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Abstract

Intermolecular double-quantum coherence (i-DQC) signals in liquids are usually associated with high magnetic fields. We
demonstrate that, in a magnetic field of only 16 mT, i-DQC imaging of water protons is feasible thanks to the nuclear magnetization
enhancement produced by the Overhauser effect. i-DQC images of a phantom containing an aqueous solution of a trityl free radical,
with phase encoding in the DQC evolution period or in the acquisition period, are presented. Possible applications of low field

i-MQC images are proposed.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Since the roles of the dipolar coupling between dis-
tant spins in liquids and the classical demagnetizing field
became clearly understood, a wealth of possible appli-
cations exploiting these effects has emerged [1-8]. Al-
though some debate over quantum mechanical versus
classical interpretations persisted for some time, it now
appears that both approaches yield identical results in
most experiments [9-11]. It is therefore customary to
also refer to these effects as intermolecular multiple-
quantum coherences (i-MQC) [12].

The CRAZED (COSY revamped with asymmetric
z-gradient echo detection) experiment [12], and its
variations, proved to be of central importance in the
clarification of i-MQC effects as well as in many of their
practical applications. Under the action of the classical
demagnetizing field, the net effect can be described as if
an n quantum evolution takes place in the time interval
t; between the first (n/2), RF pulse and the second
f=m/2 pulse. In this i-MQC evolution interval, a
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magnetic field gradient pulse of area GT is applied.
A second gradient pulse of area nGT is further applied
in the acquisition period after the f pulse. This second
gradient converts the multiple-quantum coherence into
single-quantum coherence as predicted by a quantum
mechanical treatment [13]. For an isochromat with offset
angular frequency Aw in the rotating frame, the trans-
verse magnetization M, = M, + iM, can be shown [14]
to evolve according to exp(—inAwt;) exp(iAwt,), where
t; denotes time measured from the f pulse. The magnetic
field gradient is applied along the z-direction and an
initially uniform distribution of magnetization, pro-
duced by a polarizing field Bz, is assumed.

Since the distribution of isochromats caused, for ex-
ample, by a slightly imperfect polarizing field, refocuses
at t, = nty, an echo signal unambiguously attributable to
long-range dipolar couplings is observable.

Lee et al. [14] derived an expression for the i-MQC
signal amplitude that can be readily generalized to in-
clude transverse relaxation time 7>. For n =2, Aw =0,
and f = nt/2 the result is:

—b exp(—tl/Tz)

M. (t1,t) :iMo(2rd/t2)J2{ .
d

:| eXp(—tz/Tz).
(1)
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The above signal amplitude, corresponding to the ori-
ginal CRAZED sequence, can actually be increased by a
factor 3+/3/4 by choosing = 2m/3 [15].

The demagnetizing time tq = 1/yuyM, plays a central
role in the signal amplitude given by Eq. (1). Here, M
denotes the thermal equilibrium magnetization, y is the
magnetogyric ratio, and p is the vacuum permeability.
Neglecting relaxation, the i-DQC signal amplitude has
its first maximum for #/7q = 2.15. This is somewhat
lower than the value where the second order Bessel
function J, in Eq. (1) reaches its first maximum. More-
over, if t, < 14, T», as will be chosen to be the case in our
images, the expansion of .J, for small arguments leads to
a linear regime M, =~ (iMy/4)(t2/74). If, on the other
hand, relaxation effects become important, the maxi-
mum is shifted to lower values of #/tq. This would
suggest that larger values of 74 could become tolerable,
for a given value of ¢, if one wants to reach the signal
maximum. However, in this situation, the loss of signal
caused by transverse relaxation becomes the dominant
effect and the signal amplitude at the maximum is sub-
stantially degraded. Thus, in either case, tq4 must be kept
as short as possible and, consequently, M, as large as
possible to avoid a sizable decay.

For pure water at a magnetic field By = 14.08 T, the
demagnetizing time has a value of only 14 = 67 ms [16].
Therefore, transverse relaxation effects should be almost
negligible at the signal maximum for such a high mag-
netic field. This maximum theoretical signal can be es-
timated from Eq. (1) to be 36% of the equilibrium
magnetization signal amplitude [17]. However, values
obtained in practice have been more frequently found to
be in the range 10-15% mainly due to the effects of
diffusion and radiation damping [14,17,18].

