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A pure phase-encoding MRI technique, single-point ramped
imaging with T, enhancement, SPRITE, is introduced for the
purpose of gas phase imaging. The technique utilizes broadband
RF pulses and stepped phase encode gradients to produce images,
substantially free of artifacts, which are sensitive to the gas T, and
T3 relaxation times. Images may be acquired from gas phase
species with transverse relaxation times substantially less than 1
ms. Methane gas images, ‘H, were acquired in a phantom study.
Sulfur hexafluoride, *°F, images were acquired from a gas-filled
porous coral sample. High porosity regions of the coral are ob-
served in both the MRI image and an X-ray image. Sensitivity and
resolution effects due to signal modulation during the time-effi-
cient acquisition are discussed. A method to increase the image
sensitivity is discussed, and the predicted improvement is shown
through 1D images of the methane gas phantom. © 1999 Academic

Press

restricts the use of spin and gradient echo based imagir
methods. Nevertheless, fa$t relaxation is an opportunity
which allows for short repetition times and extensive signa
averaging.

In the past few years, gas phase imaging has been explor
with two very different experimental methods. Projection re-
construction techniques, introduced by Lauterb8), have
been explored by Kuethet al. (4) to image inherently high
sensitivity nuclei (fluorine) in the gas phase. Kueghtal. rely
on rapid signal averaging to achieve acceptable signal-to-nois
The rapid transverse relaxation of the gas phase species |
quires RF excitation in the presence of the frequency encodin
magnetic field gradient. Not only does this introduce a line-
width restriction on resolution, the spectrometer deadtime pre

vents detection of thk-space origin data. Contrast in projec-
tion reconstruction MRI gas phase images will be dependent ¢
local gas densities and tfig relaxation time.

The alternative, and more popular, gas phase imaging mc
dality employs largely conventional MRI imaging techniques

While intuitively appealing, gas phase MRI has not bee#ith spin-hyperpolarized noble gases-@). The laser hyper-
actively pursued until quite recently due to a variety of tectpolarization process creates a nonequilibrium magnetizatio
nical challenges which have hindered development of appMhich may be greater than the equilibrium thermal magneti
priate imaging methods. The most obvious problem is the Ig&@tion by a factor of 10 These imaging methods, which have
spin concentration, reflected in poor image signal-to-noise fmarily found application imaging lung structure and func-
tios. In addition, rapid molecular diffusion of gases (the diffution, are restricted téHe and**Xe noble gases. The spheri-
sion coefficient is typically five orders of magnitude larger tha@lly symmetric electron density surrounding these nuclei pre
in the liquid phase) through magnetic field gradients may yiefdudes spin rotation relaxation and yiel@is relaxation times,
significant signal attenuation. Perhaps more importantly, polj: the pure gas phase, of many hours. Ldngelaxation times
atomic gases containing spimuclei have relaxation times are required for successful hyperpolarized gas imaging becau
which are dominated by the spin-rotation interactidn 4) regression to thermal equilibrium is governed by Thetime
which is associated with the electronic structure, magneg@nstant. In realistic porous media, or untreated storage ve
moment, of the molecule. Short relaxation times, typically ¢fels, with significant surface relaxation effects, thermal mag
the order of milliseconds, are frequently observed as a resultngtization will rapidly be reestablished and the hyperpolariza
the interaction between the nuclear spin and fluctuating ition advantage lost.
tramolecular magnetic fields produced by rapid molecular ro-In this work we present a new way to image gases. A
tation (modulated by collisions). The inherently shdstre- preliminary account of some aspects of this work was recentl
laxation time, combined with additional signal loss due tteported {0). The technique, called SPRITE, single-point
molecular diffusion through imaging field gradients, severelgmped imaging withl; enhancementl(l), is based on the
single-point imaging (SPI) techniqué&d). Pure phase encod-
ing with SPI (L3) eliminates many of the difficulties encoun-
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tered with shortT% systems 11). A series of recent reports o
indicates the scope of the technique. Applicationstomaterial R { { [ [ I [ L L1 L1 ] ]
sciences are reported through studies on cement and concrete I

