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Coherence selection gradients have been considered as indispensable for high-resolution NMR spectros-
copy in inhomogeneous fields utilizing the CRAZED-type sequences. However, our experimental results
demonstrate that these gradients can be omitted if an appropriate phase cycling is applied. The measured
linewidth of reconstructing 1D high-resolution spectral peaks does not depend on the dipolar correlation
distance determined by the coherence selection gradients, but is only affected by diffusion and T, relax-
ation. This finding suggests the need to reconsider the mechanism for the iMQC-based high-resolution
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1. Introduction

Intermolecular multiple-quantum coherences (iMQCs) possess
numerous interesting properties [1-3]. Since the early 1990s, War-
ren and co-workers have presented a series of seminal papers to
characterize iMQCs in highly polarized nuclear spin systems such
as water [4-6]. The pulse sequences for creating iMQCs, mostly
based on COSY Revamped with Asymmetric Z-gradient Echo Detec-
tion (CRAZED), usually contain gradient pulses that modulate the
transverse magnetization into a helical structure [7]. When the ra-
tio of the coherence selection gradient (CSG) areas before and after
the second RF pulse in the CRAZED sequence is G5:nGs (where G
and ¢ are the amplitude and duration of the first CSG pulse), the
n order iMQC signals are observed [8,9].

IMQCs arise primarily from dipole-dipole interactions of nuclei
within a macroscopic separation, called dipolar correlation dis-
tance ryq, which is inversely proportional to the area of the first
CSG pulse [10,11]. One of the attractive properties of iMQCs is that
they can be used to encode structural information over intermedi-
ate length scales, whether it is contained inside an imaging voxel
or buried in the bulk material [12]. This unique property has been
used to provide distance-selected contrast sensitive to differences
in resonance frequency and magnetization density [13,14]. It can
also be utilized for in vivo high-resolution NMR spectra [15].
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In vivo NMR spectroscopy is challenging in the presence of mag-
netic field inhomogeneity induced by differences in magnetic sus-
ceptibility e.g. between tissues and air [16]. This inhomogeneity
results in broad spectral peaks and hence low spectral resolution
[17]. Besides recent improvements in shimming techniques
[18,19], many methods have been developed to extract high-reso-
lution NMR information from the spectra acquired in inhomoge-
neous magnetic fields. Blimich and co-workers developed a
unilateral and mobile NMR sensor for high-resolution NMR spectra
at low magnetic field strengths [20,21]. More recently, a method
for obtaining high-resolution spectra of a rat brain in vivo was pro-
posed via detection of intramolecular zero-quantum coherences
[17]. Although these techniques can partially remove inhomoge-
neous broadening, they cannot provide correct multiplet patterns
and relative peak areas. IMQC methods have been shown to be able
to recover high-resolution NMR spectra from inhomogeneous
fields [22-27]. Unlike a conventional spectrum with its linewidth
determined by the absolute homogeneity of a magnetic field across
the whole sample, the linewidth of a high-resolution 1D spectrum
based on iMQC methods is generally thought to depend only on the
relative homogeneity of a magnetic field over the dipolar correla-
tion distance rq = ©/yGé [28,10], where y is the magnetogyric ratio
of the nucleus. Therefore, to obtain an iMQC high-resolution spec-
trum, CSGs have always been included in all the iMQC pulse se-
quences so far. The CSG is used to encode the distant dipolar
field (DDF) and select signals with the expected coherence order
and within the defined spatial regions. However, our work shown
below demonstrates that the CSG is not necessary for an iMQC
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high-resolution spectrum in an inhomogeneous field if an appro-
priate phase cycle scheme is used.

2. Theories and methods

There are two superficially quite different frameworks for ana-
lyzing the long-range dipolar interactions in NMR spectroscopy:
classical treatment [29-31] and quantum formalism [4,6]. In the
two frameworks, the underlying spin physics of related experi-
ments has been described in terms of DDF formalism, which results
from integrated effects of dipolar interactions [32,33], or equiva-
lently, in terms of iMQCs [5,6,26]. In the current work, DDF theory
[32-34] is employed for theoretical deduction. For simplification,
we consider a homogeneous liquid mixture consisting of two sin-
gle spin-1/2 systems of S and I components. It is assumed that |
spin (corresponding to solvent) is abundant, and S spin (corre-
sponding to solute) is dilute. w; and ws are the frequency offsets
of spins I and S, respectively, in the rotating frame in the absence
of field inhomogeneity. The effects of radiation damping and T,
relaxation are ignored. The background field is assumed to be only
inhomogeneous along the Z axis, and the CSG is also along the Z
axis. AB(z) is the field inhomogeneity at position z. If the magneti-
zation is fully modulated and varies only in one direction, the dipo-
lar field is localized and an exact theoretical expression for the
iMQC signal can be deduced [35].

