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Abstract

We demonstrate that frequency-swept pulses can be used for the selective and enhanced detection of quadrupolar nuclei located
in anisotropic environments. The primary driving force for this technique development is the field of sodium-MRI, where sodium
signals from locally ordered environments are known to be diagnostic of cartilage defects. We demonstrate here simple one-dimen-
sional images of model systems, in which the signals from free sodium ions are suppressed, while ordered sodium is detected via the
narrow central transition signal.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The 23Na nucleus has a spin of 3/2 and is subject to an
electric quadrupolar interaction when located in an
anisotropic environment, or when performing anisotrop-
ic motion (such as, for example, rotation around a large
molecule with a preferred axis) [1]. Fox axial symmetry,
the Hamiltonian for this interaction can be described by
HQ ¼ xQ 3I2z � IðI þ 1Þ

� �
, where xQ is the quadrupolar

coupling constant, usually given in angular frequency
units, or as xQ/2p in Hz. Its strength varies with the ori-
entation of the electric field gradient (EFG) tensor with
respect to the static magnetic field. The NMR spectrum
of a single sodium atom in an anisotropic environment
displays three resonances, located at the frequencies
�3xQ/2p, 0, and 3xQ/2p relative to the isotropic chemi-
cal shift of the atom. In the case of a random collection of
crystallites with different orientations of the EFGs with
respect to the static magnetic field, the positions of the
outer resonances (the satellite transitions) vary and a
1090-7807/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2005.06.006

* Corresponding author.
E-mail address: alexej.jerschow@nyu.edu (A. Jerschow).
powder spectrum is obtained [2]. The same situation oc-
curs when the sodium ions are moving (anisotropically)
around an axis, determined by their association with
macromolecular structures, such as the proteoglycan-
collagen systems in cartilage tissue [1]. The central
transition (�1/2 fi 1/2) does not experience any orienta-
tional dependence and stays narrow, except for very
large quadrupolar coupling constants, which typically
only arise in solid systems [3].

Sodium concentrations monitored in cartilage tissue
by 23Na-MRI show a strong correlation with charge
densities and thereby proteoglycan content [4]. Proteo-
glycan depletion is accompanied by a decrease in sodium
concentration [5]. This has been demonstrated both in
in vivo models [6,7] and in vivo [8–10]. Another example
of the application of 23Na-MRI is the study of brain tu-
mors [11]. Distinguishing between free sodium and sodi-
um associated with macromolecules provides strong
diagnostic power for cartilage and other tissue patholo-
gies [12,13]. Other areas of applications include such
experiments in mitochondrial suspensions [14], the study
of the effect of the cytoskeleton formation on the aniso-
tropic motion in red blood cells [13], and the study of the
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competition between Na+ and Li+ for the unsealed
and cytoskeleton-depleted human red blood cell
membrane [15].

The central transition of ordered sodium overlaps fre-
quently with the signal arising from free sodium. Chem-
ical shift reagents may help to distinguish, for example,
intracellular from extracellular sodium [16,17]. On the
other hand, only the ordered sodium exhibits a quadru-
polar interaction and therefore broadened satellite-tran-
sition signals [18]. Techniques have been developed that
allow one to selectively observe the signals from ordered
environments, i.e., from those ions that exhibit a non-
vanishing quadrupolar interaction [1,12,18]. These
experiments are best described using spherical tensor
operators [1,12,19,20]. After a hard 90� pulse the magne-
tization can be written in terms of the transverse magne-
tization components T 1

�1, which represent spherical
tensor operators of rank one and order plus or minus
one. In general, one distinguishes between two scenarios
for their time evolution. Under the action of the quadru-
polar Hamiltonian this operator transforms into a mix-
ture of T 2

�1. These terms can be converted into double
quantum coherence, T 2

�2. A double-quantum filter exper-
iment selects the signals arising from ordered sodium.