(14, 19, polymers {6, 17, compact bone 18), and water TR

adsorption in zeolitesl@). This near-silent technique is able to

generate images which may have quantitafiveT,, T%, T, Gy primary encode direction
or spin density contrasfi{, 14, 17. One of the advantages of

the use of the technique is the almost direct implementation in H
existing imaging scanners, with minimal hardware modifica-

tions. Although single-point methods may suffer from long
acquisition times, ramped magnetic field gradients (SPRITE) y
and considerations of repetition time effects on the resolution

and signal-to-noise ratioly) have resulted in a great time
improvement. A recent book chapter describes the range of
applicable systems and compares the SPRITE method to other Gz
short T% imaging techniques2().

Unlike projection reconstruction techniques, SPRITE is able to
sample thé-space origin with high precisioi space is sampled secondary encode direction
ina r_eCt”inear faShi(_)n and data regridding is n_Ot reqUire_d prior toFIG. 1. Three-dimensional SPRITE pulse sequence. The RF pulses ai
Fourier reconstruction. SPRITE gas phase imaging is not Ieyjied with a repetition time TR, and the acquisition is performed at atjme
stricted to noble gases with lonf, relaxation times and the after each excitation. The minimum encoding timeis determined by the
technigue does not have a linewidth restriction on resolution. Tietrument deadtime. A single point at constgyis acquired as a function of
technique is able to exploit the shartrelaxation times which are gradieqt amplitude, making this a pure phase encoding t_echnique. A significq
common due to spin rotation relaxation in gases and benefit frdgjcy ime between each successive ramp of the primary phase encodi

! . . gradient may be required for gradient cooling.
enhanced relaxation due to surface interactions.

Diffusion effects in SPRITE can be estimatetll(22 and
consequently it is shown in the present report that, once twith k = /27 [ G(t') dt’ andy the gyromagnetic ratio of
image field-of-view is chosen, optimum ways of setting théhe nuclei under studyr(x, t) is a function that depends on the
maximum amplitude of the phase encoding gradient and thmodulation of the signal during the acquisition. Note that for &
encoding time can be computed. A separate section presenssnall number of scanned points, the difference between
discussion on this matter. The restricting factors for the totslimmation and integration over all pixels in real space jand
acquisition time are also discussed in this work. number in reciprocal space may be significant.

Under Results, examples of one- and three-dimensional pro-Only the case of constant gradient during the encoding tim
ton and fluorine gas imaging are presented. A discussionisfconsidered here; thefiif G(t’) dt’ = G t,. The acquisition
magnetization preparation fdr, andT, contrast 14, 15 and process is repeated with gradient steps betweenG,,,, and
new considerations on SPRITE centkispace samplingl) +G,. [k = (j — n/2)/Ax, 0 = j < n (full k-space

secondary encode direction

are presented elsewhere. sampling)], where the field-of-viewAx = an/yt,G a0 IS
determined after Fourier transformation of thapace signal.
SINGLE-POINT IMAGING CONSIDERATIONS Notice that in spite of the constant encoding time, the magne
tization evolution during the fulk-space scanning is reflected
Sampling in the explicit time dependence of the signalk, t). With no

) o o ] preparation pulses and if diffusion and saturation effects can t
Single-point imaging is a pure phase encoding MRI methoﬁeglectedR(x, t) = 1 andS(k, t) = S(K).

