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Abstract

We propose a method of slice selection in solid-state MRI by combining DANTE selective excitation with magic-echo (ME) line nar-
rowing. The DANTE RF pulses applied at the ME peaks practically do not interfere with the ME line narrowing in the combined ME
DANTE sequence. This allows straightforward tailoring of the slice profile simply by introducing an appropriate modulation, such as a
sinc modulation, into the flip angles of the applied DANTE RF pulses. The utility of the method has been demonstrated by preliminary
experiments performed on a test sample of adamantane.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The method of slice selection is well-established in
liquid-state MRI. The sinc-shaped soft RF pulse applied
in the presence of a field gradient achieves the nearly ideal
slice selection. This selection scheme, however, does not
work in solid-state MRI where the transverse relaxation
time T2 of the object is much shorter than the soft RF
pulse. Although a few slice selection methods have been
proposed for solid-state MRI [1–3], each method suffers
from its own problem: the method relying on spin locking
in the presence of a field gradient exhibits a relatively poor
selectivity [1]. The generalized DANTE method combined
with multiple-pulse line narrowing is technically demand-
ing [2]. The method using off-resonance spin tipping selects
a slice necessarily in the form of longitudinal magnetization
[3]. Furthermore, in all the methods proposed so far, the
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shape of the slice profile is uniquely determined by the
method employed and cannot be tailored by the experi-
menter. These drawbacks seem to have hampered their
widespread use in solid-state MRI.

Here, we describe a simple slice selection method for
solid-state MRI by combining DANTE selective excitation
[4] with magic-echo (ME) line narrowing [5–15]. The new
method is technically less demanding, selects a slice in the
form of transverse magnetization, and permits tailoring
the shape of the slice profile for the first time in solid-state
MRI.

2. The ME DANTE method

The original DANTE sequence developed for NMR
spectroscopy consists of regularly spaced N short RF
pulses. The on-resonance flip angle of each pulse is defined
by ai (i = 1, 2, 3, . . .,N). All the flip angles are identical and
the sum of the flip angles is fixed at 90� (Fig. 1). During the
pulse spacing sD, free precession occurs, leading to the fre-
quency-dependent RF excitation. Since the frequency
dependence can be converted to the spatial dependence
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Fig. 1. Pulse sequences for the ME DANTE method of slice selection in solid-state MRI. The sequences comprise two time intervals of ME DANTE
excitation and rephasing (for 0.583 NsD), followed by the additional sequence for monitoring the profile of the selected slice. Upper sequence: the original
DANTE sequence consisting of N identical hard RF pulses (ai; i = 1, 2, 3, . . .,N) is combined with the ME line narrowing sequence. The DANTE RF
pulses are applied at ME peaks every pulse cycle of TREV8 (sD = tc) so as to avoid their interference with the ME line narrowing. Lower sequence: a sinc
modulation is introduced into the DANTE sequence by changing the flip angles appropriately for tailoring the slice profile. Field gradient pulses G are
applied for transforming the frequency response of the DANTE sequence to the spatial response. The gradient pulses are inverted during the second time
interval for rephasing by means of gradient echo. In the middle of the pulse cycle TREV8, signal sampling is made and a gradient pulse is applied despite
not indicated explicitly. The ai pulse amplitudes are depicted exaggerated; the maximum amplitude is the same as that of 90� pulses in the ME sequence.
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by application of a field gradient G, slice selection can be
attained by the DANTE sequence.

The regular spacing of the DANTE hard-pulse sequence
makes it ideally suited for the combination with the ME
sequence which is cyclic. For combining the DANTE
sequence with the ME line narrowing sequence without
lowering the line narrowing efficiency, it is necessary to
apply the DANTE RF pulses at the ME peaks where the
time evolution of the spin system is free from the dipolar
interaction. This point is discussed below in comparison
with similar approaches employing the multiple pulse
sequences for line narrowing.

The combined ME DANTE pulse sequence is repre-
sented by the upper sequence in Fig. 1. The field gradient
pulses G are applied for the conversion from the fre-
quency to the spatial discrimination. The ME DANTE
excitation is followed by the ME sequence with reversed
gradient pulses for rephasing the signal, similarly as in
the soft RF pulse excitation commonly used for liquid-
state MRI [16]. The optimal rephasing was evaluated by
numerical simulation based on the Bloch equations [16].
It has been found that the rephasing can be optimized
by reversing the gradient G for 0.583 NsD following the
excitation (Fig. 1). (We did not employ the analytical
expression [17] for the simulation because the numerical
simulation was more suitable for evaluating the optimal
rephasing.) The rephased signal is then detected by the
1D ME imaging sequence (A/D start) for monitoring
the slice profile. The TREV8 [6] was employed as the
ME pulse cycle, since it is compact and exhibits a reason-
ably good line-narrowing efficiency. The cycle time
tc = 12sM was set equal to the DANTE pulse spacing
sD. All the DANTE RF pulses are applied along the x

