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a b s t r a c t

A new pulse sequence based on intermolecular single-quantum coherences (iSQCs) is proposed to obtain
high-resolution NMR spectroscopy in inhomogeneous magnetic fields via fast 2D acquisition. Taking the
intrinsic properties of iSQCs, the sequence is time-efficient with a narrow spectral width in the indirect
dimension. It can recover useful information of chemical shifts, relative peak areas, J coupling constants,
and multiplet patterns even when the field inhomogeneity is severe enough to erase almost all spectro-
scopic information. Moreover, good solvent suppression efficiency can be achieved by this sequence even
with imperfect radio-frequency pulse flip angles. Spatially localized iSQC spectroscopy was performed on
a sample packed with pig brain tissue and cucumber to show the feasibility of the sequence in in vivo
magnetic resonance spectroscopy (MRS). This sequence may provide a promising way for the applications
on in vivo and in situ high-resolution NMR spectroscopy.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

High-resolution nuclear magnetic resonance (NMR) spectros-
copy is a powerful tool in many fields, such as chemistry, materials
science, and life science. A high-resolution NMR spectrum gener-
ally provides information of chemical shifts, J coupling constants,
multiplet patterns and relative peak areas for structure and com-
position analysis. However, there are many circumstances where
the magnetic field homogeneity is degraded or the testing objects
are subject to intrinsic variation in magnetic susceptibility over the
sample volume and among various structural components. Line
broadening due to inhomogeneous field leads to severe signal
overlap and loss of fine spectral features, which precludes NMR
spectral analyses and often cannot be completely eliminated with
conventional field shimming methods.

Besides the improvement and development of shimming tech-
nology [1–3], a number of NMR experimental techniques have
been developed to obtain high-resolution NMR spectra in inhomo-
geneous magnetic fields. For example, Nagayama and co-workers
proposed two-dimensional (2D) spin echo correlated spectroscopy
(SECSY) for the study of biological macromolecules [4]. Blümich
and co-workers developed a unilateral and mobile NMR sensor
applicable at low magnetic field strengths [5,6]. Pines and co-
workers employed total coherence transfer echoes based on intra-
ll rights reserved.
molecular multiple-quantum coherences (MQCs) [7] and ‘‘shim
pulses” [8]. Frydman and co-workers proposed some spatial encod-
ing methods to recover chemical shift information in large inho-
mogeneous field [9,10]. Pelupessy and co-workers proposed a
method based on coherence transfer between spins to obtain
high-resolution spectra in inhomogeneous field with unknown
spatiotemporal variations [11]. In addition, Cadars and co-workers
employed 2D correlation spectroscopy to extract the chemical
information from disordered solids [12]. These techniques can par-
tially remove inhomogeneous line broadening, but they cannot
provide resolved J coupling multiplet structure since the recovered
spectral resolution is usually not enough. Recently, intermolecular
multiple-quantum coherences (iMQCs) caused by long-range dipo-
lar interactions among spins in different molecules have generated
tremendous interests [13–20]. Since intermolecular dipolar inter-
actions are effective within the range of 5–500 lm, far smaller than
a typical sample dimension, it is intuitively attractive to apply
iMQCs to NMR spectroscopy in inhomogeneous fields. The main
advantage of iMQC methods lies on its ability to detect identical
interactions for different spin groups in a molecule, therefore
simultaneously retaining all desired spectral features. Warren
and co-workers proposed some sequences based on intermolecular
zero-quantum coherences (iZQCs): HOMOGENIZED (HOMOGene-
ity Enhancement by Intermolecular ZEro-quantum Detection)
[21], composite CPMG-HOMOGENIZED [22], and ultrafast iZQC
2D spectroscopy technique [23]. Our group proposed iDQF-
HOMOGENIZED [24] based on iZQCs, and IDEAL (Intermolecular
Dipolar-interaction Enhanced All Lines) [25] (also referred to as
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IDEAL-I) and IDEAL-II [26] based on intermolecular double-quan-
tum coherences (iDQCs).

