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Fast NMR Imaging with B1 Gradients
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Methods aimed at obtaining an NMR image in a very this plane (this would require the implementation of a second
gradient coil and would pose the problem of coupling be-short time, on the order of 1 s or less, are well established

when spatial encoding is achieved by B0 gradients. In tween the three coils implemented in the probe), the experi-
mental arrangement is such that the sample (instead of theaddition to echo-planar imaging (EPI ) invented by Mans-

field (1 ) , some other schemes have been proposed rela- gradient) is rotated around the Z axis. The point of concern
is obviously the impossibility of acquiring the NMR signaltively recently (2–4 ) . On the other hand, it has been

shown that imaging by B1 gradients (5 ) may present some while the RF gradient is on, due to the inevitable residual
leakage between the gradient coil and the detection coil. Foradvantages over B0 gradients, especially whenever mag-

netic susceptibility variations are present across the ob- this reason, the gradient is applied in the form of short pulses
with the acquisition of a single data point between two con-ject and can then cause severe distortion problems with

the latter method (6 ) . However, although the measuring secutive pulses, the receiver being gated on by the end of a
gradient pulse and gated off again prior to the next pulse. Ittime can be substantially reduced by acquiring the spa-

tially encoded NMR signal between pulses of B1 gradient is easy to understand that the duration of gradient pulses
determines the field-of-view and must therefore be adapted( 7–9 ) , producing an image within a very short period is

still a challenge. This may be of some interest in the to the size of the object under examination (5) . Finally, we
purposely leave aside the problem of slice selection (alongcontext of the microscopic observation of systems evolv-

ing on a very short time scale, and ideally, one would the Z direction of the laboratory frame), and for the sake of
the present study, the object will be physically limited inlike to devise a procedure similar to EPI, which is capable

of sampling the so-called k space ( the reciprocal space) thickness.
In the normal experiment, each projection, acquired for ain a single experiment. The objective of the present Com-

munication is to demonstrate that such a capability of given object orientation, is followed by a waiting time which
allows for the spin system to return to thermal equilibriumacquiring a 2D image in some seconds exists, and that

future technological developments which could further before the next sample rotation. Owing to the fact that about
a hundred projections are necessary for obtaining an imagereduce this measuring time down to the state-of-the-art

of B0 gradient imaging are anticipated. of good quality, a typical measuring time is on the order
of 10 min. The idea for lowering this waiting time is thatLet us first recall how our standard imaging experiment

with B1 gradients works (5) . A single-turn coil generates a
radiofrequency field whose amplitude varies linearly across
the object under investigation; we shall denote by X the
spatial direction along which the B1 gradient is applied. An-
other coil of standard design (saddle shaped) orthogonal to
the gradient coil ( in order to minimize leakage problems)
serves merely for detection of the NMR signal. If it were
possible to acquire the NMR signal during the application
of the B1 gradient, its Fourier transform would yield the
projection of the spin density along the X direction. A set
of projections for different orientations of the sample would
then allow for the reconstruction of an image representative
of the spin density in the XY plane [according to a method

FIG. 1. The basic scheme of the fast imaging method with B1 gradients.(5) derived from the filtered-back-projection algorithm
Each of the n elements in the loop includes a short B1-gradient pulse (of(10)] . Because of the difficulty of rotating the gradient in
duration t) followed by the acquisition of a single data point (dot) . Refo-
cusing is produced by a long B1-gradient pulse (of duration nt) , whose
phase is opposite to the phase of RF pulses in the loop.* URA CNRS 406-LESOC; FU CNRS E008-INCM.
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FIG. 2. A series of profiles resulting from the space-encoding–refocusing process of Fig. 1 (without sample rotation), which shows the establishment
of a steady state. The time elapsed between two consecutive cycles is 50 ms. Each profile is obtained with 128 B1-gradient pulses of 25 ms duration
separated by 20 ms acquisition windows (gradient strength: approximately 2 G/cm).

magnetization defocusing (with respect to the axis of the
rotating frame along which the B1 gradient is applied, say
x) , which provides space encoding, is reversible. Let us
suppose that we have applied n B1-gradient pulses of dura-
tion t for encoding purposes, starting from nuclear magneti-
zation along the z axis ( in its equilibrium state) , and disre-
garding for the moment relaxation phenomena, we can see
that magnetization can be taken back to the z axis provided
that a long B1-gradient pulse of duration nt is applied along
the -x axis of the rotating frame. This is illustrated in Fig.
1. In fact, because the pulses in the train are not perfectly
rectangular, the long refocusing pulse must be adjusted in
length: with the present experimental setup and for a typical
set of 128 pulses of 25 ms duration, the best refocusing is
obtained with a long pulse of 3.27 ms duration instead of
the expected 3.20 ms.