The IDEAL (Intermolecular Dipolar-interaction Enhanced All
Lines) pulse sequence, a modified version of the CRAZED sequence,
was used to select intermolecular double-quantum coherence
(iDQC) signal [22]. When the second gradient pulse of the original
IDEAL sequence is set to zero, the sequence can be used to produce
intermolecular zero-quantum coherence (iZQC) signal (shown in
Fig. 1). The first and last RF pulses are non-selective, and the sec-
ond RF pulse is selective for solvent. The expression for the signal
from S spin is deduced to be:

Msi (z,t;) = Msei(n/zﬂq —osti st +f) a—(t JT5+(24+)/T5)

< 30 1 (3raMi24 + e )

m=-oo
% ei[maq +majyty +myGzé+myAB(z)ty —moy —yGzo—yAB(2)t1 +7AB(2)t5] ( 1 )

where g is vacuum magnetic permeability; o;, o, and p are the
phases of the first RF pulse, the second RF pulse and the receiver,
respectively. T; includes the effects of T, relaxation and diffusion
during the evolution time 4 and t,. J,, is the m order Bessel func-
tion. Ms and M; are the equilibrium magnetization densities of spins
S and [, respectively. For iZQCs, a four-step phase cycling scheme
with the phases of the first RF pulse (x,x,y,y), the second RF pulse
(x,—x,x,—x) and the receiver (x,—x,x,—x) is employed. After the
four-step phase cycling is taken and the high order terms (jm| > 3)
are ignored, Eq. (1) becomes:
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Fig. 1. IDEAL pulse sequence (a modified CRAZED) used in this paper. In the sim-
ulation, 6=1.2 ms and 4 =60.0 ms.

Eq. (2) shows that the intermolecular cross-peak appears at
(ws — wy, ws), and the inhomogeneous field is refocused in the indi-
rect dimension. It also indicates that the signal is of the iZQCs in
origin.

It should be noted that although the CSG term appears in Eq. (1),
it disappears in Eq. (2). This suggests that the CSG can be dispensed
if an appropriate phase cycling scheme is employed.

Similarly, for iDQCs, when a four-step phase cycling scheme
with the phases of the first RF pulse (x,—x,y,—y) and the receiver
(x,x,—x,—x) is employed, the following expression can be obtained:

M; (z,t) = 4AMse” (/T Cart)/ T @%M@A + tz>e*“”'2>
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Eq. (3) shows that the iDQC signal has similar properties as the iZQC
signal. The CSG is also dispensable if an appropriate phase cycling
scheme is applied. In the following, we will limit our discussion
to iZQCs.

3. Experiments and simulations

All 'TH NMR experiments were performed at 298K on a
500 MHz spectrometer (Varian NMR System, USA) using a 5 mm
indirect detection probe with three-dimension gradient coils. The
sample was a solution of methyl ethyl ketone in cyclohexane.
The pulse sequence used is shown in Fig. 1. The gradient duration
& was 1.2 ms and the strength was varied from zero to 0.13 T/m.
The inhomogeneous fields were created by deliberately deshim-
ming some specific shimming coils to produce a linewidth of about
200 Hz. The spectral width of the F1 dimension was 1200 Hz in 512
increments, and was 1600 Hz for the F2 dimension. The acquisition
time t, was 1.0 s. The signal was zero filled to 4096 x 4096 before a
regular FFT process.

To compare with the experimental results, we also performed
numerical simulations since exact theoretical analysis is intracta-
ble for differences between iZQC signals obtained with and with-
out CSGs, especially when the inhomogeneous field and the CSGs
are not along the same direction. All simulations were carried
out using the software package, SPROM, developed by our group
[36,37]. To reduce computation time, a simplified sample with only
two isolated spin systems was used, denoted as I (solvent) and S
(solute). Following parameters were used: for the I spin system,
the chemical shift w;=0Hz, diffusion rate D'=2.0 x 107° m?/s,
equilibrium magnetization density M, = 0.03 A/m, and transverse
relaxation time T, = 0.5 s; for the S spin system, the chemical shift
ws = 375 Hz, and the other parameters are the same as the spin sys-
tem I. Other simulation parameters were close to the experimental
parameters, including the inhomogeneous field strength and the
size of the sample. Because the RF pulse flip angles in the experi-
ments were not completely ideal, they were deliberately deviated
from the ideal ones by about 5% to make the simulation results bet-
ter matched to the experimental ones. 512 points were sampled in
the direct dimension (F2) with 512 increments in the indirect
dimension (F1). Both dimensions were zero-filled to 4096 points.
In a general case, it took about 24 h of CPU time on a PC computer
(Intel E6750, 2 Gb memories) to obtain a 2D spectrum. When the
inhomogeneous field and the CSG was along the same direction,
the CPU time for a simulation was reduced to several minutes.