The signal is acquired at a tintgafter the RF excitation pulse  The T% term in Eq. [1] dominates when scanning at the

(12). In the case of a short signal lifetime, the excitation angbnter ofk space. However, as the field gradients are incre

acquisition are performed in the presence of phase encodifgnted. the spin dephasing due to the gradient becomes fas

gradients. o , ~than the spin—spin dephasing, resulting in the predominance
With a constant encoding time, the signal for a one-dimegse |ast term of the integral factor.

sional profile is proportional to Figure 1 shows a three-dimensional SPRITE pulse sequenc

During the measurement the gradient is rapidly switched in

o t stepwise mannerl() and consequently longitudinal magneti-

Sk t) = f exp[ - T*(px)] R(X, t)po(x) exp(i27kx)dx, zation evolution may significantly modulate the signal during
e 2 the gradient ramp. The resulting convolution may cause imag

[1] blurring. The magnetization time evolution is considered by
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introducing the time variablet = j TR, where TR is the Diffusion Effects
repetition time for the RF excitation or equivalently the gradi-

ent step duration angis the sampling number. This leads tof The characteristic high molecular mobility in the gas phase

requently plays an important role in the image resolution ant

sensitivity.
N t, _ Molecular diffusion in the presence of magnetic field gradi-
S(j) = B T T 0x) R(X, )po(%) ents produces an irreversible attenuation which modulates tf
- k-space signal, restricting the manipulation of the pulse se
n X guence parameters. When the magnetic field inhomogeneity
X ®( ‘j - 5‘ )exp( ij27 A) dx, linear, the attenuation results i23—24
(2]
Dysztg
. . - . Rir =exp ———5— |, [7]
where ® is the pulse function defining thespace sampling 3
size:
whereD is the diffusion coefficient. This modulation is inde-
. n 1 0=j<n pendent of the profile order and can be written as
®(‘J_2‘)={Oj<0andj2n' [3]
.  n\?24Dy’Gl,,
. . . . . Rar(}) =exp =\ | — 5] —%=2tp
Prior to a more detailed analysis presented in the following 2 3n
sections, a situation where the diffusion coefficient and the 24 2
. . - . . M\ 47D
relaxation times are not space dependent is considered. The =exp —|j - 5 ?tp , [8]
term corresponding to th&; decay will produce signal atten- 34X
uation without blurring. Then _ _ . .
showing that once the field-of-view and the number of point:
S(j) = R(DS(j) = Re(i TR) Ry Su(), [4] are chosen, the shortest encoding time produces the minimu

diffusion effects.
Based on the linewidth (FWHH) of th&®(j) Fourier

where Ry, (jTR) represents the longitudinal magnetizatiogansform, the resolution is reduced by the diffusion modula
evolution effectRqq(j) is the diffusion modulation an8o(j)  tion when

is the signal with only sampling modulation,
FWHHy;  n\Dt,

n X EWHH — +
s =6 —2\” 0 ext{ 127 3 Jax. 15 FWHH, Ax

%
—o

>1, [9]

or equivalently,

Sources of signal intensity modulation on thespace sam-
pling produce a filter-like effect on the real space image. t >0.39 Ax
Because the image is determined by the convolution of the spin . T n’D’
distribution and the Fourier transform of the modulation func-
tions, the final resolution results from the largest width of all Using Einstein’s equation and considering isotropic diffu-
transformed functions. In particular, the sampling windowion, the mean square molecular displacement during the o
resolution is the Fourier transform @(|j — n[), which is servation time can be estimated &3x3:(t,)) = 2 D t,. The
proportional to sinc(fn/Ax)x) and whose corresponding fullimage is blurred by diffusion if
width at half-height is

2

[10]

A —_—
N (nx) < 1.3 (8x2(ty) - [11]
FWHH = 1.2" ", (6]

This shows the expected result, namely that the resolution
whereAx/n is the pixel size. coarser due to molecular diffusion when the mean squar
As shown below, the FWHH, corresponding to any of thdisplacement during the phase encoding time is of the order ¢
mentioned factors, can determine the image resolution. In the larger than, the sampling pixel size. Therefore the shol
next two sections, modulations due to molecular diffusion amhcoding times in the SPRITE sequence are a major advanta
longitudinal relaxation durindgt-space sampling are analyzedand indeed it is possible to rationally choose an encoding tim
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t, to minimize diffusion effects given an estimate of the dif- 1 Aqr
fusion coefficient and nominal pixel size. Note that since the t. = bandwidths yGAX [15]
k-space origin in SPRITE is acquired in the absence of mag-