On the other hand, ions that experience slow isotro-
pic motion, may also contribute to a double-quantum
signal, via a relaxation-induced pathway symbolized
by T 1

�1 ! T 3
�1 ! T 3

�2 [1]. The spectroscopic signature
of this signal can in some cases be distinguished from
the former [1,12]. Specialized pulse sequences can fur-
ther minimize the appearance of the free sodium signals
[1,12].

The modified Jeener–Broekaert experiment [1] selects
the signals of ordered-sodium ions using a z-filter.
The coherence transfer in this experiment can be de-
scribed by the following trajectory: T 1

�1 ! T 2
�1;

T 3
�1 ! T 2

0 ! T 2
�1 ! T 1

�1 (the T 3
�1 components cancel

each other by applying the z-filter). The advantage of
this sequence is that the selection of T 2

0 over T 3
0 is rela-

tively insensitive to B1 field inhomogeneities. However,
as Navon et al. [12] pointed out, and we noticed in test-
ing this sequence, the leakage due to T 1

0 may be problem-
atic. Therefore, the appearance of the free sodium signal
may hamper its applicability.

The double-quantum sequence selects the coherence
corresponding to ordered ions solely by the flip-angle
setting, and it is therefore extremely sensitive to B1 field
in homogeneity. Leakage of the T 3

�2 term often occurs.
Another disadvantage of both sequences is that since
the lineshape of the filtered component is dispersive, it
is not a desirable method for imaging purposes, especial-
ly when a broad distribution of quadrupolar coupling
constants is present.

A marked improvement of above methods was origi-
nally developed by Wimperis and colleagues [1], in
which the coherence present in the satellite transitions
is transferred into the central transition, via a double
Jeener–Broekaert experiment. The advantage of this se-
quence is that the signal from ordered sodium may be
converted into a central transition component with a
large signal-to-noise ratio due to a narrow lineshape.
Unfortunately, the aforementioned disadvantages of
the Jeener–Broekaert sequence also apply here.

Recently, a relatively simple approach was described
that allows one to suppress the central transition signals
using two soft pulses [18], but the back-transfer into the
central transition was not developed.

The experiment demonstrated here represents an
alternative to the methods mentioned above. We note
that it is often possible to adjust this method such that
the satellite transitions do not appear in the spectrum
at all. This has a marked resolution advantage in imag-
ing as shown below. Another advantage is its potential
for B1 robustness, as it does not rely on precise flip-angle
settings.
2. Experimental

All experiments were performed on a Bruker Avance
500 MHz spectrometer with a BBI probe tuned to the
sodium frequency, equipped with a single-axis gradient
accessory with a maximum strength of 50 G/cm. Two
samples with different residual quadrupolar coupling
constants (QCC) were prepared.

2.1. Sample A

Liquid-crystalline system formed by a mixture of
37.9 wt% sodium decyl sulfate, 6.7 wt% decanol, and
55.4 wt% H2O at 25 �C. The mixture gives rise to a resid-
ual quadrupolar splitting of approximately 8.5 kHz for
the sodium signal.

2.2. Sample B

Liquid-crystalline system formed by a mixture of
36 wt% sodium decyl sulfate, 7.2 wt % decanol, and
57 wt% H2O at 20 �C. The mixture gives rise to a resid-
ual quadrupolar splitting that peaks around 3.5 kHz for
the sodium signal.

The double-frequency-sweep (DFS) pulses were cre-
ated according to x1ðtÞ ¼ x1 cos x1t � ðxs � xfÞt2=2s½ �,
where x1 is the overall rf-field, xs and xf are the start
and final sweep frequencies, and s is the duration of
the pulse.