axis in the rotating frame.
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We note here that similar DANTE approaches to slice
selection are conceivable by employing the multiple pulse
sequences such as MREV8 for line narrowing. However,
the DANTE RF pulses directly inserted into the multiple
pulse sequence are expected to interfere with the coherent
averaging of the dipolar interaction, leading to a lowered
line-narrowing efficiency [18]. Consequently, Caravatti
et al. devised a special multiple pulse sequence called a
‘‘permuted pulse cycle’’ to accommodate the DANTE
selectivity with minimal line-narrowing deficiency [18].
Another combination of the multiple-pulse line narrowing
with the DANTE was also demonstrated as mentioned in
Section 1 [2], where the problem of interference was solved
by utilizing a generalized DANTE sequence. The DANTE
sequence can be generalized by regarding it as alternative
rotations about the two mutually perpendicular axes. On
the other hand, the problematic interference can be mini-
mized simply by application of the DANTE RF pulses at
the ME peaks in the ME DANTE approach.

It is important to note that by introducing an appropri-
ate modulation into the inserted DANTE RF pulses as
indicated by the lower sequence in Fig. 1, one can readily
tailor the shape of the slice profile. The sinc modulation
leads to an ideal rectangular shape. This ability of straight-
forward tailoring can be brought about by the negligibly
Fig. 2. ME DANTE experimental results obtained on an adamantane sample. T
obtained by nonselective 90 �pulse excitation. (b) The sinc-shaped slice profile o
N = 6). (c) The slice profile observed by the ME DANTE experiment emp
a1 = a6 = 10.4�, a2 = a5 = �17. 3�, and a3 = a4 = 51.9� (lower sequence in Fig
using the sinc modulation represented by the flip angles a1 = a6 = 4.8�, a2 = a
portion) is close to a rectangle. Also, the sidelobes accompanying the thinner sli
results indicate that the ME DANTE method works well. The profiles, however
both ends. Nevertheless, the artifacts can be mainly ascribed to the ME imagin
profiles (b) and (d) are intentionally shifted to the left. The reduced amplitudes
during the ME DANTE excitation and rephasing.
small interference obtained in the ME DANTE approach,
as will be verified by our ME DANTE experiments.

3. Results and discussion

Fig. 2 shows the results of the ME DANTE experiments
performed on the adamantane test sample in a tube of inner
diameter 7 mm. Slice profiles monitored by the 1D ME imag-
ing sequence are displayed. The DANTE pulse spacing sD

was set at 360 ls. Due to the restricted capability of our pulse
generator used in all the experiments, the number of
DANTE RF pulses N was limited to 6. Profile 2a represents
the 1D spin density image obtained by nonselective 90 �pulse
excitation. Profile 2b was obtained by the ME original
DANTE experiment. Since all the flip angles ai (i = 1, 2,
3, . . ., 6) were set equal to 15� (Fig. 1, upper sequence), the
well-known sinc-shaped profile is observed. Profiles 2c and
2d were acquired by the ME sinc-modulated DANTE exper-
iments. The sinc modulations employed are represented by
the flip angles a1 = a6 = 10.4�, a2 = a5 = �17.3�, and
a3 = a4 = 51.9� for profile 2c (Fig. 1, lower sequence) and
a1 = a6 = 4.8�, a2 = a5 = 16.1�, and a3 = a4 = 24.1� for pro-
file 2d.

The presence of the negative peaks of the 1st sidebands
at both ends of profiles, which were inverted as a result of
he sample was in a tube of inner diameter 7 mm. (a) 1D spin density image
btained by the ME original DANTE experiment (upper sequence in Fig. 1,
loying the sinc modulation represented by the flip angles of the pulses
. 1, N = 6). (d) The slice profile acquired by the ME DANTE experiment

5 = 16.1�, and a3 = a4 = 24.1�. Note that the shape of profile (c) (positive
ce in profile (d) are much smaller than those of the slice in profile (b). These
, suffer from artifacts such as a dip in the profile center and beat patterns on
g process for profile monitoring (see text for further details). The peaks in
in profiles (b–d) relative to profile (a) are due to the transverse relaxation
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the optimal rephasing, complicates the appearance of pro-
file 2c. However, it can be seen that the shape of the center-
band slice profile (positive portion) is close to a rectangle.
Also, the sidelobes accompanying the thinner slice
obtained in profile 2d are much smaller than those of the
slice in profile 2b. The slice thickness in profile 2c is one
half the FOV of about ±4.8 mm and it is three times
thicker than that in profile 2d. These results clearly demon-
strate that the experiments of ME DANTE excitation work
well.

