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Multi-dimensional magnetic resonance imaging
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Ecole Normale Supérieure de Lyon, 69364 Lyon, France

Received 1 July 2004
Abstract

Stray field imaging has been extensively utilized in the last 10 years to perform very high resolution imaging of samples in a single
dimension using the massive field gradient present in the fringe of a superconducting magnet. By spinning the sample around the
magic-angle, the stray field gradient is successively reoriented along three orthogonal directions in the sample reference frame, allow-
ing the acquisition of a full three-dimensional Fourier image, thereby providing the possibility to perform multi-dimensional very
high-resolution imaging with standard nuclear magnetic resonance spectroscopy equipment. Here, we show multi-dimensional
images demonstrating the feasibility of this technique.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The basic theory of magnetic resonance imaging
(MRI) was discovered by Lauterbur and Mannsfield in
1973 [1,2] and involves rendering the NMR frequency
of H2O (or another material) dependent on the spatial
location by applying a magnetic field gradient across
the sample. This mapping of spatial locations to specific
frequencies can be used to generate a three-dimensional
density profile of a sample [3], and is the foundation of
all MRI experiments used today. In conventional MRI,
field gradients are generated by different coils supple-
mentary to the main solenoid which are turned on and
off in each direction as appropriate. Spatial resolution
in MRI is determined by the strength of the gradient.
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The stronger the gradient, the better the resolution can
be. To improve the spatial resolution of MRI, Samo-
ilenko [4] proposed in 1988 the stray field magnetic res-
onance imaging (STRAFI) experiment, which takes
advantage of the very large z-gradient present in the sta-
tic magnetic field of a superconducting NMR magnet
[4–8]. This fixed gradient (10–100 T/m) is much larger
than any that can be generated using conventional
pulsed field gradient approaches and has the possibility
of affording the greatest spatial resolution. With a gradi-
ent of 75 T/m and a proton linewidth of 1 Hz, the spatial
resolution could theoretically approach 30 nm. The fun-
damental problem with STRAFI is the one-dimensional
nature of the experiment. Since the gradient of the fixed
B0 field is used, imaging information can only be col-
lected along the fixed axis of the stray field (say z). It
was already proposed to use additional pulsed field gra-
dients in the other two dimensions and have thus a
mixed resolution experiment, high in the z-direction,
and low along the x- and y-axis [9]. It would however
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be better to use the fixed stray field gradient to image all
three dimensions. In this sense, a probe has been pat-
ented which mechanically reorients the sample along
two different axes, both orthogonal to the z-direction
[10]. The three-dimensional image is reconstructed by
back-projection reconstruction techniques from a set
of one-dimensional profiles measured point-by-point
for each position of the sample in the stray field [11],
similar to the projection reconstruction approach to
imaging where the gradient changes direction. This ap-
proach is however time-consuming and requires very
specialized equipment [9–12]. For these reasons the
number of applications in the literature has kept limited
[11–14].

Here, we show how by reorienting the z-gradient dur-
ing the course of a multi-dimensional NMR experiment
a complete Fourier image can be obtained. For that pur-
pose, a continuous rotation of the sample at the so-
called magic-angle is performed. Magic-angle sample
spinning (MAS) is a technique routinely used in solid-
state NMR which allows the averaging of second-rank
tensor interactions [15,16]. The enormous advantage of
this approach is that virtually every NMR laboratory
now has the tools to do three-dimensional-STRAFI
experiments using a conventional MAS probe and a
superconducting NMR magnet. If the MAS rotor (or
other rotating sample compartment) could be made
smaller (the size of a capillary tube) and rotated slowly
about the magic-angle, it is quite feasible that using a
micro coil, the goal of sub-micron resolution might be
achieved.