netic field gradients, diffusion through imaging field gradients Using Egs. [12] and [14], the longitudinal relaxation mod-

does_ not attenugte the image Intensity, contrary to the_caselﬁ%tion effect during th&-space scanning can be written as
gradient and spin echo imaging methods. Cory has discusse

the sensitivity and resolution comparison of frequency encod- TR M
ing and pure phase encoding for liquid state microscopy R(jTRI =1+ ¢ eXp< = ); ¢ — it
(21, 22 Tlap Mss

1. [16]

In the absence of magnetization preparation through dummn
scans or other pulsed?), M,y = M, sin «, and
Intensive signal averaging is frequently required in SPI-

T, Relaxation Effects

based methods in order to overcome signal-to-noise limita- 1 — cosa
tions. This may result in a lengthy acquisition, unless a short €= " TR\ - [17]
repetition time is used. Thus, image resolution and sensitivity exp<_|_> -1

1

effects by longitudinal magnetization evolution during the
scans must be thoroughly assessed. o ) ) ) ) ) )
In a SPRITE pulse sequence, the repetition rate is limited by T "€ Sensitivity factor, i.e., signal-to-noise per unit of time, is
the gradient amplifiers duty cycle rather than the gradieRtoportional toMs,while e represents the relative signal inten-
switching time, allowing for a significant reduction in theSity affected by magnetization evolution blurring. A small flip
overallk-space scanning time. Strong gradient set mechani@@dle causeg ~ 0 andRy, (j TR) ~ 1, in which case no
vibrations produced during an SPI acquisition are eliminatéiftortion is produced in the image.
by the small gradient field changes implemented in the SPRITEFOT large flip angles and/or short repetition times fiactor
sequence. iNnR:, (j TR) be_comes S|g_n|f|c_ant. In a sequential p_roflle_ order
Assuming a complete dephasing of transverse magnetizaff§ T: modulation resolution is computed by the linewidth of
during the repetition period, the measured longitudinal malj$ (Lorentzian) Fourier transform
netization for the ordey pulse is 25)
AXTR

FWHHy, = 2.

[18]
TR

M(J) = Mss+ (Minit - Mss)ex% _j Tp), [12]
1ap This simple relation shows that when the condition [19] is met

the image resolution is affected by the longitudinal magneti

where the apparent relaxation time has been defined as  zation evolution during the scad?),

T R_m
Tra 1 , [13] T, > + In(cosa). [19]

In(cosa)

1
1 E—
™ On the other hand, as TR increagedecreases and the signal

affected by this resolution rather than the sampling pixel siz
and« is the flip angle determined by the RF pulse duratign, tbecomes small. When repetition times are shortened, and u
The observed magnetizatidh,,; in Eq. [12] is the magnetiza- less the flip angle is reduced accordingly, the transient terr
tion forj = 0, andM is the steady-state or asymptotic valuelominatesge > 0 andM, < M,, so the sensitivity loss would

be severe and further discussion of the resolution factor me

become irrelevant. For a 128-pixel image the relation of Eq

1— exp( — TR) [19] is achieved for flip angles greater than 12°.
M= M, = T sina, [14] If the sensitivity is dictated by the steady state term,
[1 - exp( - T1> COSa} . M.(TR, a) .
S= % R [20]

with M, the equilibrium magnetization. The pulse duratibp,
is limited by the condition of uniform excitation of the entirewhere g is a hormalizing constant. The denominator stands fo
sample so that the variation in the number of scans as TR is changed keepir



328 PRADO ET AL.

3xA%

FIG. 2. SPRITE with multiple-point average. A four-data-point collection
is shown, where each acquisition is separated by an intéttalThe field
gradients, omitted in the figure, were switched in the same fashion as prese
in Fig. 1.