It is noticed that all the high-resolution iMQC methods reported
to date are based upon either iZQCs or iDQCs. It has been reported
that the apparent diffusion rates of iZQCs and iDQCs during the
evolution period are larger than the conventional SQC ones, while
the transverse relaxation times of iZQCs and iDQCs during the evo-
lution period are shorter than the conventional SQC ones [27]. On
the other hand, iSQCs have similar diffusion and relaxation behav-
ior to the conventional SQCs during the evolution period [28], thus
providing a different way for high-resolution NMR spectroscopy.
Previous studies on iSQCs (or nonlinear echo) were all carried
out in homogeneous fields [29–32]. In this paper, iSQCs were uti-
lized to obtain high-resolution NMR spectra in inhomogeneous
fields. A new pulse sequence, IDEAL-III, was designed for this pur-
pose. Similar to the iZQC methods [21–24], the apparent J coupling
constants in the resulting spectra are the same as those in conven-
tional SQC spectra, thus the spectral peak overlapping caused by
the magnification of apparent scalar coupling is avoided. Since only
the chemical shift evolution of solvent is selected in the evolution
period t1, the iSQC signals obtained from the new sequence are not
susceptible to the J coupling modulation. Moreover, the new se-
quence is highly time-efficient with narrow spectral width in the
indirect dimension. It has good solvent suppression efficiency even
with imperfect RF pulse flip angles, which may provide a promising
way for the applications in in vivo magnetic resonance spectros-
copy (MRS) where intense water resonance and inhomogeneous
line broadening due to intrinsic macroscopic susceptibility gradi-
ents often substantially degrade the spectral quality of conven-
tional proton MRS [33,34]. The feasibility of the IDEAL-III
sequence in in vivo MRS was tested in combination with point-re-
solved spectroscopy (PRESS) localization [35].

2. Theories and methods

The IDEAL-III sequence is shown schematically in Fig. 1a. In the
sequence, the first and the third RF pulses are selective for solvent,
while the second RF pulse is selective for solute. In order to select
the coherence transfer pathway 0 ? +1 ? +2 ? +1 ? �1, three
linear coherence selection gradients (CSGs) with an area ratio of
1:0.7:�2.4 are applied. In this way, the desired solvent–solute
iSQCs are selected while both conventional SQCs and other iMQCs
are filtered out. The excitation sculpting [36,37] applied before
Fig. 1. Pulse sequences for high-resolution spectra in inhomogeneous fields via
iSQCs: (a) IDEAL-III and (b) IDEAL-III with PRESS localization. Full vertical bar stands
for non-selective RF pulses, Sinc- and Gauss-shaped pulses are selective RF pulses,
dash rectangles represent coherence selection gradients, shadow rectangles repre-
sent slice-selective gradients, and vertical-line rectangle represents ‘‘W3” binomial
p pulse.
acquisition and a specially designed phase cycling scheme further
improve the solvent suppression efficiency. Moreover, a PRESS-like
module [35] can be integrated with the IDEAL-III sequence to ob-
tain spatially localized iSQC spectra (Fig. 1b). Three slice-selective
refocusing p RF pulses along orthogonal directions cannot only se-
lect the interesting region within a sample, but also refocus the
iSQC signals, thus the non-selective p RF pulses in the IDEAL-III se-
quence can be omitted.

In present work, without loss of generality, we consider a
homogeneous liquid mixture consisting of S and I components. S
is an AX spin-1/2 system (including Sk and Sl spins with scalar cou-
pling constant Jkl) and I is a single spin-1/2 system. It is assumed
that I (corresponding to solvent) is abundant and S (corresponding
to solutes) is either abundant or dilute. Assume that xm is the fre-
quency offset of spin m (m = I, Sk, Sl) in the rotating frame in the ab-
sence of field inhomogeneity. The background field is assumed to
be only inhomogeneous along the z-axis, and DB(z) is the field
inhomogeneity at position z. If the magnetization is fully modu-
lated and varies only in one direction, the dipolar field is localized
and an exact theoretical expression for the iMQC signal can be de-
duced [38]. In the following, the distant dipolar field (DDF) [39,40]
treatment combined with product operator formalism is employed
for theoretical deduction. For simplification, the effects of radiation
damping, diffusion, relaxation, and intermolecular NOE are ig-
nored. Since we are interested in the evolution of magnetization,
we consider only a reduced density operator. For the I + S spin sys-
tem discussed herein, the reduced density operators rI

eq for each I
proton and rS

eq for the two protons in each S molecule at initial
thermal equilibrium state with the high-temperature approxima-
tion can be given by

rI
eq ¼ Iz;

rS
eq ¼ Skz þ Slz;

ð1Þ

where the Bolzmann factor has been omitted for clarity; Iz, Skz, and
Slz represent the longitudinal components of I, Sk, and Sl spins,
respectively. Since Sk is similar to Sl in an AX spin-1/2 system, only
Sk evolution is considered in the following deduction.