The phase cycle for the sequences shown in Fig. 1 was
as follows: /(CTsat) = m · 90�, /(DFS) = l · 90�, the
hard pulse phase = k · 90�, and the receiver phase
uR = k · 90�, where m, k, and l assume the values
{0,1,2,3} independently. The parameters of the soft
pulse were x1/2p = 200 Hz, pulse length 1140 ls, and



Fig. 1. Pulse sequences used in this study. (A) Simple pulse gradient
echo experiment, (B) as in (A) but with saturation of the central
transition via a weak rf-irradiation (CTsat), (C) as in (B) but with a
double-frequency-sweep (DFS) pulse to transfer the populations from
the satellite to the central transitions.
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for the hard pulse, x1/2p = 22 kHz, pulse length 3.6 ls.
All DFS pulses had a power of x1/2p = 2 kHz and dura-
tions of 400 ls. The sweep was from 1.8 to 10 kHz, for
both samples. For the 1D imaging profile, the gradient
strength for sample A was 4 G/cm, while that for sample
B was 8 G/cm. The gradient echo time was 1 ms. 2048
sample points were acquired to cover a spectral window
of 50 kHz.

The T1 relaxation constants were measured using an
inversion recovery sequence, and the T2 constants were
measured using the CPMG sequence with s = 20, 50,
and 70 ls delays between the refocusing pulses (90�
pulse duration 12.3 ls). The relaxation data are summa-
rized in Table 1.
Table 1
T1 and T2 data

T1

(central)
[ms]

T1

(satellite)
[ms]

T2

(s = 20 ls)
[ms]

T2

(s = 50 ls)
[ms]

T2

(s=70ls)
[ms]

Sample A 14.1 14.0 10.3 9.6 13.2
Sample B 13.3 12.7 9.9 9.1 7.2

T1 is reported for both the central and the satellite transitions. T2 is
reported at different delay times of the CPMG sequence.
3. Results and discussion

We demonstrate the new contrast method in the fol-
lowing way: first, we need to suppress the signal from
free sodium environments. This can be done in the form
of a long and weak rf-irradiation. A so-called CPS se-
quence was reported previously to perform this task
[18]. Ideally, the central transition saturation pulse cre-
ates a density matrix of the form

�3=2

0

0

3=2

0
BBBBBB@

1
CCCCCCA

¼ 9

10
T 1

0 þ
1ffiffiffiffiffi
10

p T 3
0. ð1Þ

A 90� hard pulse would, however, create both satellite
and central transition coherences. In the CPS sequence,
both the soft irradiation on the central transition and
the hard pulse flip angle are varied to avoid this problem
[18]. As a result, in an optimal setting, neither pulse is a
90� pulse. It can be shown that as the hard pulse flip an-
gle increases, the soft pulse flip angle needs to be in-
creased. According to Navon et al. [18] the maximum
hard pulse flip angle at which central transition suppres-
sion is achieved is 41.8�. While this procedure in general
incurs a loss of sensitivity of approximately 10% as
compared to a 90� pulse experiment a clean removal
of the central transition (and free sodium) signals is
possible [18].

We combine this two-pulse CPS sequence with a dou-
ble-frequency-sweep (DFS) pulse in between the central
transition saturation (CTsat) pulse and the hard pulse.
The DFS pulses are used to convert the populations
encoded in the satellite transitions into central transition
populations for detection [21–24]. The DFS pulses work
best in a regime described as adiabatic, in which the
effective rf-field is large compared to the sweep speed
[22]. Such a regime, however, is often difficult to achieve
when the quadrupolar couplings are small. Further-
more, adiabaticity considerations are strictly valid only
in cases when multiple level anti-crossings do not occur
simultaneously. On the other hand, adiabaticity is not a
requirement for achieving coherence transfers, rather it
is a guiding principle for specific situations. As the
parameters show, the DFS pulses used here are not per-
formed under adiabatic conditions. In cartilage samples,
where the quadrupolar coupling constants are smaller
than in the samples studied here, the adiabatic regime
may dictate relatively slow sweep speeds, in which case
much of the magnetization will be lost due to relaxation.
Under conditions of controlled violation of adiabaticity,
however, faster experiments with smaller relaxation loss-
es become possible. The theoretical description of this
process is complicated, and perhaps, little insightful as
several level crossings and anti-crossings happen almost
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simultaneously. We adjust the pulse power and sweep
speed such that the satellite transitions appear saturated
at the same time as the populations are transferred to
the central transition. This has the additional benefit
of reducing satellite image artifacts. The DFS parame-
ters are further adjusted to recover a maximum of signal
intensity in the central transition.