Although the above results appear to predict that the
study of i-DQC effects in liquids would be restricted in
practice to high magnetic fields, it will be demonstrated
in this communication that this need not be the case.
Indeed at a magnetic field as low as 16 mT, not only are
i-DQC signals, but also i-DQC imaging will be shown to
be feasible. Given the extremely long value 7q = 59s
of the demagnetizing time of water at By = 16 mT, the
i-DQC signal amplitude predicted by Eq. (1) can be
expected to be only an exceedingly small fraction of an
initially quite small signal. However, the enhancement
of the nuclear magnetization, brought about by the
electronic Overhauser effect involving a dissolved free
radical, can rescue the i-DQC effect even at such low
fields.

The theoretically expected Overhauser enhancement
of the proton resonance in water depends upon several
factors [19] such as free radical concentration, the type
of radical, and the amplitude and duration of the RF
field at the EPR frequency.

i-MQC effects at very low magnetic field offer some
interesting possibilities. The combination of the peculiar

contrast attainable by i-DQC imaging when half the
pitch ©t/yGT of the magnetization helix is tuned to the
dimensions of a liquid structure [20], and the lack of any
appreciable bulk magnetization artifact [21] afforded by
a very low magnetic field, could prove to be valuable.
Furthermore, the large sensitivity to small changes of
water mobility, inherent to the Overhauser enhance-
ment, and its effect upon i-DQC could also be useful for
some applications. If water molecules become less mo-
bile, for example by chemical exchange or other pro-
cesses, the enhancement can be strongly suppressed.
This property has been shown to be quite valuable to
probe the spatio-temporal evolution of various trans-
port processes [22,23].

Experiments were performed in a home-built imaging
system and magnet [24]. A phantom consisting of an
external glass tube, 25 mm in diameter, was filled with
an aqueous solution of trityl radical [25]. Two concen-
tric glass tubes, 10 and 4 mm in external diameter, were
placed approximately concentrically with the external
tube. The wall thickness of each tube was 1 mm and the
length of all cylindrical tubes was 20 mm. A solenoidal
coil with its axis perpendicular to the By = 16 mT po-
larizing field was employed as a transmit/receive coil for
the NMR signal at vyyr = 680kHz. The much larger
volume of this coil compared to that of the sample
permitted a radiation damping time t. = 1/yQuy(1/2)
My ~ %Td, of the same order of 74 [26]. Here, O ~ 200
denotes the quality factor of the coil and # = 0.03 is the
filling factor. Furthermore, RF irradiation of the single
EPR line of the trityl radical at vgpr = 445 MHz was
provided by 3 cm in diameter birdcage resonator, which,
together with its tuning/matching trimmer and coupling
circuits, was placed inside the NMR coil and fed by 10
W RF amplifier.

For this phantom, with the above not ideal experi-
mental conditions and a 5SmM trityl concentration, an
enhancement of the NMR signal of approximately 30
was obtainable, bringing the value of the demagnetiza-
tion time to the vicinity of 74 =~ 1.95s with a value
7 ~ 0.65s for the radiation damping time. The main
question posed by this work is whether, given the signal
amplitude predicted by Eq. (1) for the transverse relax-
ation time prevailing in the 5mM trityl free radical so-
lution, an i-DQC signal would be observable in spite of
the non-idealities. A calculation of the maximum i-DQC
signal amplitude for # =20 and # =200ms, based
upon a simple extension of Eq. (1) with a value of 4
simply scaled by the enhancement, would yield 2% of the
signal corresponding to the Overhauser-enhanced mag-
netization, for 7, = 1.25s.

Fig. 1 shows schematically the pulse sequence em-
ployed to produce two-dimensional i-DQC low field
Overhauser images of the cylindrical phantom whose
axis is assumed to be along the y-direction. Referring to
the RF channels of Fig. 1, EPR excitation takes place
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Fig. 1. Pulse sequence used to obtain i-DQC Overhauser images at a magnetic field of 16 mT. Phase encoding gradients G, (phase) where applied
either in the acquisition period or during the DQC evolution interval (dotted rectangle).

during a polarization time interval 7(EPR) = 500 ms
preceding the CRAZED sequence. A nn/2 pulse at the
proton NMR frequency is then applied followed, at time
t; =20ms, by another = /2 pulse. These two RF
pulses, in conjunction with the two i-DQC gradient
pulses applied along the z-axis, produce an echo signal
at time 2¢; = 40 ms after the § pulse. Although the iso-
chromats subsequently dephase, due to magnetic field
inhomogeneity, the i-MQC continues to grow and can
be refocused by the n pulse applied at time 2# + TE/2
after the f§ pulse. Choosing TE/2 = 80 ms, the total time
of i-DQC during the period of acquisition of the single-
quantum coherence was t, = 2¢; + TE = 200 ms.