For the IDEAL-III sequence shown in Fig. 1a, the first selective
ðp=2ÞIx RF pulse rotates Iz into �Iy. During the evolution period t1,
only I spin evolves under chemical shift, field inhomogeneity,
and the first gradient pulse. The selective ðp=2ÞSx RF pulse rotates
the Sz into transverse plane. The spin density operator then evolves
under the second gradient pulse during the period d. After the sec-
ond selective ðp=2ÞIx RF pulse, the reduced density operators
become

rIðtþ1 ; zÞ ¼ �Iz cos½xIt1 þ cDBðzÞt1 þ 1:7cGdz�
þ Ix sin½xIt1 þ cDBðzÞt1 þ 1:7cGdz�;

rSðtþ1 ; zÞ ¼ �Sky cosð0:7cGdzÞ þ Skx sinð0:7cGdzÞ;
ð2Þ

where cGdz is the dephasing angle of spins at position z due to the
first CSG, in which c is the gyromagnetic ratio, G and d are strength
and duration of the CSG, respectively; cDBðzÞt1 is the dephasing an-
gle of spins at position z due to field inhomogeneity. Note that the
density operator rIðtþ1 ; zÞ in Eq. (2) includes a spatially modulated
longitudinal magnetization of I spin, which is the source DDF along
the z direction. According to the DDF theory,

BI
dðzÞ ¼ �

Ds

csd
cos½xIt1 þ cDBðzÞt1 þ 1:7cGdz�;

BS
dðzÞ ¼

2
3

BI
dðzÞ ¼ �

2Ds

3csd
cos½xIt1 þ cDBðzÞt1 þ 1:7cGdz�;

ð3Þ

where BI
dðzÞ and BS

dðzÞ represent the DDFs experienced by I and S
spins at position z, respectively; sI

d ¼ ðcl0MI
0Þ
�1 is the dipolar

demagnetizing time of I spins, in which l0 is vacuum magnetic per-
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meability and MI
0 is the equilibrium magnetization per unit volume

of I spin; Ds ¼ ½3ðŝ � ẑÞ2 � 1�=2, in which ŝ is the unit vector along the
CSG direction, and ẑ is the unit vector along the direction of static
magnetic field. Since the gradient field is oriented along the z direc-
tion, i.e. ŝ ¼ ẑ, we have Ds ¼ 1. To avoid confusion, we used BI

d and
BS

d to stand for BI
dðzÞ and BS

dðzÞ respectively in the following
expressions.

To prevent the dephasing of signals before the DDF takes effect,
a non-selective p pulse was inserted in the middle of delay interval
(2D) to form a spin echo at the beginning of detection period. Since
the module of excitation sculpting right before acquisition only
acts to suppress the solvent signals and does not influence the de-
sired solute signals, we ignore it in the following deduction. During
the acquisition period t2, the observable transverse spin densities
evolve under chemical shift, field inhomogeneity, and effective
dipolar field, hence,

rIðt1þ t2;zÞ ¼ fIx cos½�2:4cGdz�xIt2�cDBðzÞt2þcBI
dð2Dþ t2Þ�

� Iy sin½�2:4cGdz�xIt2�cDBðzÞt2þcBI
dð2Dþ t2Þ�g

� sin½xIt1þcDBðzÞt1þ1:7cGdz�;
rSðt1þ t2;zÞ ¼ fSky cos½�1:7cGdz�xSk

t2�cDBðzÞt2þcBS
dð2Dþ t2Þ�

þ Skx sin½�1:7cGdz�xSk
t2�cDBðzÞt2þcBS

dð2Dþ t2Þ�g
� cosð2pJklDÞcosðpJklt2Þ:

ð4Þ

The total complex transverse spin magnetization at position z
becomes

Mþðt1 þ t2; zÞ ¼
MI

0

2i
ei½xI t1þcDBðzÞt1þ1:7cGdz� � e�i½xI t1þcDBðzÞt1þ1:7cGdz�� �

� ei½2:4cGdzþxI t2þcDBðzÞt2 �e�icBI
dð2Dþt2Þ

þ iMS
0 cosð2pJklDÞ

2
ei½1:7cGdzþxSk

t2þcDBðzÞt2 �

� ðeipJklt2 þ e�ipJklt2 Þe�icBS
dð2Dþt2Þ; ð5Þ

where MS
0 is the equilibrium magnetization per unit volume of S

spin. Using Bessel function expansion [41], Eq. (5) can be rearranged
to yield

Mþðt1þ t2;zÞ¼
MI

0

2i

X1
m¼�1

imJmðn1Þ

� ei½1:7ðmþ1ÞcGdzþ2:4cGdzþxI t2þcDBðzÞt2þðmþ1ÞxI t1þðmþ1ÞcDBðzÞt1 �
�
�ei½1:7ðm�1ÞcGdzþ2:4cGdzþxI t2þcDBðzÞt2þðmþ1ÞxI t1þðmþ1ÞcDBðzÞt1 �

