are shortened, an

ess the flip angle is reduced accordingly, the transient
ominates,e @ 0 andM ss ! M 0, so the sensitivity loss wou
e severe and further discussion of the resolution factor
ecome irrelevant. For a 128-pixel image the relation of

19] is achieved for flip angles greater than 12°.
If the sensitivity is dictated by the steady state term,

s5 s0

Mss~TR, a!

ÎTR
, [20]

here s0 is a normalizing constant. The denominator stand
he variation in the number of scans as TR is changed ke
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328 PRADO ET AL.
he overall acquisition time constant. In order to maximize
ensitivity, an increase in the number of averaging cycles
e accomplished by reducing TR while following the optim
ngle condition. When no spoiling is applied, TR of the o
nd shorter thanT2 introduces oscillatory transients and th
nwanted echoes.
While the molecular diffusion effect is driven by the cho

f encoding time, the longitudinal magnetization evolu
ffect is driven by the excitation pulse rate. This makes
esolution and sensitivity considerations for the SPI me
ssentially different from those of spin-echo imaging te
iques. Moreover, a clear advantage of the SPI-based
ique is reached when the gradient switching time is of
rder or longer than the transverse relaxation time of
ample.
Increased contrast in a heterogeneous sample ma

chieved by manipulation of the initial magnetization (26) and
y centric order acquisition (17).

FIG. 2. SPRITE with multiple-point average. A four-data-point collect
s shown, where each acquisition is separated by an intervalDt. The field
radients, omitted in the figure, were switched in the same fashion as pre

n Fig. 1.

FIG. 3. Methane gas phantom. The 32-mm id glass container had a T
ap and spacers. The central piece has three 2-mm and three 3-mm g
eparated by 2-mm walls. The overall gas volume could be varied by
ifferent end caps.
e
an

r

e
d
-
h-
e
e

be

ultiple-Point Averaging

A significant sensitivity increase can be accomplished b
lternative acquisition modality, the imaging by multiple-po
verage, MPA. For each gradient step, a series of data po
ollected instead of a unique value (27). The sampling resolu
ion is dictated by the shortest phase encoding time, whil
eld-of-view is limited by the longest encoding time. The to
ampling interval should be brief, as discussed below. Fig
isplays the MPA sequence for a 4-point acquisition. After

our separated images are produced, the data points are
olated to a common grid and a unique image is obtaine

ntensity averaging. This approach gives an approxima
wofold sensitivity increase.

Phase cycling during each gradient step is not perfor
ecause only phases relative to the RF pulse can be atta
All images obtained during this sequence present the

1 relaxation modulation effect. For molecular diffusion driv
esolution, following the discussion presented above, the
lution corresponding to the individual images is

SFWHHdiff

FWHHk
D

i

5 ~0.51g ÎD Gmax!t pi

3/ 2; [21]

he i value labels the collected points. This indicates tha
pite of the actual pixel size reduction, image blurring
resent for fast molecular diffusion specimens. Thus, w
oints are scanned at longer times, the signal intensity los

mage blurring should be estimated.
The receiver bandwidth is not relevant for the basic

PRITE method but the filter width should be carefully e
ated for MPA experiments. In order to benefit from the M

ted

on
ves,
ng

FIG. 4. Photograph of the brain coralDiploria labyrinthiformis. The
ighly porous coral sample has structure at a variety of length scales
ndulating fissures in the coral surface reveal high porosity, low de
tructures which penetrate the coral interior.
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329MAGNETIC RESONANCE IMAGING OF GASES
odality, the inverse of the data collection interval, 1/Dt p,
hould be less than the receiver filter width. Otherwise
ignificant difference would be noticed among the individ
mages (noise is not random between points), aside from
iscussed resolution effect and the attenuation when the
al is significant compared toT*2. The receiver filter is set t
over the frequency range determined by the maximum g
nt strength,nrec 5 gGmaxL/ 2p, with L the distance from th
enter of the image to the most distant object point.
Setting the optimal receiver filter results in a reduction of

ignal noise, but MPA produces a further SNR increase,
hen the receiver filter is wider than the frequency sprea

he object. The longest encoding time,t p 5 t p max, determine
he smallest field-of-view, whereL ; Dx/2 andnrec 5 n/4tp max.
nder optimum sensitivity conditions,t p 5 T*2/ 2 (21), the time

nterval is selected based on

tp @ Dtp .
4tp max

n
. [22]

TABLE 1
Effect of Repetition Times on the Steady-State Magnetization,

Mss, and Image Sensitivity, s, for a Flip Angle of a 5 50°

TR/T1 M ss/M 0 s(TR/T1)/s(TR/T1 5 2)

0.5 0.49 1.3
1 0.63 1.2
2 0.73 1

Note.See Eq. [14]. As TR changes, the number of pulses varies to ma
constant imaging time.