A schematic description of the way the stray field z-
gradient is reoriented is given in Fig. 1. The sample rota-
tion axis, called the magic-angle, forms an angle of 54.7�
with the direction of the magnetic field (z-axis) and cor-
responds to the body diagonal of a cube. When the cube
is rotated about its body diagonal, e.g., the magic angle,
the three x, y, and z sample-fixed axes undergo a cyclic
permutation after each one-third of a complete rotation
(x becomes z becomes y becomes x). It follows that the
static gradient, which is fixed along the z-axis of the lab-
oratory frame, becomes successively aligned with the z-,
y-, and x-axis of the sample frame during a complete
360� rotation of the sample. A three-dimensional proton
Fig. 1. Diagram showing a cube undergoing magic-angle spinning over two-t
gradient undergoes a cyclic permutation between x, y, and z after each one-
density profile of the sample can thus be obtained from
the three-dimensional Fourier-transform experiment in
which the protons in a sample are excited and then al-
lowed to evolve successively at each of the three orienta-
tions described in Fig. 1 for incremented times t1, t2, and
t3, respectively. The experiment can be modified to give
either a two-dimensional projection of the sample by
only using two of the three orientations, or a two-dimen-
sional thin slice by using a frequency selective pulse at
the initial orientation before evolving at the second,
and third sample orientations.

The remaining question for the design of such exper-
iments is how to turn off the evolution of the magnetiza-
tion while the sample is rotating from one orientation to
the next (which takes about 3 ms for a rotation rate of
approximately 100 Hz). This problem is very close to
the one found in the magic-angle hopping [17,18] or
magic-angle turning (MAT) [19–21] NMR experiment,
where a high-resolution spectrum in the solid-state is ob-
tained by averaging the chemical shift measured after
each one-third of the rotor period [17–21]. Basically,
two solutions are possible to stop the evolution of the
magnetization during the reorientation time. The first
one is to use z-filters, pairs of 90� pulses which store
the magnetization along the static magnetic field (z-axis
of laboratory frame) during the reorientation of the
sample, and recall it to the transverse plane once the
sample is correctly repositioned. The original MAT
experiment was built on this concept [19]. The second
solution is to refocus the evolution of the spins during
the reorientation of the sample using 180� refocusing
pulses, as used in later modified MAT experiments
[18,20]. The modified MAT experiment has the advan-
tage of much higher sensitivity.
2. Results and discussion

Some possible pulse sequences for MAS-STRAFI are
shown in Fig. 2. Figs. 2A and D are the sequences lead-
ing to a full three-dimensional image using z-filters or
refocusing pulses, respectively. The sequence based on
z-filters is much shorter than the ‘‘refocusing’’ version
and may therefore be of advantage for samples with rel-
hirds of a revolution. Notice that the sample axis aligned with the field
third of a revolution.



Fig. 2. Pulse sequences proposed to obtain multi-dimensional images
using the MAS-STRAFI technique. Filled and open rectangles
represent 90� and 180� pulses, respectively. A small arrow indicates
the rotor-phase signal for active triggering of the start of the sequence.
Vertical dashed bars indicate the rotor timing. They are spaced by one-
third of a rotor period, sr/3, which corresponds to the time needed to
move the gradient between orthogonal directions in the sample frame
of reference according to Fig. 1. The desired coherence pathway is
drawn below each sequence. Phase cycling of the pulses has to be
performed accordingly. The sequence in (A) and (D) lead to a full
three-dimensional image, using either z-filters (A) or refocusing 180�
pulses (D) to avoid signal evolution during the reorientation of the
gradient in the sample frame of reference. Based on z-filters, sequence
(B) will produce a two-dimensional projection image, and sequence (C)
a two-dimensional slice through the object studied, done by replacing
the first dimension with a slice selective pulse. For sequences (A)–(C),
using an echo for detection will normally improve signal-to-noise as
well as eliminate dead time issues. To keep the detection time t3 at the
correct orientation of the gradient with respect to the sample, the echo
time should either be kept very small with the signal detection starting
on the top of the echo, or set to one rotor period which allows a full
echo acquisition but requires long T2 relaxation times of the sample.
Sequence (D) does not need any additional pulse to produce an echo in
the detection dimension. Pulse sequences are available upon request to
the authors.