�

þ iMS
0 cosð2pJklDÞ

2
ðeipJklt2 �e�ipJklt2 Þ

X1
m1¼�1

im1 Jm1
ðn2Þ

�ei½1:7ðm1þ1ÞcGdzþxSk
t2þm1xSk

t1þcDBðzÞt2þm1cDBðzÞt1 �; ð6Þ

where Jmðn1Þ and Jm1
ðn2Þ are the Bessel functions with integer orders

m and m1, respectively; n1 ¼ cl0MI
0ð2Dþ t2Þ and n2 ¼ 2

3 n1 are the
arguments of the Bessel functions. The first term in Eq. (6) repre-
sents the detectable signals of I spin and the second term is the
detectable signals of Sk spin. In order to evaluate the detectable sig-
nals from the whole sample, an average of the complex magnetiza-
tion over all z positions should be taken. If the sample size is much
larger than the dipolar correlation distance dc ¼ p=ðcGdÞ, the spatial
averaging across the sample causes the signals to vanish unless
1.7(m ± 1) = �2.4 for the first term and m1 = �1 for the second term
in Eq. (6), which are independent of the absolute position in the
sample [42]. Since no integer m satisfies the equation
1.7(m ± 1) = �2.4, the signals originated from I spin disappear dur-
ing the period t2. This indicates that the solvent signals can be elim-
inated through coherence selection in the IDEAL-III sequence. When
m1 = �1, the observable signals from Sk spin at the detection period
can be given as

Mþ
Sk
ðt1 þ t2; zÞ ¼

�MS
0 cosð2pJklDÞ

2
J1

2
3
cl0MI

0ð2Dþ t2Þ
� �

� ei½�xI t1þðxSk
þpJklÞt2�cDBðzÞt1þcDBðzÞt2 �

n

þei½�xI t1þðxSk
�pJklÞt2�cDBðzÞt1þcDBðzÞt2 �

o
: ð7Þ

Eq. (7) shows that only solvent–solute iSQC signal is selected
and it splits into two peaks at ðxI þ cDBðzÞ;xSk

þ pJkl þ cDBðzÞÞ
and ðxI þ cDBðzÞ;xSk

� pJkl þ cDBðzÞÞ due to J coupling. If DB is
the width of the spatially dependent field inhomogeneity along
B0 direction, the resonance frequency for the cross-peak would
range between xSk

� pJ � cDB=2 in the F2 dimension and
xI � cDB=2 in the F1 dimension. If the spectrometer reference fre-
quency coincides with the resonance frequency of I spin in B0, i.e.
xI ¼ 0, the intermolecular cross-peak between I and S spins will
center at ð0;xSk

þ pJklÞ and ð0;xSk
� pJklÞ and extend as separate

streaks along the specific direction / ¼ arctgð1Þ ¼ 45� with respect
to the F1 axis. For all spins, all the streaks in the spectrum row up
in the center of the F1 dimension. Although the range of the streaks
are susceptible to the field inhomogeneity in both F1 and F2
dimensions, a projection of the cross-peaks to the F2 dimension re-
sults in a 1D high-resolution spectrum after the streaks are coun-
ter-clockwise rotated by 45�. Besides the influence of transverse
relaxation and diffusion, the line-width of the projected spectrum
mainly relies on the residual background inhomogeneous field
within iSQC correlation distance. The projected spectrum has the
same multiplet patterns and the same scale factor of J coupling
constants as a conventional 1D SQC spectrum. The residual con-
ventional SQC signals and the strong solvent iMQC signals are al-
most eliminated, and the suppression effectiveness is insensitive
to the imperfection of RF pulse flip angles when a proper phase cy-
cling scheme is applied. The analytical expression for the IDEAL-III
sequence with PRESS-like localization (Fig. 1b) is similar to Eq. (7).