the overall acquisition time constant. In order to maximize t
sensitivity, an increase in the number of averaging cycles c
be accomplished by reducing TR while following the optimum
angle condition. When no spoiling is applied, TR of the order FIG. 4. Photograph of the brain cordbiploria labyrinthiformis. The

and shorter thaiT, introduces oscillatory transients and theﬁighly porous coral sample has structure at a variety of length scales. Tt
unwanted echoesz undulating fissures in the coral surface reveal high porosity, low density

] . ) . . . structures which penetrate the coral interior.
While the molecular diffusion effect is driven by the choice

of encoding time, the longitudinal magnetization evolution
effect is driven by the excitation pulse rate. This makes thdultiple-Point Averaging

resolution and sensitivity considerations for the SPI methodA anificant ivity i b lished b
essentially different from those of spin-echo imaging tech- significant sensitivity Increase can be accomplished by a

niques. Moreover, a clear advantage of the SPI-based tegﬁgrnaﬂve acquisition modality, the imaging by multiple-point

nique is reached when the gradient switching time is of ey erage, MPA. For each gradient step, a series of data points

order or longer than the transverse relaxation time of t _glle_cte(_j instead of a unique valu&7). The S‘?mp".”g reso_lu-
sample. tion is dictated by the shortest phase encoding time, while th

Increased contrast in a heterogeneous sample may fﬁéd-of-wew is limited by the longest encoding time. The total

: . : o o ampling interval should be brief, as discussed below. Figure
achieved by manipulation of the initial magnetizati@®)(and S8 . o
by centric order acquisitioni(). displays the MPA sequence for a 4-point acquisition. After the

four separated images are produced, the data points are int
polated to a common grid and a unique image is obtained b
intensity averaging. This approach gives an approximatel
twofold sensitivity increase.

Phase cycling during each gradient step is not performe
because only phases relative to the RF pulse can be attaine

All images obtained during this sequence present the san
T, relaxation modulation effect. For molecular diffusion driven
resolution, following the discussion presented above, the re:
olution corresponding to the individual images is

FWHHg
FWHH,

pi

) = (0.51y D Guudty? [21]

the i value labels the collected points. This indicates that ir
spite of the actual pixel size reduction, image blurring is
present for fast molecular diffusion specimens. Thus, whe
points are scanned at longer times, the signal intensity loss al
_ , image blurring should be estimated.

FIG. 3. Methane gas phantom. The 32-mm id glass container had a Teflon . . . .

cap and spacers. The central piece has three 2-mm and three 3-mm grooveIhe receiver bandWIdth IS n(_)t relevant for the basic SPI
separated by 2-mm walls. The overall gas volume could be varied by usi%aRlTE method but the filter width should be carefully eval-

different end caps. uated for MPA experiments. In order to benefit from the MPA
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FIG. 5. X-ray-positive image of a 0.5-cm slice of coi2lploria labyrinthiformis (same colony as in Fig. 4). In this plane, the high porosity, low density
surface features of Fig. 4 appear as radial channels from the coral interior to the surface (top of figure). The X-ray image has magtification

modality, the inverse of the data collection interval At It should be noticed that only when the condition [22] is met

should be less than the receiver filter width. Otherwise ram\/m-fold increase in the sensitivity is achieved, wharés

significant difference would be noticed among the individuahe number of scanned values per gradient amplitude. Coverir

images (noise is not random between points), aside from thdarge time interval to extract local% information is not

discussed resolution effect and the attenuation when the inteerformed because of the field-of-view restriction determine

val is significant compared t©%. The receiver filter is set to by the change of encoding time under the same field gradie!

cover the frequency range determined by the maximum gradimp.