FIG. 5. X-ray-positive image of a 0.5-cm slice of coralDiploria labyrint
urface features of Fig. 4 appear as radial channels from the coral inte
o
l
he
er-

i-

e
en
of

It should be noticed that only when the condition [22] is
n=m-fold increase in the sensitivity is achieved, wherem is

he number of scanned values per gradient amplitude. Cov
large time interval to extract localT*2 information is no

erformed because of the field-of-view restriction determ
y the change of encoding time under the same field gra
amp.

EXPERIMENTAL

A homebuilt 32-rod birdcage resonator (28) in a 2.4-T
2-cm horizontal bore superconducting magnet (Nalorac C
enics Inc., Martinez, CA) was used. The probe was drive
2-kW RF amplifier (AMT, Brea, CA); its resonance range

o 100 MHz) allowed for tuning at both fluorine and pro
requencies. A water-cooled 7.5-cm id gradient set gene
aximum gradients of 20 G/cm with a Techron 7780 ampli
xperiments were controlled by a Tecmag (Houston,
ibra S-16 console. Pulse sequence generation and dat

ection were controlled by MacNMR software.
Two gases were imaged in this study: methane (CH4, Air

iquide) and sulfur hexafluoride (SF6, Canadian Liquid Ai
td.). The latter is an inert, nontoxic gas (4). In order to avoid
purious signal, the resonance probe holder and shieldin
erials are constructed to provide proton- and fluorine-
onditions, as required.
Methane gas was imaged inside a glass bottle with a T

hantom (Fig. 3). The 32-mm od cylindrical phantom had t
-mm and three 3-mm grooves, all separated by 2-mm w
he fluorinated gas was imaged inside a 303 30 3 50 mm3

rain coral Diploria labyrinthiformis (Linnaeus) from Ber
in

rmis (same colony as in Fig. 4). In this plane, the high porosity, low de
to the surface (top of figure). The X-ray image has magnification31.
hifo
rior
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330 PRADO ET AL.
uda (29). A photograph of the original coral used for t
nvestigation is shown in Fig. 4 and an X-ray-positive imag

5-mm slice is displayed in Fig. 5.

RESULTS AND DISCUSSION

ethane SPRITE

Methane was chosen as our prototype1H gas. Bulk relax
tion times were measured:T1 5 24 6 1 ms,T2 5 13.5 6

FIG. 6. SPRITE one-dimensional magnitude profiles of methane g
he phantom of Fig. 3,Gmax 5 1.5 G/cm, t p 5 820 ms. Flip angle is kep
onstant, (a) 32 scans with TR5 2 T1. (b) Same number of scans as in (a) w
R four times shorter, presenting lower signal-to-noise ratio and lower s

ivity. (c) Four times more scans than (a) but same overall acquisition
esulting in a clear sensitivity increase.
f

.7 ms, andT*2 5 1.6 6 0.1 ms in the phantom of Fig.
ffects of the longitudinal relaxation during the gradient ra
re predicted based on the discussion presented above.
ulse, 50° flip angle, is applied in the presence of the grad
max 5 1.5 G/cm, meeting the condition stated in Eq. [15]

he highly sensitive proton-free birdcage resonator, pro
rom air are detected. This was confirmed by producin
rofile of the probe signal without the sample and then pu

ng nitrogen gas into the gradient set. A clear signal reduc
n the latter case is observed.

For this particular methane gas imaging example, pro
an be produced with comparable sensitivity by spin-e
echniques, but the optimum diffusion resolution is coa
han in the SPI case (21).

For a SPRITE 128-point profile, and following Eq. [19], ima
lurring is predicted even with short repetition times. On the o
and, for TR. T*2 the smalle factor in Eq. [17] indicates that th
nal image resolution is dictated by the sampling size. Value
R , T1 result in low steady-state magnetization, but a maxim
ensitivity is reached at TR/T1 5 0.42.
Table 1 indicates that, in spite of the steady-state mag

ation decrease with the repetition time, the image sensi
ncreases as the number of scans is proportionally increm

in

si-
e,

FIG. 7. Methane one-dimensional profiles obtained with 32 averages
otal acquisition time was 23 s. (a) 64-step SPRITE acquisition. (b) 8-p
4-step multiple-point average acquisition with a 30-ms interval betwee
cquisition points, showing a factor 2.3 sensitivity gain.Gmax 5 1.5 G/cm,t p

alues are 820 to 1030ms.
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n order to achieve the same total acquisition time. This
ests the use of shorter repetition times. The last colum
able 1 displays the sensitivity relative to large TR values.
eference TR/T1 5 2 was arbitrarily chosen.