3. Experiments and simulations

All experiments were performed at 298 K using a Varian NMR
System 500 MHz spectrometer, equipped with a 5 mm 1H{15N–
31P} XYZ indirect detection probe with three-dimensional gradient
coils. A sample of histidine (C6H9N3O2) aqueous solution was used
in an intentionally deshimmed inhomogeneous field (60 Hz line-
width) to demonstrate the capability of the new sequence. The molar
ratio of C6H9N3O2 and H2O was about 1:400, an extremely low con-
centration for solute. For the 1D conventional SQC experiments in
both well-shimmed and deshimmed magnetic fields, the pulse rep-
etition time was 5.0 s, the scan number was 64, and the acquisition
time t2 was 1.0 s. The experiments were acquired in 6.4 min. For
the IDEAL-III experiments, the selective pulse for solute spins was
constitutive of a p/2 hard pulse and a selective p/2 pulse with an
opposite phase for solvent. The width of a p/2 hard RF pulse was ex-
tended to 45 ls by deliberately detuning the probe to suppress the
effect of radiation damping during the evolution and detection peri-
ods. The width of the selective p/2 Gaussian pulse for solvent spins
was 5.0 ms. The parameters for CSGs were G = 0.1 T/m and
d = 1.2 ms. The W3 binomial p pulse [43] was used as a solvent-
exclusive p pulse, while the parameters of the gradient pulses were
G1 = 0.11 T/m, G2 = 0.21 T/m, and d0 ¼ 1:0 ms. The pulse repetition
time was 4.0 s, the echo time (2D) was 120 ms, and the acquisition
time t2 was 0.4 s. An 8-step phase cycling was applied: the phases
for the first selective RF pulse, the third selective RF pulse and the re-
ceiver were (x,�x, x,�x, x,�x, x,�x), (x, x,�x,�x, x, x,�x,�x), and (x,
�x,�x, x, x,�x,�x, x), respectively. 2950 � 25 points were acquired
in 15 min with the spectral widths of 3500 and 100 Hz in F2 and F1
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dimensions. The signals were zero filled to 8192 � 1024 before FFT.
In addition, an experiment was performed with the RF pulse flip an-
gles deviated 1/9 from the optimal values to reveal the insensitivity
of the IDEAL-III sequence to the imperfection of RF pulse flip angles.
That is, the width of a p/2 hard RF pulse was set as 40 ls and the
width of the selective p/2 Gaussian pulse for solvent spins was
4.44 ms. Except for this difference, all the experimental parameters
were kept unchanged. The sensitivity was calculated as SNR=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

acquisition time
p

[44], where SNR is the signal-to-noise ratio calcu-
lated by dividing the intensity of the peak at 6.94 ppm by the stan-
dard deviation (SD) of noise signals in the region between 6.0 and
6.5 ppm.

A mixture of tyrosine (C9H11NO3), arginine (C6H14N2O4), and
water was used to demonstrate the capability of the IDEAL-III se-
quence for fast acquisition. The molar ratio of C9H11NO3,
C6H14N2O4, and H2O was about 1:1:300. The pulse repetition time
was 3.0 s and the acquisition time t2 was 0.3 s. The magnetic field
was intentionally deshimmed to produce a line-width of about
60 Hz. The spectral width was set to 100 Hz with 18 increments
for the F1 dimension, and 5000 Hz for the F2 dimension. No phase
cycling was used and the total experimental time was only one
minute. The other parameters were the same as those for the his-
tidine aqueous solution experiments. The spectral data were pro-
cessed by sinebell window function and were zero filled to
8096 � 2048 before regular FFT.

A sample of intact pig brain tissue fitted in a 5 mm NMR tube
was used to test the feasibility of the IDEAL-III sequence for sam-
ples with intrinsic macroscopic susceptibility gradients and in-
tense water signal. All experiments were performed without
locking and shimming. The probe was well tuned to preserve high
sensitivity. The pulse repetition time was 3.0 s and the echo time
(2D) was 80 ms. The CSGs with strength G � 0:1 T=m and duration
d = 1.2 ms were applied. The gradient pulses for the excitation
sculpting were set to G1 = 0.11 T/m, G2 = 0.21 T/m, and d0 = 1.0 ms.
The acquisition time t2 was 0.2 s. 2000 � 12 points were acquired
in 13 min with the spectral widths of 5000 and 200 Hz in the F2
and F1 dimensions. A conventional 1D experiment with excitation
sculpting was performed. The parameters of this experiment were
the same as those of the IDEAL-III experiment, and the scan num-
ber was 32. To confirm the results from IDEAL-III, a 1D water-pre-
saturated spin echo experiment of pig brain tissue was also
performed using a 1H Nano NMR probe and a small amount of
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) was
added to the sample as an internal reference standard at
d = 0.00 ppm (methyl group). The sample was spun along the ma-
gic-angle (54.7�) direction at a rate of 2 kHz. For this 1D pulse se-
quence, a T2-edited Carr–Purcell–Meiboom–Gill (CPMG) segment
with total echo time 360 ms was incorporated to selectively record
the signals of small metabolites in the brain tissue. The pulse rep-
etition time was 4.0 s and the scan number was 64.