ent strengthy,.. = vG, oL/ 2, with L the distance from the

center of the image to the most distant object point. EXPERIMENTAL

Setting the optimal receiver filter results in a reduction of the

signal noise, but MPA produces a further SNR increase, everA homebuilt 32-rod birdcage resonato28| in a 2.4-T

when the receiver filter is wider than the frequency spread 82-cm horizontal bore superconducting magnet (Nalorac Cryc

the object. The longest encoding tintg,= t, ..., determines genics Inc., Martinez, CA) was used. The probe was driven b

the smallest field-of-view, where ~ AX/2 and v, = V4t, .. a2-kKW RF amplifier (AMT, Brea, CA); its resonance range (90

Under optimum sensitivity conditions, = T%/2 (21), the time to 100 MHz) allowed for tuning at both fluorine and proton

interval is selected based on frequencies. A water-cooled 7.5-cm id gradient set generate
maximum gradients of 20 G/cm with a Techron 7780 amplifier

t Experiments were controlled by a Tecmag (Houston, TX
t,> At > —= [22] Libra S-16 console. Pulse sequence generation and data ¢
lection were controlled by MacNMR software.
TABLE 1 Two gases were imaged in this study: methane (Chr

Liquide) and sulfur hexafluoride (gFCanadian Liquid Air
Ltd.). The latter is an inert, nontoxic ga4)(In order to avoid
spurious signal, the resonance probe holder and shielding m

Effect of Repetition Times on the Steady-State Magnetization,
M, and Image Sensitivity, s, for a Flip Angle of a = 50°

TRIT, M./M, S(TRITY)/S(TRIT, = 2) terials are constructed to provide proton- and fluorine-free
conditions, as required.
0.5 0.49 13 Methane gas was imaged inside a glass bottle with a Teflc
1 0.63 1.2

phantom (Fig. 3). The 32-mm od cylindrical phantom had thres
2-mm and three 3-mm grooves, all separated by 2-mm wall

Note.See Eq. [14]. As TR changes, the number of pulses varies to maintdifl€ fluorinated gas was imaged inside a>8@0 X 50 mn
a constant imaging time. brain coral Diploria labyrinthiformis (Linnaeus) from Ber-

2 0.73 1
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1.2 47— 1 0.7 ms, andT = 1.6 = 0.1 ms in the phantom of Fig. 3.
Effects of the longitudinal relaxation during the gradient ramg
1O F TR/T,=2 a ] are predicted based on the discussion presented above. An |
_ 0.8 | 32scans . pulse, 50° flip angle, is applied in the presence of the gradien
é’/ 06 - | Grax = 1.5 G/cm, meeting the condition stated in Eq. [15]. In
&0 ' the highly sensitive proton-free birdcage resonator, proton
s 04 . from air are detected. This was confirmed by producing e
02+ | profile of the probe signal without the sample and then pump
ing nitrogen gas into the gradient set. A clear signal reductio
0.0 T T in the latter case is observed.
4 3 2 1 0 1 2 3 4 For this particular methane gas imaging example, profile
z(cm) can be produced with comparable sensitivity by spin-ech
techniques, but the optimum diffusion resolution is coarse
1.0 L L L L L B L than in the SPI casel).
0.8 b TR/T 0.5 b | qu a_SPRIT_E 128-point profile, and foI_I(_)Win_g Eq. [19], image
3 Sca‘mS blurring is predicted even with short repetition times. On the othe
= 06} - hand, for TR> T3 the smalle factor in Eq. [17] indicates that the
= final image resolution is dictated by the sampling size. Values c
® 04+ T TR < T, result in low steady-state magnetization, but a maximun
= 02 - i sensitivity is reached at TR{ = 0.42.
Table 1 indicates that, in spite of the steady-state magnet
0.0 + . zation decrease with the repetition time, the image sensitivit
ottt b b L increases as the number of scans is proportionally increment
4 3 2 -1 0 1 2 3 4
z(cm)
12 T T T J T I T
T T 1 1 T T T T T
3L i 1.0 | SPRITE a
TR/T,=0.5
= 128 scans ¢ = 08 |- 7
g S 06} 1
5 < 1
2 1 | A 2 04 —
02} .
OF T 0.0’-,|.1-|.|.1|11"
1 ] PR T | | T SN N | " 1 "
4 3 2 10 1 2 3 4 3 02 1 0 1 2 3
2(cm) z(cm)
FIG. 6. SPRITE one-dimensional magnitude profiles of methane gas in 1.0 T T T T T T T
the phantom of Fig. 3G,..« = 1.5 G/cm,t, = 820 us. Flip angle is kept .
consr;ant, (a) 32 scgns vcjith TR2T,. (b) Sa?ne numb’ér of sgans%s in (a) \F/)vith 08 } MPA (8 pomts)
TR four times shorter, presenting lower signal-to-noise ratio and lower sensi- b
tivity. (c) Four times more scans than (a) but same overall acquisition time, = 06 F
resulting in a clear sensitivity increase. N
& 04t
=
muda @9). A photograph of the original coral used for this 02
investigation is shown in Fig. 4 and an X-ray-positive image of
a 5-mm slice is displayed in Fig. 5. 00k, v o 0 vy . L L
302 4 1 2 3
RESULTS AND DISCUSSION z(cm)
FIG. 7. Methane one-dimensional profiles obtained with 32 averages. Thi