To demonstrate the stages of the coherence transfer
we perform three different experiments (Fig. 2), both
without and with imaging gradients for both samples.
The first experiment is a simple hard-pulse experiment
(sequence of Fig. 1A), all three transitions are present,
as well as all three components of the one-dimensional
image (Figs. 2A, D, G, and J). The second experiment
is a hard-pulse experiment with saturation of the central
transition, to remove the signal from free sodium (se-
quence of Fig. 1B). The corresponding spectra are
shown in Figs. 2B, E, H, and K, and one can see that
the central transition resonance, as well as the central
transition image are removed. The third experiment is
a saturation—DFS—hard-pulse experiment, in which
the central transition reappears as a result of the transfer
of the populations from the satellite transitions (se-
quence of Fig. 1C). The corresponding spectra are
shown in Figs. 2C, F, I, and L. As is particularly evident
in Fig. 2K, the presence of the satellite transitions signif-
Fig. 2. Spectra and one-dimensional images on samples A and B. The simple
acquired both with (D and J) and without (A and G) the gradient echo sequen
acquired both with (E and K) and without (B and H) the gradient echo sequen
acquired both with (F and L) and without (C and I) the gradient echo seque
except the one in Figure (G), where only one transient was used.
icantly perturbs the image due to the overlapping satel-
lite-transition signals. If these are removed and their
magnetization is transferred into the central transition,
the image appears much cleaner (as shown in Fig. 2L).
We note that spikes appear in the images of Figs. 2D,
E, and F at the edges of the images towards the edges
of the rf-coil where the field falls off to zero.

After applying the DFS in addition to central transi-
tion suppression the recovered central transition peak
appears at an intensity of 61% for sample A, and 78%
for sample B with respect to the original central transi-
tion peak. This demonstrates that we are able to observe
the ordered sodium signals with relatively large efficien-
cy even though the DFS pulses are far from being adia-
batic. Relaxation effects (Table 1) can be neglected for
the samples studied, however, as was mentioned above,
it is important to be able to perform these pulse sequenc-
es within very short time intervals, as in cartilage sam-
ples the estimated relaxation losses would exceed the
losses incurred due to non-ideal pulses. We also observe
an increase in the satellite-transition signals by a factor
of 1.4 after the central transition suppression step, more
than observed in the original CPS experiment in Fig. 4
of Ref. [18]. We are working to optimize the components
of this new sequence to increase further the overall
efficiency.
pulse experiments of Fig. 1A are shown in (A), (D), (G), and (J), each
ce. The experiments of Fig. 1B are shown in (B), (E), (H), and (K), each
ce. The experiments of Fig. 1C are shown in (C), (F), (I), and (L), each
nce. All spectra were acquired using an accumulation of 64 transients,



238 Communication / Journal of Magnetic Resonance 176 (2005) 234–238
4. Conclusions

We demonstrate how signals from sodium in aniso-
tropic environments can be observed selectively by the
use of DFS pulses, while the signals from isotropic sodi-
um can be suppressed. This technique is akin in function
to the previously described double-quantum filtered or
Jeener–Broeckaert sequences, however, with the addi-
tional benefits of the removal of the satellite transitions,
the observation of the in-phase central transition com-
ponent, and the relative robustness against B1 inhomo-
geneity artifacts, which is generally afforded by
frequency-sweep pulses. It also contains adjustable
parameters that allow one to tune it to certain frequency
ranges for the DFS transfer. Using this property one can
adjust the image contrast mechanism to visualizing a
certain degree of order in the tissue. Experiments that
demonstrate such selectivity are underway, as are
numerical optimizations that make these types of
sequences applicable to samples with quadrupolar split-
tings smaller than the ones shown in this paper.
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