All the profiles, however, suffer from at least either of
two types of artifacts, a dip in the center and beat patterns
on both ends. The dip in profile 2a contains a sharp peak
inside. Nevertheless, these artifacts may result mainly from
the monitoring ME sequence as will be discussed below.
The central peaks are intentionally shifted to the left in pro-
files 2b and 2d to avoid the dip artifact. The small asymme-
try observed in profiles 2a and 2c with respect to the profile
center may be ascribed to the nonlinearity in the field
gradient.

The results in Fig. 2 also confirm that the DANTE RF
pulses do not significantly interfere with the ME line nar-
rowing. The virtual absence of such interference, however,
can be more directly confirmed by the fact that the ampli-
tudes of profiles 2b–d are reduced to about one half, com-
pared to that of profile 2a: the transverse relaxation time of
the adamantane sample has been prolonged by the ME line
narrowing from 50 ls to 3.5 ms. The reduction factor 1/2
can be well explained by assuming the transverse relaxation
time of 3.5 ms in the numerical simulation. The DANTE
interference with the ME line narrowing during the ME
DANTE excitation is thus practically absent.

We briefly discuss the two types of artifacts in Fig. 2, a
dip in the center and beat patterns on both ends. It can be
recognized that the dips in profiles 2a and 2c appear
roughly the same except the sharp peak inside in profile
2a. This strongly suggests that this artifact results mainly
from the ME monitoring and the contribution from the
ME DANTE excitation and the rephasing process is rela-
tively small. The sharp peak inside the dip in profile 2a
may be due to the spin locking effect of the ME sequence
[19]; however, such effect would be suppressed largely by
the DANTE RF pulses inserted into the ME sequence in
profile 2c. It is most likely that the dip may be generated
by the abruptly decreased efficiency of the line narrowing
around the center where the second averaging is ineffective
[20]. It was confirmed experimentally by the offsetting that
the shapes of the peaks which can be observed if the dip
artifacts are absent in profiles 2a and 2c, would be as cor-
rected by the broken line.

The beat patterns on both ends are due to the fact that
the signal sampling (A/D) was made twice the cycle time tc

for doubling the FOV to accommodate properly the thick
slice of profile 2c. (This is not shown explicitly in Fig. 1.)
As is well-known [8], this over-sampling gives rise to pro-
ducing a peak with many sidelobes at the Nyquist frequen-
cies, i.e. at both ends. In fact, the beat patterns could be
removed by making the signal sampling once the cycle time
tc. Therefore, the beat patterns can entirely be ascribed to
the monitoring ME sequence.

4. Conclusions

We have proposed the slice selection method for solid-
state MRI by combining DANTE with the ME line nar-
rowing. It has been confirmed that the DANTE RF pulses
inserted into the ME sequence do not significantly interfere
with the ME line narrowing. The preliminary experiments
have demonstrated that the ME DANTE method with
the sinc modulation can be useful for slice selection in
MRI of solids. Due to the limited number of DANTE
RF pulses N = 6, the sufficiently thin slice with a rectangu-
lar profile could not be obtained. For obtaining a thinner
slice, the number N must be increased. Additional experi-
ments for improving the performance of the ME DANTE
method are currently in progress.

Finally, it should be pointed out that the tailoring ability
of the ME DANTE method would be useful not only for
the slice selection in solid-state MRI but also for the selec-
tive excitation in high-resolution NMR spectroscopy of
solids [18,21].

5. Experimental

All the experiments were performed on a homebuilt
NMR imager, operating at 59.85 MHz for protons. The
width of the 90� pulses in the ME sequence was 2.4 ls.
The flip angles of the DANTE RF pulses were adjusted
as follows: the RF pulses with the largest flip angle were
obtained by reducing the pulse width while keeping the
amplitude same as that of the 90� pulses. Then, the flip
angles of the other RF pulses were adjusted by reducing
the amplitudes without changing the pulse width. The
actual RF pulse widths were fixed to 0.4, 1.4, and 0.6 ls
for Fig. 2b–d. We noticed no problems with the finite pulse
widths. This is presumably due to the fact that the pulse
widths were short enough for the adamantane sample.
The adamantane sample contained in the tube was about
5 mm long, and its relaxation times were T1 � 1 s and
T2 = 50 ls. The T2 of adamantane was prolonged to
3.5 ms by the ME line narrowing. A field gradient of
41 mT/m was applied perpendicular to the tube axis.

In the ME monitoring, typically 80 points were sampled
every 180 ls and zero-filled to 256 points prior to the Fou-
rier transformation, giving a resolution of approximately
100 lm. Twenty signals were accumulated to improve the
signal-to-noise ratio in the ME DANTE experiments.
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