Methane SPRITE

Methane was chosen as our prototyjpegas. Bulk relax-
ation times were measuretd; = 24 = 1 ms, T, = 13.5*

total acquisition time was 23 s. (a) 64-step SPRITE acquisition. (b) 8-point
64-step multiple-point average acquisition with a @€-interval between
acquisition points, showing a factor 2.3 sensitivity gaii., = 1.5 G/cm,t,
values are 820 to 1030s.
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5.0 . T , tivity accomplished. Given the difference in the encoding times
4s | ] an 11% decrease of the signal intensity between the first and le
) a ) o image is observed due T decay.
. 40 F o -
2 - e Sulfur Hexafluoride SPRITE
B 35¢t 5 -
= 30 L ‘/ i The natural abundance 6F (100%) and its high gyromag-
’ o netic ratioy,e/y,, = 0.941; absolute sensitivity 0.83) make
25+ . sulfur hexafluoride a good candidate for the present study. Tt
20 T first test was performed by pumping the gas into a Plexigla
) 1.0 15 2.0 25 container, while monitoring the pressure. Figure 8 shows th
pressure dependence of th€& T, and T% relaxation times.
P(Atm) With this knowledge, the repetition times of the SPRITE
experiment can be optimized. When the gas fills a heteroge
1.5 T T T neous sample or is mixed with another gas, the relaxation time
1.4 . b | should be reevaluated. According to Egs. [14] and [18] and th
T o results presented in Fig. 8, as the pressure of the gas is varie
2 13t ‘/' | resolution and sensitivity effects change significantly. For in-
*51 ! stance, for 90° flip angles and TR/ = 1 at 1 atm the
=12 Wad . steady-state magnetization is doubled when the pressure
Y increased to 2.5 atm.
L1+ . T Gas phase SPRITE is likely to find a niche in studies of
1.0 -, structure and dynamics of porous media. Therefore we hav
’ 1.0 15 2.0 25 chosen a model porous limestone, a coral, as a realistic imagi
phantom. Coral is advantageous, in part, because of the wi
P(Atm) range of structure, at various length scales, which are readi

FIG. 8. Bulk F measurements of sulfur hexafluoride Ta)and (b)T%

relaxation times as a function of the gas pressure. Dashed curves are dra\/\}’r%'I

a guide to the eye.

apparent in Figs. 4 and 5. A coral sample was placed inside
Qg)er balloon. The balloon was inflated and emptied of the
sample gas several times in order to attain high purity condition:
The final pressure was kept slightly above atmospheric values.

Although no dramatic changes in the relaxation parametel

in order to achieve the same total acquisition time. This sugp, expected given the large size of the coral voids, bul
gests the use of shorter repetition times. The last column in '

Table 1 displays the sensitivity relative to large TR values. The

reference TRV, = 2 was arbitrarily chosen.