A sample of pig brain tissue closely packed against a piece of
cucumber in a 5 mm NMR tube was used to further test the feasi-
bility of the IDEAL-III sequence on high-resolution in vivo MRS. The
two materials were separated by a piece of plastic, with the pig
brain tissue on top and the cucumber underneath. The spatially
localized IDEAL-III sequence (Fig. 1b) was applied. The spin echo
image of the sagittal plane was acquired. For spectral study,
three-dimensional localization was applied using the PRESS mod-
ule for each dimension. The voxel was set to be 4 � 4 � 16 mm3

for localizing the whole stratified sample and 4 � 4 � 7 mm3 for
exclusively selecting the pig brain tissue or the cucumber. The
width of the slice-selective refocusing p pulses was 1.5 ms. The
echo time (2D) was 28 ms. 2000 � 12 points were acquired in
24 min with the spectral widths of 5000 and 200 Hz in the F2
and F1 dimensions. The PRESS spectra of the corresponding voxels
were also acquired for comparison. The variable power and opti-
mized relaxation delays (VAPOR) module was utilized for water
suppression in the PRESS experiments.

4. Discussion

Experimental results of histidine aqueous solution are shown in
Fig. 2, together with the molecular structure of histidine. A conven-
tional 1D SQC spectrum of the sample in a homogeneous magnetic
field is shown in Fig. 2a. Except for intensive water signal, five dif-
ferent peaks from histidine can be observed. The insets display the
expanded multiplets. The magnetic field was then intentionally
deshimmed to produce a line-width of 60 Hz, and the resulting
1D spectrum is illustrated in Fig. 2b. Clearly, no coupling split
can be observed. The 2D IDEAL-III spectrum was acquired in the
same inhomogeneous field. After a counter-clockwise rotation of
45�, the accumulated projection of the 2D spectrum onto the F2
axis together with the expanded regions of interest is presented
in Fig. 2c. The line-width of the projection spectrum is reduced
from 60 to 4 Hz and all the information of chemical shift, J coupling
constant, and multiple pattern are maintained. Since all the streaks
are located along the center line of F1 dimension and only occupy a
narrow frequency range in the F1 dimension, experimental time
and data size can be greatly reduced. It can be seen that the
IDEAL-III sequence has amazing solvent suppression efficiency. A
suppression efficiency of more than 105-fold can be achieved in
the inhomogeneous field if a 16-step phase cycling is used. In addi-
tion, the experimental result with imperfect RF pulse flip angles is
presented in Fig. 2d. From the projection spectrum and the ex-
panded regions, we can see that the water suppression efficiency
and the spectral resolution are almost unaffected by the great devi-
ation of pulse flip angles. Note that the sensitivity of the IDEAL-III
projection spectrum is only about 13.6% of that of the conventional
1D SQC spectrum in the same inhomogeneous field due to the
intrinsic low SNR of iMQCs (see Fig. 2b and c).

To test the capability of the IDEAL-III sequence for fast acquisi-
tion, a sample of a mixture of tyrosine and arginine in water was
placed in an inhomogeneous field with 60 Hz line-width
(Fig. 3b). The molecular structures of tyrosine and arginine are gi-
ven on the top right of Fig. 3. A 1D 1H NMR spectrum in a well-
shimmed field as well as expanded multiplets from inequivalent
protons of the mixture is shown in Fig. 3a. The 2D IDEAL-III spec-
trum acquired in the inhomogeneous field with only one minute
is displayed in Fig. 3c. The corresponding projection spectrum also
achieves high solvent suppression efficiency and keeps all the sol-
ute iSQC signals. All the multiplets from the inequivalent protons
are expanded and shown in Fig. 3d. Although the spectral resolu-
tion is not as good as conventional 1D spectrum and some signals
are distorted, the basic information of chemical shifts, scalar cou-
pling constants, and multiplet patterns is retained in such a short
experimental time. Since the IDEAL-III spectral width in the F1
dimension only needs to cover the range of field inhomogeneity
when the spectrometer reference frequency coincides with the res-
onant frequency of the solvent spin, the time saving can be sub-
stantial when the sample has wide chemical shift distribution.