Fig. 3. (A) Geometry of the phantom object, a small plastic cylinder
(2.84 mm height, 2.39 mm external diameter, and 1.32 mm internal
diameter) placed in a standard 4 mm external-diameter MAS rotor
filled with water. The rotor volume was reduced by Teflon inserts. The
drawing is made at scale. (B) two-dimensional projection image of the
phantom object obtained with the sequence of Fig. 2B. The MAS
frequency was set to 30.03 Hz. The spectral width was 400 kHz in both
dimension. A radiofrequency (rf) field strength of 167 kHz was used
(90� pulse of 1.5 ls). Detection was started on the top of the echo,
using an echo time of te = 10 ls. Eight scans were accumulated for
each of the 64 complex points in t1. Quadrature detection in t1 was
performed using the States [23] method. As this object is radially
symmetric, the same image is obtained independent of the delay D, e.g.,
the absolute orientation of the gradient with respect to the sample. The
delay between scans was 1s. The projection was obtained in 18 min.
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atively short T2 relaxation times. It also allows straight-
forward acquisition of an amplitude-modulated signal in
both indirect detection times through the simultaneous
detection of +1 and �1-coherence pathways, avoiding
thus distortions of the image by mixed phase signal com-
ponents. In the sequence with z-filters, signal detection is
started straight after the last 90� pulse. This can lead to
distortions of the profile due to receiver dead-time prob-
lems. It is therefore recommended to perform an echo
acquisition with an additional 180� refocusing pulse
(shaded pulse). The sequence of Fig. 2D based on refo-
cusing pulses directly produces an echo in the detection
dimension. The sequences of Figs. 2B and C have been
derived from Fig. 2A. They can be used to obtain two-
dimensional projections (2B) or slices (2C) of the sample
using the z-filter technique. Analogous sequences based
on the ‘‘refocusing’’ technique can be derived from Fig.
2D, but are not shown.
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Fig. 3B shows the results of the MAS-STRAFI tech-
nique applied to a phantom composed of a small plastic
cylinder placed in a 4 mm rotor filled with water (see
Fig. 3A). All experiments were performed on a
500 MHz (11.75 T, ultra shield magnet) Bruker Avance
NMR spectrometer equipped with standard Bruker 4
and 7 mm CP/MAS probeheads. The sample rotation
at the magic angle was stabilized with either the stan-
dard Bruker spinning controller (used with the 7 mm
probehead) or the Bruker RockSolid stabilizer allowing
stabilization at very low spinning speeds (used with the
4 mm probehead). In all experiments, the probehead
was set 7 cm below its standard position in the magnet,
leading to a proton spectrum (profile) of 80–100 kHz
width due to the gradient of the stray field.

Fig. 3B shows a two-dimensional projection image of
the phantom object obtained using the pulse sequence of
Fig. 2B. The signal comes from the water surrounding
the object, which itself appears black in the image.
The geometry of the sample given in Fig. 3A is well
reproduced in the MAS-STRAFI image, with water sig-
nal appearing inside and outside the plastic cylinder, as
well as in the empty space inside the cap and the inserts
of the rotor. Due to the perfect symmetry of the sample
with respect to the rotor axis, rotation of the projection
plane by changing the delay D between the synchroniza-
tion pulse and the initial excitation pulse lead to identi-
cal images.

The slight distortions visible in the image, e.g., the
apparent non-parallel walls of the cylinder, arise essen-
tially from two sources. One source of image distortion
comes from the motion of the rotor during each t1, t2, or
t3 window. Most simply, the rotor should hop instanta-
neously between 120� steps and stop during the various
acquisition dimensions, such that the different acquisi-
tion times t1, t2, and t3 are performed at precise positions
of the rotor. The first solution to reduce the image dis-
tortions coming from the constant rotation of the sam-
ple is to spin as slow as possible, thereby limiting the
change in the gradient orientation during the various
acquisition times. It is to note that the possibility to re-
duce the spinning speed is limited by the relaxation time
T2 of the signal. In the projection of Fig. 3B, maximum
changes of 1.7� (t1,max = 158,5 ls) and 7.5�
(t2,max = 690 ls) in the gradient orientation have to be
considered during the indirect and direct detection
times, respectively. This small rotation of the object dur-
ing the incremented acquisition times corresponds to a
non-linear sampling of the k-space, resulting in distor-
tions of the image when the points are linearly repre-
sented, as is the case in Fig. 3B. However this kind of
distortions can be numerically corrected by calculating
the real sampling of the k-space corresponding to the
experimental parameters used, and eventually linearized
the sampling through interpolation of the points. It is to
note that errors in effective gradient direction due to the
rotation of the rotor during acquisition times are re-
duced if the acquisition times are incremented symmet-
rically with respect to the ideal position of the rotor.
This is done by moving both the pulses before and after
each of the tn evolution periods by half of the acquisition
increment in opposite directions. This insures that the
acquisition windows spend equal time on either side of
the idealized 120� hop positions (labeled Gx, Gy, or Gz

