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Nancy I, B.P. 239, 54506 Vandoeuvre-le`s-Nancy Cedex, France

Received June 19, 1998; revised December 22, 1998
lve
r
lax
ea
tial
me
by
can
p
itio
rv
th

vin
rv
in
ve

1 s
as
d

ow

e

0 al
a

I ple in
a n-
r he
T
p om-
p the

mm

n the
c m
( d
a oth
a
o sform
o of
o

Combination of the Super Fast Inversion Recovery (SUFIR)
ethod (D. Canet, J. Brondeau, and K. Elbayed, J. Magn. Reson.

7, 483 (1988)) and imaging procedures by radiofrequency field
radients (P. Maffei, P. Mutzenhardt, A. Retournard, B. Diter, R.
aulet, J. Brondeau, and D. Canet, J. Magn. Reson. A 107, 40

1994)) provides spatially resolved maps of longitudinal relaxation
imes (T1). In addition to accurate T1 values, enhanced spatial
esolution is obtained. © 1999 Academic Press

Although most NMR imaging procedures inherently invo
ome contrast by relaxation times (1), quantitation of the latte
i.e., images which exhibit, in the third dimension, the re
tion time values instead of the spin density) is not an

ask. We shall be concerned in this paper with the spa
esolved determination of nuclear longitudinal relaxation ti
T1). Most of the time,T1 contrast (if desired) is achieved
hortening the repetition rate (between two consecutive s
n order to enhance regions of shortT1. Obtaining a ma
image) of longitudinal relaxation times requires the repet
f the imaging experiment for several values of some inte
ensitive to the longitudinal relaxation time (for instance
epetition rate or the recovery period in experiments invol
n initial perturbation) and to analyze the evolution cu
ertaining to each pixel (2–7). Another approach is one-shot
ature as it consists of monitoring the magnetization reco
uring a single imaging experiment (8–10), according to a
trategy early proposed by Look and Locker (11).
Some time ago, we devised a method for determiningT1,

ubbed Super Fast Inversion Recovery (SUFIR) (12), which
elies on the comparison of a reference spectrum (S1 in the
ollowing) with a partially relaxed spectrum (S2 in the follow-
ng), both experiments being interleaved as shown in Fig.
hat the total measuring time is at most twice as large
onventional “one-pulse” experiment. Choosing the same
ation t for each interval in the sequence (see Fig. 1) all
or a straightforward determination ofT1 together with an
ccuracy better than 5%, provided thatt lies in the rang

1 To whom correspondence should be addressed. E-mail: dc@meth-r
ancy.fr.
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.5T1 2 3 T1 (which is sufficiently broad for most practic
pplications)

T1 5 2
t

ln~1 2 S2/S1!
. [1]

t can be emphasized that this procedure amounts to sam
n optimal wayonly two data points of a fast inversio
ecovery experiment (13). Indeed the final uncertainty on t

1 value is the lowest one that can be achieved (14) due, in
articular, to the alternate block acquisition mode which c
ensates actually for any instrumental drift. Moreover,

.u-

FIG. 1. (a) The basic scheme of the SUFIR experiment which rests o
omparison of a reference spectrum (S1) with a partially relaxed spectru
S2). In order to remove some artifacts the centralp pulse is phase cycle
ccording to (x, y, 2x, 2y). (b) In the relevant imaging experiment, b
cquisitions are replaced by a train ofB1 gradient pulses (g1) with acquisition
f a single data point between two consecutive pulses. The Fourier tran
f the pseudo-fid obtained that way yields a spatial profile representativeS1

r S2.
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FIG. 2. T1 map of two capillaries of 785 and 470mm respective diameters filled with CuSO4 doped water (liquid height: ca. 2 mm). The intervalt of the SUFIR
equence was set to 330 ms andn to 256 (see Fig. 1). Two-dimensional images were obtained by rotating the sample in 3.6° steps; for each rotation the exp
ig. 1b was repeated.1H measurements were performed at 90 MHz with a probe described previously (18) delivering aB1 gradient of 50 G cm21 (sample temperatur
6°C).
parameters
ording
FIG. 3. Object consisting of three rubber samples of ca. 2 mm thickness. Experimental conditions are identical to those of Fig. 2 except for the
f the SUFIR sequence (t 5 169 ms,n 5 512). Top: S1 andS2 (see Fig. 1) spin density images. Comparison pixel by pixel of these two images (acc

o Eq. [1]) yields theT1 map (bottom). TheT1 value in the three samples is related to different molecular masses (M c) of intercrosslink chains.
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haracteristic repetition time of the experiment(0.5 T1 , t ,
T1) makes it sufficiently fast and, in any event, avoids

eed to a complete return to thermal equilibrium.
The next step is to make this experiment space depen

his can be accomplished fairly easily by means of ra
requency field gradients (B1 gradients) whose virtue is
erform simultaneously two actions: spatial labeling
pin excitation. Suppose that each normal fid acquisitio
he SUFIR sequence is replaced by a train of shorB1

radient pulses with acquisition of a single data point
ween two consecutive pulses. As reported before (15, 16),
he Fourier transform of the pseudo-fid so obtained yiel
rofile representative of the projection upon thespatialaxis
long which theB1 gradient is applied. Comparing the tw
esults corresponding toS1 and S2 provides the relaxatio
ime at each point of the profile. A 2D map can subseque
e produced with the help of an imaging experiment pr
usly published (17). Let us recall that, as the gradient
vailable only in one direction, this experiment invol
ample rotation step by step and a data treatment bas
he projection reconstruction principle along with an ad
ation of the “Filtered Back Projection” algorithm. Analy
ixel by pixel according to Eq. [1] leads to the requiredT1

ap. Of course, this implies that a singleT1 value is
ssociated with each pixel.
The first test was carried out with a phantom made of

apillaries containing water with different amounts of cop
ulfate so that the corresponding longitudinal relaxation t
re 365 and 200 ms, respectively. These two capillarie
roperly positioned by means of a Teflon holder. As show
ig. 2, the results are especially clean with an accurac
3%. It can be noticed that the capillary limits exhibi

lear-cut character which obviously does not exist in sim
pin density images. This is due to the property that each
s associated with a uniqueT1 value.

The second example (Fig. 3) is more directed to pos
pplications. The three rubber samples differ by their pr

ongitudinal relaxation times ranging from 100 to 135 ms.
orresponding spin density images exhibit nonuniformities
o the sample irregular thickness whereas a clear discrimin
ppears in theT1 map. The border between the two nea
amples (bottom right) is actually visualized, demonstra
he resolution enhancement with respect to spin density
ges. Moreover, the differentiation between rather closT1

alues as well as their accuracy is definitely established.
In conclusion, we have proposed a very simple experim

ielding accurateT1 images with enhanced spatial resolut
nd in a measuring time roughly twice that required fo
onventional spin density image. Moreover, it can be not
hat such an efficiency stems from a unique property oB1

radients, that is the concomitant capability of spin excita
nd spatial labeling.
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