The conventional 1D NMR experimental spectra for the sample
are shown in Fig. 2. Fig. 2a is for the case with a homogeneous field,
while Fig. 2b-d is for the cases with different kinds of inhomoge-
neous fields: linear along the XY plane, non-linear along the XY
plane, and liner along the Z axis, respectively. The linear inhomoge-
neous field along the XY plane was produced by deshimming the
X1 and Y1 coils, the non-linear inhomogeneous field along the XY
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Fig. 2. Conventional 1D NMR spectra under different kinds of inhomogeneous fie-
1ds. (a) Homogeneous field, (b) about 200 Hz linewidth linear along the XY plane, (c)
about 200 Hz linewidth non-linear along the XY plane, and (d) about 200 Hz line-
width linear along the Z axis.

plane was produced by deshimming the XY, X2Y2, X1 and Y1 coils,
and the linear inhomogeneous field along the Z axis was achieved
by deshimming the Z1 coil. In practice, deshimming the XY and
X2Y2 coils in a routine spectrometer can at most generate an inho-
mogeneous field with about 40 Hz linewidth. Therefore, for the
non-linear inhomogeneity with 200 Hz linewidth, the linear terms
are still dominant in usual cases. One can see that the conventional
1D NMR spectra acquired in these different kinds of inhomoge-
neous fields provide little information about chemical shifts and J
couplings. The peaks with different chemical shifts overlap greatly.
In addition, the linear and non-linear inhomogeneous fields along
the XY plane give quite different 1D spectra. In the simulations,
the linear inhomogeneous field was along the Z axis and X axis,
respectively. The non-linear inhomogeneous field was only along
the X axis with the following relationship: By(x) = a(x + x3), where
By(x) is the background inhomogeneous field at position x, and a
is a constant depending on the inhomogeneous linewidth.

The 2D iZQC spectra under the corresponding inhomogeneous
fields are shown in Fig. 3. The spectra shown in the left side of
Fig. 3a, c and e are obtained with a gradient strength G =0.09 T/
m of the CSG, while the spectra shown in the right side of
Fig. 3b, d and f are obtained without any CSGs. Although CSGs were
not used for the spectra shown in the right side of Fig. 3, the ob-
served signal still came from iZQCs, as can be deduced from the
coherence transfer pathway. Therefore the method is still iZQC-re-
lated. All these spectra show that iZQCs can give high-resolution
spectra in the indirect dimension under highly inhomogeneous
fields, independent of whether a CSG is applied or not. For the sin-
glet from the methyl group of methyl ethyl ketone, the linewidth
under the inhomogeneous field linear along the XY plane was de-
creased from about 200-16 Hz with G = 0.09 T/m, and to 9 Hz with
G = 0 T/m; the linewidth under the inhomogeneous field non-linear
along the XY plane was decreased from about 200-18 Hz with
G=0.09T/m, and to 10 Hz with G=0T/m; the linewidth under
the inhomogeneous field linear along the Z axis was decreased
from about 200 Hz to 4.5 Hz with G = 0.09 T/m, and to 4.0 Hz with
G =0T/m. Thus the IDEAL pulse sequence without any CSGs can
produce high-resolution spectra in inhomogeneous fields if appro-

priate phase cycling is applied. In the 1D projections of the peaks
from Fig. 3, spectral features of chemical shifts and scalar couplings
can be well resolved. Furthermore, the iZQC spectra obtained with-
out CSGs show better resolution compared to the spectra obtained
with G=0.09 T/m. The main reasons may be because that CSG
introduces additional diffusion decay and interacts with the inho-
mogeneous field. Discussion in more details will be given in the
next section.