We now must account for relaxation phenomena which
manifest themselves during the application of the train of
B1-gradient pulses as well as during the long refocusing
pulse. Under nutation (for instance, in the yz plane, produced
by a radiofrequency field acting along the x axis of the
rotating frame), nuclear magnetization decays according to
a relaxation time T1,2 such as 1/T1/2 Å (1/2)(1/T1 / 1/
T2) , whereas the decay is governed by T*2 during acquisition
windows [although, in that latter situation, partial refocusing
effects occur (5)] . Nevertheless, signal losses are expected
in the course of successive defocusing (spatial encoding) –
refocusing processes, and because of the repetitive nature
of the experiment, one may hope to reach a stationary state.
This is indeed verified by the series of profiles shown in
Fig. 2 which have been obtained under the experimental
conditions indicated above; this unfortunately entails a sensi-
tivity loss by about a factor of 2. In order to produce an
image devoid of intensity distortions, it is therefore recom-

FIG. 3. Images of the phantom described in the text, each one resulting
from 100 projections (one scan) with an angular increment of 3.67. In
each case, 28 dummy scans were run. (Top) Normal experiment (without
refocusing); total duration, 10 minutes. (Bottom) Fast experiment (with
refocusing, 50 ms between two consecutive cycles); total duration, 6 s.
Other experimental parameters are given in the legend to Fig. 2.
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FIG. 4. The device used to study solvent penetration into an elastomer sample designed for maintaining the polymer surface in contact with the
solvent. Sample height: 1 mm. NMR tube internal diameter: 3 mm.

FIG. 5. A series of images showing the penetration of isooctane into an elastomer sample; each image is obtained by the fast procedure respectively
at 2 (a) , 7 (b) , 12 (c) , and 17 min (d) after immersion (the device shown in Fig. 4 and the experimental conditions described in the legend to Fig. 3
were used).
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mended to perform a series of dummy defocusing–refocus- Fig. 4, has been used; it has been designed so that, regardless
of swelling phenomena and solvent uptake, the elastomer ising processes until one arrives at the steady state and, of
always immersed in the solvent. The results, displayed incourse, to discard these dummy experiments in the image
Fig. 5, fully justify the recourse to a fast microscopy proce-reconstruction.
dure, as after 17 min, half of the elastomer sample has beenAnother issue is the rotation of the sample which could
imbibed with solvent. It may be noted that, despite the hugebe accomplished by a stepping motor. However, this would
signal arising from the reservoir (with some distortion forentail a nonnegligible time interval at each new step. For
this signal due to the lack of slice selection), details in thethis reason, we concluded that it was better to rotate the
elastomer image, including the diffusion front and swelling,sample continuously, accepting the slight error in the angle
are perfectly visible. Of course, the spatial resolution is notassociated with a given projection. With the standard experi-
at its best. In particular, recent instrumental improvementsmental conditions of this work, this represents at most an
leading to much stronger gradients (12) have not been imple-error of 0.37, presumably quite tolerable with respect to the
mented because we prefer to avoid further temperature prob-expected spatial resolution.
lems and are awaiting a more dedicated probe. Another rea-Last, but not least, we still must face the problem of
son may be the slight inaccuracy due to the continuous rota-probe overheating due to the almost constant application of
tion of the sample (see above).radiofrequency pulses. The major drawback is a detuning of

We hope to have demonstrated the potentialities of thethe gradient coil which results in a lowering of the gradient
fast imaging method presented in this paper, and its intereststrength and thus in shifted profiles. A way of circumventing
for the study of objects in rapid evolution. We believe thatthis problem is to evacuate the heat in excess by an air flow
improvements in the probe design, directed especially to acooled at an appropriate temperature before being injected
more efficient temperature control, should allow us to furtherinto the probe. Although, with this simple remedy, the time
reduce the measuring time.between two consecutive defocusing–refocusing cycles

could be reduced to 50 ms, this remains the critical feature
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