Figure 6 shows the profiles corresponding to two of the casg

listed in Table 1. Optimum signal-to-noise and resolution ar|
attained for TRI, ~ 0.5 (Fig. 6c¢), with the same data
collection time as for the profile shown in Fig. 6a. The profile
in Fig. 6b presents lower signal-to-noise than the one wit
TR/T, = 2 and lower sensitivity than the one with 128 scang

If a diffusion coefficient of 1 crfis is assumed for the gas,
following Eq. [9], FWHH,; ~ 0.6 FWHH,, indicating that the
image does not present additional blurring caused by the m
lecular diffusion modulation. In order to test this effect due tq
molecular diffusion a series of profiles was obtained wit
longer encoding times (see Eq. [10]), incrementing the gradie
strength to keep the field-of-view unchanged. No effect wa
observed for a range up to 4 ms, where the signal loss %
transverse relaxation becomes severe.

Coral

FIG. 9. Cut, surface rendered 3t5F image of sulfur hexafluoride distri-

To show the benefits of the MPA technigque, an 8-point acqm'ution inside a gas-filled coral sample. The coral sample was placed inside
sition was obtained. At, = 30 us delay between collected poim§33”00n enclosure. The rounded end of the balloon is visible at left, the tie
- Al

was chosen to follow the condition indicated in Eq. [22]. Figure

ck at right. The encoding tintg¢ = 320 us, G = 1.5 G/cm,a = 50°, and
R = 1.3 ms. The low-intensity radial channels (high porosity) of Fig. 5

shows the profiles for a 1-point SPRITE result and the averaggpear in the MRI image as high signal radial channels with a simila
after interpolation, of the MPA profiles. Notice the higher sensgeometry. Note the MRI sample is much smaller than the sample of Fig. 5.
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relaxation times were measured in order to set the appropriadeD. O. Kuethe, A. Caprihan, E. Fukushima, and R. A. Waggoner,

imaging parameters. An encoding time= 320 us was chosen
to obtain optimum sensitivity with the observ@d value of °
600 us. The maximum gradient strength of 1.5 G/cm allowed
for excitation pulses of, = 25 us (@« = 50°) and a repetition
time TR = 1.3 ms, without significant resolution loss for the
measuredl, = 1.79(8) ms.Although FWHH;, > FWHH,
(Eqg. [18]), the contribution from this poor resolution to the
final profile is small when compared to the sampling size
resolution Ax/n = 2.5 mm) contribution. As computed by 8.
Eq. [14], the steady-state magnetization is 60% of the equilib-
rium value. No diffusion-based blurring is predicted for a9
diffusion coefficient less than 80 éfsec (Eq. [11])!

Under these conditions a three-dimensional>6464 X 64
image was obtainedta 6 min/scan rate. Figure 9 shows a
rendered and cut 16-scan three-dimensional image with a fielg-
of-view of 16 X 16 X 16 cm. Note that the high porosity radial
channels in the coral, which show minimal intensity in the
X-ray-positive Fig. 5, are observed as high signal in the MR
image. This is presumably due to a high local gas density in
these high porosity regions. Loca@l, and/or T, differences 12-
may also effect the observed intensity. Studies with variation 18-
the imaging parameters,, TR, anda, would be required to
fully assess the origin of the observed contrdst, (L7).

7.

14.

CONCLUSIONS 15

The SPRITE technique has been used to produce imageﬁé)f

“F and'H gases in phantom and porous media studies. New
modalities in the pulse sequence allowed for a time-efficiep}
acquisition. SPRITE overcomes the limitations of short relax-
ation times and large diffusion coefficients in the gas phase fgy
common‘H and*°F containing gases. Aapriori estimation of
the optimum resolution and sensitivity attainable is achieved
based on the evaluation of the modulation effects due to sigA&
intensity evolution during the fast scan. A clear improvement
over conventional echo methods can be obtained when #%
gradient switching times are of the order of, or longer than, the
transverse relaxation time.
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