The dependence of the experimental iZQC linewidth in the indi-
rect dimension on the strength of the CSG is illustrated in Fig. 4a.
For simplicity, only the linewidth of the singlet from the methyl
group of methyl ethyl ketone is shown. It can be seen that the var-
iation trends are similar for the linear and non-linear inhomoge-
neous fields along the XY plane. For the linear inhomogeneous
field along the XY plane, the linewidth reaches a maximal value
of about 24 Hz when the CSG is G = 0.03 T/m. For the non-linear
inhomogeneous field along the XY plane, a maximal linewidth of
about 30 Hz occurs at G = 0.05 T/m. The linewidth is minimal when
there is no CSG for both the linear and non-linear inhomogeneous
fields along the XY plane. Different features appear when the inho-
mogeneous field is along the Z axis. First, the linewidths from the
inhomogeneous field along the Z axis are between 4.0 and 4.7 Hz,
much smaller than the linewidths obtained in the cases when
the inhomogeneous field is along the XY plane. Secondly, the line-
widths obtained from different G are similar to each other. The
simulation results shown in Fig. 4b are deemed in accordance with
the experimental results, considering that some experimental con-
ditions are not duplicated completely in the simulation.

Fig. 5 shows the simulation results of variations of S spin signal
intensity with the evolution time t; under different CSGs. Fig. 5a is
for the linear inhomogeneous field along the XY plane, and Fig. 5b
is for the linear inhomogeneous field along the Z axis. Fig. 5 dem-
onstrates that the signal intensity in the linear inhomogeneous
field along the XY plane does not monotonously decrease with
increasing evolution time t; for some small CSGs, while it monot-
onously decreases in the linear inhomogeneous field along the Z
axis.

The experimental 2D iZQC spectra with a CSG strength
G=0.03 T/m along Z axis under different kinds of inhomogeneous
fields are shown in Fig. 6. When the inhomogeneous field is along
the XY plane, the singlet B is strongly distorted, and the peaks A
and C also deviate from the conventional triplet and quadruplet.
However, when the inhomogeneous field is along the Z axis, the
conventional peak splitting pattern is well reserved. For compari-
son, Fig. 7 shows the corresponding simulation results, which have
similar characteristics as shown in Fig. 6. When the inhomoge-
neous field is along the XY plane, the singlet S is distorted. How-
ever, when the inhomogeneous field is along the Z axis, the S
peak remains a singlet.

4. Discussion

The ability of iMQCs in narrowing linewidth under inhomoge-
neous fields has been thought to be due to the relative homogene-
ity within the dipolar correlation distance determined by the CSG.
However, the results presented in this work demonstrate that the
ability of iZQC method in reconstructing 1D high-resolution NMR
spectra in the presence of inhomogeneous fields does not depend
on the use of the CSG. CSGs are not absolutely needed for iMQC
high-resolution spectra. Therefore, the source of iMQC high-resolu-
tion spectra may need to reconsider to some extent.

In fact, either an inhomogeneous background field or a CSG can
produce modulation of magnetization, which yields a DDF. With-
out a CSG, the dipolar correlation distance must be defined in a dif-
ferent way. For simplicity, let us assume that the background
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Fig. 3. Experimental 2D iZQC spectra in inhomogeneous fields with 200 Hz linewidth, generated by different settings of shimming gradients. (a) Linear along the XY plane and
G =0.09 T/m, (b) linear along the XY plane and G = 0.0 T/m, (c) non-linear along the XY plane and G = 0.09 T/m, (d) non-linear along the XY plane and G = 0.0 T/m, (e) linear
along the Z axis and G = 0.09 T/m, and (f) linear along the Z axis and G = 0.0 T/m. A four-step phase cycling was applied. The regions of the solute peaks were expanded.

inhomogeneous field is linear along the Z axis. Similar to the CSG
method, the corresponding dipolar correlation distance caused by
the linear background field can be defined as

r=—-., (4)

where T is the maximal t; value in the indirect dimension, and g is
the strength of the background field gradient. It means that when
the inhomogeneity of a background field is large at a place, the re-
lated correlation distance will be small. So the background inhomo-
geneous field can always be thought to be relative homogeneous
inside the correlation distance thus defined. Because t; is increased
from O to T during the acquisition of a 2D spectrum, r can be
thought as the minimal dipolar correlation distance that can be
reached. The linewidth Af within the dipolar correlation distance r
is then given by

wgr 1
A =5 =57 (3)

If the effects of diffusion attenuation and T, relaxation are ig-
nored, the linewidth of a high-resolution spectrum will only be re-
stricted by Eq. (5). According to the discrete Fourier transform
theory, the maximal spectral resolution in the indirect dimension
is 1/T in this situation. Therefore, the ability of iMQC method in
achieving high-resolution spectra from inhomogeneous fields
may not be restricted by the background field inhomogeneity,
but only by T and signal attenuation factors caused by relaxation
and diffusion. This is important for the application of iMQCs in
localized high-resolution magnetic resonance spectroscopy, where
the field fluctuation due to susceptibility change at the interfaces
of air, tissue, and bone is rapid over short distances [38].