Experiments on a sample of in vitro pig brain tissue fitted in a
5 mm NMR tube were carried out to test the feasibility of the
IDEAL-III sequence for samples with intrinsic field homogeneity.
The line-width of the water resonance (near 4.8 ppm) is about
100 Hz in the conventional 1D 1H NMR spectrum (Fig. 4a). Hardly
any spectral information can be obtained from this spectrum due
to the intense water signal and line broadening caused by mag-
netic susceptibility gradients among various structural compo-
nents. The conventional 1D spectrum obtained utilizing the
excitation sculpting scheme for solvent suppression is shown in
Fig. 4b. The resolution is still very poor. The 2D IDEAL-III spectrum
after a counter-clockwise rotation of 45� and its accumulated pro-



Fig. 2. 1H NMR spectra of a solution of histidine in water (molar ratio is about 1:400): (a) conventional 1D high-resolution spectrum acquired in a well-shimmed field; (b)
conventional 1D spectrum acquired in an inhomogeneous field with a line-width of about 60 Hz; (c) 2D IDEAL-III spectrum in the same inhomogeneous field after a counter-
clockwise rotation of 45� and its accumulated projection along the F2 axis; and (d) 2D IDEAL-III spectrum obtained with the RF pulse flip angles deviated 1/9 from the optimal
values and its accumulated projection along the F2 axis after a counter-clockwise rotation of 45�. The peaks marked by 	 are truncated due to their strong intensities. The
insets display the expanded multiplets. The structure of histidine is shown in the frame on the top left, together with the values of proton chemical shifts.
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jection along the F2 axis are shown in Fig. 4c. It can be seen that the
water signal is suppressed effectively and the weak metabolite sig-
nals are observable. The line-widths are greatly reduced and sev-
eral multiplet patterns of metabolites such as lactate (Lac,
1.31 ppm), alanine (Ala, 1.47 ppm) can be resolved. However, the
residual line-width in the projection spectrum is still about
13 Hz due to the intrinsic short relaxation times of the metabolites,
which may hinder the resolution of some peaks. For comparison, a
1D water-presaturated spin echo spectrum of the pig brain tissue
was also acquired using a Nano probe and the metabolites in the
tissue were assigned according to the literature [45], as shown in
Fig. 4d. A Nano probe is specifically designed for narrow-line
high-resolution magic-angle spinning (MAS) spectra. The line-
width in Fig. 4d is 3.5 Hz in phased mode and most multiplet pat-
terns of the metabolites can be resolved. Except for the peaks at
1.75 and 2.90 ppm from DSS [45], the main metabolites detected
in the Nano spectrum can be observed in the projection of the
IDEAL-III spectrum. Compared to the (Nano) MAS technique, the
IDEAL-III sequence may be more feasible and promising for the
application in in vivo and in situ NMR since many in vivo and
in situ samples cannot be spun.

Measurements with PRESS localization on the stratified sample
of pig brain tissue and cucumber was performed to exam the fea-
sibility of the IDEAL-III sequence in in vivo MRS. The spatially local-
ized IDEAL-III sequence (see Fig. 1b) was applied. The 1D localized
IDEAL-III projection spectra, normal PRESS spectra, and spin echo
image of the sample are shown in Fig. 5. The 1D non-localized
IDEAL-III projection spectrum from the cucumber is also presented
for comparison (see Fig. 4c for the projection spectrum of the pig
brain tissue). No any information can be obtained from the conven-
tional 1D SQC spectrum with a line-width of 80 Hz and intense
water signal (Fig. 5a). The sagittal spin echo image is illustrated
on the top right of Fig. 5. The localized regions of the pig brain tis-
sue and the cucumber are marked by I and II, respectively. The vox-
els in the pig brain tissue and the cucumber were both set to be
4 � 4 � 7 mm3. The voxel of 4 � 4 � 16 mm3 was used to localize
the whole stratified sample including regions I and II. After the
rotation, the projection spectrum from the IDEAL-III sequence with
the whole sample localization is shown in Fig. 5b. The spectra
localized in regions I and II are presented in Fig. 5c and d, respec-
tively. It can be seen that the line-width was greatly reduced and
the water signal was effectively suppressed. Compared to the spec-
trum in Fig. 4c, the main metabolites in the pig brain tissue can be
observed in Fig. 5c. Similarly, the components detected in the 1D
IDEAL-III projection spectrum of the cucumber (Fig. 5e) can also
be observed in the projection of localized spectrum (Fig. 5d). Com-
pared to the normal PRESS spectra localizing the corresponding
voxels (Fig. 5f–h), the iSQC MRS from the IDEAL-III sequence can
provide fine spectral information.