Figure 6 shows the profiles corresponding to two of the c
isted in Table 1. Optimum signal-to-noise and resolution
ttained for TR/T1 ' 0.5 (Fig. 6c), with the same da
ollection time as for the profile shown in Fig. 6a. The pro
n Fig. 6b presents lower signal-to-noise than the one
R/T1 5 2 and lower sensitivity than the one with 128 sca
If a diffusion coefficient of 1 cm2/s is assumed for the ga

ollowing Eq. [9], FWHHdiff ' 0.6 FWHHk, indicating that the
mage does not present additional blurring caused by the
ecular diffusion modulation. In order to test this effect du

olecular diffusion a series of profiles was obtained w
onger encoding times (see Eq. [10]), incrementing the gra
trength to keep the field-of-view unchanged. No effect
bserved for a range up to 4 ms, where the signal los

ransverse relaxation becomes severe.
To show the benefits of the MPA technique, an 8-point ac

ition was obtained. ADtp 5 30ms delay between collected poin
as chosen to follow the condition indicated in Eq. [22]. Figu
hows the profiles for a 1-point SPRITE result and the ave
fter interpolation, of the MPA profiles. Notice the higher se

FIG. 8. Bulk 19F measurements of sulfur hexafluoride (a)T1 and (b)T*2
elaxation times as a function of the gas pressure. Dashed curves are dr

guide to the eye.
g-
in
e

es
e

h
.

o-

nt
s

by

i-

7
e,

i-

ivity accomplished. Given the difference in the encoding tim
n 11% decrease of the signal intensity between the first an

mage is observed due toT*2 decay.

ulfur Hexafluoride SPRITE

The natural abundance of19F (100%) and its high gyroma
etic ratiog19F/g1H 5 0.941; absolute sensitivity5 0.83) make
ulfur hexafluoride a good candidate for the present study
rst test was performed by pumping the gas into a Plex
ontainer, while monitoring the pressure. Figure 8 shows
ressure dependence of the19F T1 and T*2 relaxation times
ith this knowledge, the repetition times of the SPR

xperiment can be optimized. When the gas fills a heter
eous sample or is mixed with another gas, the relaxation
hould be reevaluated. According to Eqs. [14] and [18] and
esults presented in Fig. 8, as the pressure of the gas is v
esolution and sensitivity effects change significantly. Fo
tance, for 90° flip angles and TR/T1 5 1 at 1 atm the
teady-state magnetization is doubled when the pressu
ncreased to 2.5 atm.

Gas phase SPRITE is likely to find a niche in studies
tructure and dynamics of porous media. Therefore we
hosen a model porous limestone, a coral, as a realistic im
hantom. Coral is advantageous, in part, because of the
ange of structure, at various length scales, which are re
pparent in Figs. 4 and 5. A coral sample was placed ins
ubber balloon. The balloon was inflated and emptied of
ample gas several times in order to attain high purity condit
he final pressure was kept slightly above atmospheric valu
Although no dramatic changes in the relaxation param

re expected given the large size of the coral voids,

n as

FIG. 9. Cut, surface rendered 3D19F image of sulfur hexafluoride dist
ution inside a gas-filled coral sample. The coral sample was placed in
alloon enclosure. The rounded end of the balloon is visible at left, the
eck at right. The encoding timet p 5 320ms,Gmax 5 1.5 G/cm,a 5 50°, and
R 5 1.3 ms. The low-intensity radial channels (high porosity) of Fig
ppear in the MRI image as high signal radial channels with a si
eometry. Note the MRI sample is much smaller than the sample of Fi
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elaxation times were measured in order to set the appro
maging parameters. An encoding timet p 5 320ms was chose
o obtain optimum sensitivity with the observedT*2 value of
00 ms. The maximum gradient strength of 1.5 G/cm allow

or excitation pulses ofta 5 25 ms (a 5 50°) and a repetitio
ime TR 5 1.3 ms, without significant resolution loss for
easuredT1 5 1.79(8) ms.Although FWHHT1 @ FWHHk

Eq. [18]), the contribution from this poor resolution to
nal profile is small when compared to the sampling
esolution (Dx/n 5 2.5 mm) contribution. As computed
q. [14], the steady-state magnetization is 60% of the equ

ium value. No diffusion-based blurring is predicted fo
iffusion coefficient less than 80 cm2/sec (Eq. [11])!
Under these conditions a three-dimensional 643 64 3 64

mage was obtained at a 6 min/scan rate. Figure 9 show
endered and cut 16-scan three-dimensional image with a
f-view of 163 163 16 cm. Note that the high porosity rad
hannels in the coral, which show minimal intensity in
-ray-positive Fig. 5, are observed as high signal in the M

mage. This is presumably due to a high local gas densi
hese high porosity regions. LocalT*2 and/or T1 differences
ay also effect the observed intensity. Studies with variatio

he imaging parameters,t p, TR, anda, would be required t
ully assess the origin of the observed contrast (14, 17).

CONCLUSIONS

The SPRITE technique has been used to produce imag
19F and 1H gases in phantom and porous media studies.

odalities in the pulse sequence allowed for a time-effic
cquisition. SPRITE overcomes the limitations of short re
tion times and large diffusion coefficients in the gas phas
ommon1H and19F containing gases. Ana priori estimation o
he optimum resolution and sensitivity attainable is achie
ased on the evaluation of the modulation effects due to s

ntensity evolution during the fast scan. A clear improvem
ver conventional echo methods can be obtained whe
radient switching times are of the order of, or longer than

ransverse relaxation time.
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