As we can see, Eq. (5) does not include any terms related to
inhomogeneous linewidth. It means that although our experi-
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Fig. 4. Variations of iZQC linewidth with CSG strength. (a) Experimental results,
and (b) simulation results.

ments and simulations were performed under the inhomoge-
neous field of 200 Hz linewidth, the results are valid for inhomo-
geneous fields of more general form in principle. In the case of a
large inhomogeneous field, signal decay due to diffusion and T,
relaxation is very fast, so it is difficult to reconstruct 1D high-res-
olution spectra with proper signal-to-noise ratio. On the other
hand, since none of the sample can be perfectly homogeneous,
the DDF always exists. For a sample with a slightly inhomoge-
neous field (e.g. ~1 Hz linewidth), our experimental and simu-
lated results demonstrate that iZQC signals can still be
obtained without a CSG. Besides the iZQC cross-peaks, it is not
surprising that some cross-peaks originating from conventional
single-quantum coherences (SQCs) appear at different positions
in the 2D spectrum (data not shown).

Although Eq. (5) was deduced for the linear inhomogeneous
field, it may still be valid for other types of inhomogeneous
fields such as the one in non-linear form illustrated in Fig. 3d
and 4. It is noted that the internal inhomogeneous field is still
dominantly linear along certain direction (not randomly distrib-
uted) in our experiments and simulations. In general, since the
DDF under a non-linear inhomogeneous field is not localized, a
general theoretical analysis is quite difficult. Another noticeable
precaution is that the non-linear inhomogeneous fields studied
in this paper are non-linear in the macroscale while they are
approximately linear in the microscale. If the magnetic field fluc-
tuation is rapid over a short distance such as at the interface of
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Fig. 5. Variations of S signal intensity with evolution time t; at different CSG in
different kinds of inhomogeneous fields. (a) Linear along the XY plane, and (b) linear
along the Z axis.

different tissues, the inhomogeneous field is non-linear in the
microscale. For this situation, further theoretical and experimen-
tal work is required.

Fig. 4 shows that when the strength of a CSG is between 0.03
and 0.05 T/m, the linewidth has a maximal value under the inho-
mogeneous field along the XY plane. This is in contrast to the case
when the inhomogeneous field is along the Z axis, where the line-
width increases monotonously and slowly with the increase of the
CSG strength. The broadening of linewidth can be explained by the
increase of signal attenuation (Fig. 5) from diffusion effects due to
the increase of the CSG strength. Because the diameter of sample in
an NMR tube is much smaller than the length of sample, the back-
ground gradient is much stronger for the inhomogeneous field
along the XY plane than that along the Z axis at the same inhomo-
geneous linewidth, thus the diffusion effect along the XY plane is
much stronger. The diffusion attenuation factor for the inhomoge-
neous field along the XY plane is calculated to be about 12 times of
that for the inhomogeneous field along the Z axis with the same
inhomogeneous linewidth. This is the main reason why the iZQC
spectra obtain in the inhomogeneous field along the Z axis have
much narrower peaks than those obtained in the inhomogeneous
field along the XY plane under the same inhomogeneity. This also
explains why the signal intensity decays quickly with the increas-
ing of evolution time t; when the inhomogeneous field is along the
XY plane, while it is far slower when the inhomogeneous field is
along the Z axis (Fig. 5).
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Fig. 6. Experimental 2D iZQC spectra in different kinds of inhomogeneous fields of
about 200 Hz in linewidth with a CSG strength G = 0.03 T/m. (a) Linear along the XY
plane, (b) non-linear along the XY plane, and (c) linear along the Z axis. A four-step
phase cycling was applied. The regions of the solute peaks were expanded.