5. Conclusion

In this work, a new pulse sequence, IDEAL-III, was devised
based on iSQCs to obtain 1D high-resolution NMR spectra in inho-
mogeneous fields via fast 2D acquisition. The new sequence allows
efficient acquisition of high-resolution spectra in inhomogeneous
fields with J coupling constants retained as in conventional SQC
spectra. The DDF treatment combined with reduced density oper-
ator formalism was applied to derive analytical expression of the
iSQC signals from the new sequence. The experiments were carried
out in inhomogeneous fields intentionally deshimmed or arising
from intrinsic macroscopic susceptibility gradients to verify the



Fig. 3. 1H NMR spectra of tyrosine and arginine in water (molar ratio is about 1:1:300): (a) conventional 1D high-resolution spectrum acquired in a well-shimmed field; (b)
conventional 1D spectrum acquired in an inhomogeneous field with a line-width of about 60 Hz; (c) 2D IDEAL-III spectrum acquired under the same inhomogeneous field in
one minute after a counter-clockwise rotation of 45� and its accumulated projection along the F2 axis; and (d) the expanded regions of the multiplets. The peaks marked by 	
are truncated due to their strong intensities. The structures of tyrosine and arginine are shown in the frame on the top right, together with the values of proton chemical
shifts.

Fig. 4. 1H NMR spectra of the pig brain tissue: (a) conventional 1D SQC spectrum; (b) 1D spectrum acquired with the excitation sculpting scheme; (c) 2D IDEAL-III spectrum
after a counter-clockwise rotation of 45� and its accumulated projection along the F2 axis; and (d) 1D water-presaturated MAS spin echo spectrum acquired with a Nano
probe.
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Fig. 5. 1H MRS of a sample packed with pig brain tissue and cucumber: (a) conventional SQC spectrum; (b) IDEAL-III projection spectrum localizing at the whole sample; (c)
IDEAL-III projection spectrum localizing at the pig brain tissue; (d) IDEAL-III projection spectrum localizing at the cucumber; (e) IDEAL-III projection spectrum of a cucumber
sample; (f–h) PRESS spectra corresponding to (b–d), respectively. Spin echo image of the sample is shown on the top right and the localized regions of the pig brain tissue and
cucumber are marked by I and II, respectively.
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theoretical predictions and the practical feasibility of the new se-
quence. The results show that the theoretical predictions are in
agreement with the experimental results, and this sequence may
be useful for in vivo and in situ high-resolution NMR spectra. More-
over, the MRS application of the IDEAL-III sequence combined with
PRESS localization on biological sample shows that high-quality
iSQC localized spectra can be obtained.

The IDEAL-III sequence provides an alternative way for high-
resolution NMR spectroscopy via iMQCs. Compared to the high-
resolution iZQC and iDQC approaches, the new sequence is less
sensitive to diffusion and relaxation losses due to the more favor-
able diffusion and relaxation behaviors of iSQCs during the evolu-
tion time. In general, like other iMQC high-resolution methods, the
IDEAL-III sequence is applicable in small to moderate inhomoge-
neous fields. Since solvent-selective RF pulse is used, the maximum
allowed field inhomogeneity is related to the difference between
chemical shifts of solvent and its nearest solute peaks. When the
field inhomogeneity reaches a certain degree, the broadened sol-
vent peak will overlap with the broadened neighboring solute
peaks. If the excitation range of the selective pulse cannot be prop-
erly set to excite only the solvent spins, the spectral quality will de-
crease due to the appearance of undesirable intermolecular cross-
peaks arising from the distant dipolar field of solute spins, and a
high-resolution spectrum may not be achievable [46]. In addition,
the SNR of the iSQC signals from the new sequence is still much
lower than that of conventional SQC signals. The enhancement of
the spectral resolution under the inhomogeneous fields is at the
cost of the SNR. Improvement of the pulse sequence for practical
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applications may be achieved by combination with the dynamic
nuclear polarization (DNP) technique [47,48].
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