The G, (phase) channel of Fig. 1 shows a T,, = 9ms
phase encoding gradient pulse. It can be applied during
the acquisition period, between the gradient pulse of
area 2GT and the m pulse. Moreover, it can also be
applied during the i-DQC evolution time, following the
G, i-DQC conversion gradient of area GT, as shown by
the dashed rectangles of Fig. 1. In the latter case, the
double-quantum evolution reduces the field of view in
the phase encoding direction (FOV)pnase by a factor of
two compared to phase encoding during the acquisition
period [27]. This reduction can be used as a pictorial test
for 1-DQC imaging.

Coherence gradients of duration 7 = 9ms and am-
plitudes G = 2.4 and 2G = 4.8 mT/m were applied along
the z-direction. For i-DQC images, reading gradients of
duration 7; = 9 and 7; = 18 ms were also applied along
the z-direction with the latter pulse placed at the center
of the acquisition window.

Given that the correlation distance [20], determined by
half the pitch of the magnetization helix d = n/yGT, is
approximately 0.55 mm, which is much smaller than the
diameter of the cylindrical phantom, overall loss of signal
due to correlation with surrounding magnetization
[20,28] was not observable for this geometry. Possible

interference within the observation window caused by
remnants of direct single quantum (SQ) signal was also
found to be negligible [28]. As a test of a purely i-MQC
effect, the signal amplitude was found to vanish when the
double-quantum conversion gradients were applied at the
magic angle with respect to the polarizing field.

Fig. 2a shows a normal Overhauser image of the
phantom at a magnetic field of 16 mT with in-plane pixel
size of 0.43 mm, slice thickness of 20 mm, Ng =2 scans
and a 128 x 128 acquisition matrix. Fig. 2b shows an
i-DQC image of the same phantom with the phase
encoding gradient applied in the double-quantum
conversion interval. The in-plane pixel size was 0.86 mm
with slice thickness of 20 mm, 64 x 64 acquisition matrix
and Ng =4 scans. Finally, Fig. 2c shows an image of the
phantom with the same values of the phase encoding
and read gradients as in Fig. 2b but with the phase
encoding gradient applied in the reconversion interval.
As expected for a i-DQC image [27], the (FOV)ppase in
the phase encoding direction is increased by a factor of
two with respect to Fig. 2b, resulting in an elliptical
image.

We conclude that Overhauser i-DQC images at very
low magnetic field are feasible even under non-ideal
conditions. A surprising and somewhat puzzling obser-
vation is that the i-DQC signal amplitude is larger, at
least by a factor of two, than expected from a straight-
forward application of Eq. (1) with 74 simply scaled by
the Overhauser enhancement. This has also been con-
firmed by careful measurements of spin-echo signal
amplitudes as a function of #,. In high magnetic fields,
diffusion and radiation damping effects [14,17,18] can
substantially reduce the i-DQC amplitude from the
theoretical value given by Eq. (1). Although these effects
should be rather negligible at very low magnetic fields
for t, =~ 200ms, and therefore a comparatively better
performance could be expected, the signal amplitudes
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Fig. 2. Overhauser images of a cylindrical phantom at a magnetic field of 16 mT. (a) Normal (SQC) spin—echo image with in-plane pixel size of
0.43 mm, slice thickness of 20 mm, matrix size 128 x 128, Ng = 2 scans, FOV = 55mm, and spin—echo time =30 ms. (b) i-DQC image with the phase
encoding gradient applied in the DQC evolution period. In plane pixel size 0.86 mm, slice thickness 20 mm, matrix size 64 x 64, Ng =4 scans, and
FOV =110mm. (c) i-DQC image obtained under identical conditions as in (b) except that the phase encoding gradient was applied during the
acquisition interval. An increase of (FOV)ypase by a factor of two with respect to (b) is apparent.

obtained from an analysis of Fig. 2 actually exceed the
theoretical value predicted by Eq. (1). This suggests that
the process of i-MQC formation under the present
conditions may require a more refined analysis.
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