The non-monotonic variation of linewidth and signal intensity
as shown in Figs. 4 and 5a when the inhomogeneous field is along
the XY plane can be explained as follows, taking the case of linear
inhomogeneous field as an example. Since the inhomogeneous
linewidth is about 200 Hz and the inner diameter of the sample
tube is about 3.5 mm, the background field gradient is calculated
to be g~ 1.35 x 1073 T/m. When the CSG strength G and the evo-
lution time t; have the values given in Table 1, the magnetization
is modulated under the combined effect of the background gradi-
ent and CSG. When the magic angle gradient condition of magne-
tization modulation is satisfied, it results in null DDF [39,40]. It is
noted that the simulation results for the t; value in Table 1 cor-
respond to the minimal relative signal intensities in the curves

300
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4004
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Fig. 7. Simulated iZQC high-resolution spectra under different kinds of inhomoge-
neous fields with 200 Hz linewidth with a CSG strength G=0.03 T/m. (a) Linear
along the XY plane, and (b) linear along the Z axis. A four-step phase cycling was
applied. The regions of the solute peaks were expanded.

Table 1
Evolution time t; for the magic angle gradient condition of magnetization modulation
at different CSG strengths

G (T/m) 0.01 0.03 0.05 0.07 0.09
t,(ms) Theory 11.4 36.8 61.8 87.5 112.8
Simulation 13.0 37.0 63.0 89.0 >112

of Fig. 5a, in good agreement with the theoretical predictions.
Although the iZQC signal does not disappear totally due to non-
ideal setting for the magic angle, it is weakest for such cases, as
shown in Fig. 5a. From Table 1, it can be seen that with the in-
crease of the CSG strength, the evolution time needed for produc-
ing the magic angle gradient condition increases. When the CSG
strength reaches certain level, the iZQC signal will be attenuated
greatly by diffusion effect before the magic angle magnetization
modulation occurs, in which case the magic angle gradient effect
will no longer be obvious. This explains why the linewidth de-
creases after it reaches a maximum at G=0.03 T/m. It is special
when the CSG strength is G =0.01 T/m, because the magic angle
magnetization modulation occurs soon after the t; starts to
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increase, and does not disturb the resolution obviously. Similar
analysis can be applied for the non-linear inhomogeneous field.
When the inhomogeneous field is along the Z axis, the magic an-
gle gradient effect never occurs since the CSG is also along the Z
axis. As shown in Fig. 5b, the signal intensity decreases monoto-
nously with the increase of the evolution time t; due to the ef-
fects of T, and diffusion.

Figs. 6 and 7 indicate that the magic angle magnetization
modulation distorts the splitting pattern of peaks, and makes it
difficult for spectral analysis. In fact, the worst resolution for
CSG strength G=0.03 ~0.05T/m was caused by the distorted
splitting pattern (Fig. 4). When the singlet splits to the doublet,
the linewidth determined as the half-height width of the whole
peak is broadened greatly. Therefore, improper CSG intensity
must be avoided to achieve high-resolution NMR spectra under
inhomogeneous fields.

On the other hand, it can be seen that some additional peaks ap-
pear in the position of solvent peak when a CSG is not applied
(Fig. 3). These peaks resulted from imperfect RF pulses. They be-
came much weaker when the CSG strength G = 0.09 T/m was used.
This is because CSGs help to suppress the extra peaks coming from
other coherence transfer pathway, such as the remnant signal from
the conventional SQC pathway or iDQC pathway.

For high-resolution spectra in the presence of a large inhomoge-
neous field, the iZQC signal generated without CSGs may possess
some advantages over those acquired with CSGs. Since the signal
is from the magnetization modulation induced by the background
inhomogeneous field itself, it may reflect heterogeneity of micro-
structures more directly in the in vivo localized high-resolution
spectra. Furthermore, the diffusion attenuation due to CSGs is re-
duced, resulting in higher SNR. This property is highly desired for
a more general utilization of DDF-related effects which are often
hindered by the inherent poor signal-to-noise [2]. Finally, it makes
iZQC experiment feasible on the NMR spectrometer without gradi-
ent coils.

5. Conclusion

In this paper, iZQC high-resolution spectra in inhomogeneous
fields with and without CSGs were compared. The results show
that the CSG may be dispensable if an appropriate phase cycling
is applied. The spectral resolution of iMQC high-resolution spec-
troscopy in an inhomogeneous field may not be determined solely
by the inhomogeneity inside the correlation distance correspond-
ing to the applied CSG. The simulation results are coincident with
experimental ones. Thus the previous view regarding the roles of
the dipolar correlation distance needs some amendment. In addi-
tion, the magic angle gradient effect may occur when the intrinsic
inhomogeneous field is not along the same direction as the CSG.
This magic angle gradient effect may distort the peak splitting pat-
tern and reduce spectral resolution. It should therefore be avoided
for obtaining high-resolution NMR spectra in the presence of a
large inhomogeneous field.
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