in Fig. 2).
A second source of image distortion results from a

non-linear magnetic field across the sample region
(non-constant gradient). Indeed, being limited in radio-
frequency (rf) field strength, we choose the position in
the stray field such that the proton spectrum could still
be entirely excited by a single pulse, and did not opti-
mize for a region of the magnet with constant z-gradient
and negligible radial variations [7,12]. To solve this
problem, the gradient itself could be mapped, and the
map used to correct the image. This source of distor-
tions becomes less important when the sample size is
made smaller.

A final image distortion problem can occur due to the
echo detection in the z-filtered experiments. If the echo
time (te in Fig. 2) is set to exactly one rotor period, then
no distortion is introduced, but at slow spinning speeds,
such a long echo time will result in substantial signal
loss. If a short echo time is used instead, the observed
stimulated echo may not refocus completely since the
two te periods have slightly different gradient orienta-
tions over each te period. The solution of using a very
short te and combine it with very slow spinning seems
to fix most of the problems associated with this echo dif-
ference. Alternatively, the refocusing pulse for echo
detection could be completely eliminated if the dead
time of the probehead is sufficiently short.

Results obtained from a green coffee bean are given in
Fig. 4. The signal arises primarily from the oils and
residual water in the bean. As the coffee bean is not radi-
ally symmetric, projections around different axis can be
obtained by changing the delay D. The rotation of the
projection plane in the series of images is noticeable
from the localization of the bean groove, which is visible
in several projections and indicated with a white arrow.
The coffee bean was slightly too thick to be put in a
7 mm rotor, and had therefore to be slightly cut on
two sides. This explains the rectangular shape of the
projections with D = 0.4 and 0.6 ms, where the projec-
tion plane probably lies close to the rotor axis.

One of the major difficulties with the MAS-STRAFI
experiment is the requirement for high power broad-
band rf excitation. Indeed, all pulses have to be short en-
ough to excite the whole proton frequency range. As our
probeheads are limited in rf-power, we could not use a
higher stray field gradient, than the one found 7 cm be-
low the homogeneous field region in the magnet center.
However, high rf-power probeheads were already re-



Fig. 4. Two-dimensional projection images of a green coffee bean (prior to roasting) obtained with sequence 2B. Incrementing the delay D in steps of
0.2 ms, corresponds to a rotation of the projection plane of 28.65� between the images. For all images, the MAS frequency was set to 400 Hz. The
spectral width was 400 kHz in both dimensions and the rf field strength was m1 = 125 kHz (90� pulse of 2 ls). The echo time te was set to one rotor
period and the full echo signal was detected. Sixteen scans were accumulated for each of the 64 complex points in t1. Quadrature detection in t1 was
performed using the States method [23]. The delay between scans was 2s. Each image was obtained in �1 h.
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quired for other applications like multiple-quantum
MAS. It should be technically no problem to develop
high proton rf-power MAS probe for STRAFI
applications.
3. Conclusion

In conclusion, we have demonstrated that the com-
bination of STRAFI and MAS can successfully be used
to obtain high-resolution multi-dimensional images of
small objects. At this point the method has not been
refined enough to deliver quantitative data as density
differences, or physical dimensions, about the structure
of the sample, but we anticipate that this new tech-
nique will yield valuable microscopic information from
a wide range of materials as further advances are made
in this area. Given the enormous range of MRI exper-
iments developed since the advent of the early image
reconstruction algorithms, we optimistically hope that
new pulse sequences might be developed to improve
both signal-to-noise as well as resolution in this exper-
iment. Finally, it may be that a probe specifically de-
signed for imaging small objects in this manner with
a micro coil will give substantial improvement in the
overall effectiveness and usefulness of this method.
Also, it may be feasible that strongly dipolar coupled
solids might be studied using this kind of approach
where the homogenous linewidth is too large to pro-
vide adequate resolution with lower pulsed gradient
methods. The gradient reorientation technique using
MAS could be extended to other gradient sources,
allowing three-dimensional images in an external inho-
mogeneous field, in analogy to recently proposed ex
situ NMR spectroscopy [22].
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