Journal of Magnetic Resonance 208 (2011) 87-94

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier.com/locate/jmr =

High-resolution 2D NMR spectra in inhomogeneous fields based
on intermolecular multiple-quantum coherences with efficient acquisition schemes

Meijin Lin *P, Yuging Huang?, Xi Chen®*, Shuhui Cai? Zhong Chen **

2 Department of Physics, Fujian Key Laboratory of Plasma and Magnetic Resonance, State Key Laboratory of Physical Chemistry of Solid Surfaces,

Xiamen University, Xiamen 361005, China

b Department of Oceanography, Key Laboratory of Underwater Acoustic Communication and Marine Information Technology, Ministry of Education, Xiamen University,

Xiamen 361005, China

ARTICLE INFO ABSTRACT

Article history:

Received 26 August 2010
Revised 11 October 2010
Available online 16 October 2010

Keywords:
High-resolution
J-resolved spectroscopy

High-resolution 2D NMR spectra in inhomogeneous fields can be achieved by the use of intermolecular
multiple-quantum coherences and shearing reconstruction of 3D data. However, the long acquisition
time of 3D spectral data is generally unbearable for in vivo applications. To overcome this problem,
two pulse sequences dubbed as iDH-COSY and iDH-/RES were proposed in this paper. Although 3D acqui-
sition is still required for the new sequences, the high-resolution 2D spectra can be obtained with a rel-
atively short scanning time utilizing the manipulation of indirect evolution period and sparse sampling.
The intermolecular multiple-quantum coherence treatment combined with the raising and lowering

cosy operators was applied to derive analytical signal expressions for the new sequences. And the experimen-
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Intermolecular multiple-quantum
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Inhomogeneous fields

tal observations agree with the theoretical predictions. Our results show that the new sequences possess
bright perspective in the applications on in vivo localized NMR spectroscopy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Different kinds of techniques have been utilized to achieve
high-resolution 1D NMR spectra in inhomogeneous fields, such
as the algorithms based on image deconvolution [1], Fourier syn-
thesis [2,3], nutation echo [4-6], intermolecular multiple-quantum
coherences (iMQCs) [7], etc. In recent years, iMQCs have been
proven to be a promising strategy in many case, such as for
enhancement of contrast in magnetic resonance imaging [8-10],
and high-resolution NMR spectra in inhomogeneous fields. The
high-resolution iMQC spectroscopy uses 2D technique to average
out inhomogeneous broadenings by correlating the iMQC transi-
tion with the conventional single-quantum coherence (SQC) one
[7,11-15]. After a shearing process [11,15,16], a high-resolution
1D spectrum free of inhomogeneous broadenings can be extracted
from the projection along one dimension of the acquired 2D spec-
trum while the information along the other dimension containing
inhomogeneous broadenings are discarded. The high-resolution
iMQC spectroscopy has been applied to the in vivo localized mag-
netic resonance spectroscopy (MRS) with field-distorted voxels,
where the spectral linewidths are broadened by the magnetic field
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gradients caused by susceptibility differences between tissues,
bones and air [17-21].

2D MRS such as J-resolved spectroscopy (J-RES), COSY and mul-
tiple-quantum coherence spectroscopy has been applied to obtain
more spectral information and better signal separation [22-25].
The methodology for quantification of metabolites via 2D MRS
was also established and well applied [26,27]. However, in the
presence of field distortions caused by susceptibility gradients, line
broadenings occur in these 2D spectra, for the routine 2D MRS such
as COSY and J-RES, both t; and t; periods are conventional SQC evo-
lution. We have demonstrated that in above two kinds of spectra
the tilt angles of the inhomogeneous broadenings and the chemical
shift alignment (of diagonal peaks for the COSY case) orient at the
same direction in the 2D spectra [28], resulting in the overlapping
of adjacent resonances. Thus the metabolite quantification is seri-
ously influenced. The inhomogeneous broadening effect also pre-
sents in the projection spectra of COSY and J-RES in one or two
dimensions. In our recent work [29,30], we extended the concept
of high-resolution iMQC MRS from 1D to 2D, taking the most com-
mon ones, COSY and J-RES, as examples.

In this paper, two pulse sequences, which are based on the
intermolecular double-quantum filter HOMOGENIZED (iDH) se-
quence [13] and thus dubbed iDH-COSY and iDH-JRES, are pro-
posed to shorten acquisition time of iMQC high-resolution COSY
and J-RES spectra in inhomogeneous fields. For the new sequences,
the three-dimensional (3D) iMQC approach is utilized to obtain 2D
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MRS free of inhomogeneous broadening effect. Similar to the 2D
iMQC approach used to obtain 1D high-resolution MRS, one dimen-
sion of the 3D spectrum is discarded after shearing processes. The
other two dimensions, which are almost free of inhomogeneous
broadenings, can be utilized to achieve different coherences of
2D MRS and the transition between them. The time efficient acqui-
sition scheme based on the reduction of one of the indirect spectral
widths [15,16] is used to shorten the acquisition time without any
sensitivity loss.

2. Theories and methods

The iDH-COSY and iDH-JRES pulse sequences are shown in
Fig. 1a and b, respectively. Except for the second RF pulse and
the manipulation of evolution periods, these two sequences are
the same. Three linear coherence selection gradients (CSGs) are ap-
plied to select the following coherence transfer pathway for both
sequences, 0 —» +2 — +1 — —1. Since the 3D iMQC approach is re-
quired for the new sequences, two indirect evolution periods t;
and t, are presented. The comparison of the two pulse sequences
is shown in Table 1.

Without loss of generality, a homogeneous liquid mixture con-
sisting of an AX spin-1/2 system of S component (including S, and
S, spins with a scalar coupling constant J;) and a single spin-1/2 sys-
tem of I component is considered. It is assumed that I spin (corre-
sponding to solvent) is abundant and S spin (corresponding to
solute)is either abundant or dilute. Assume that w,, is the frequency
offset of spin m (m =1, Sy, S;) in the rotating frame in the absence of
field inhomogeneity, and AB(r) is the field inhomogeneity at posi-
tion r. When spatially dependent magnetic field is taken into ac-
count, the frequency offset, Q,,,(r), of spin m at position r is given by:

Qn(r) = wn +Ao[F) =wn+7-AB(r), (m=15,S), (1)

where 7 is the gyromagnetic ratio. Eq. (1) suggests that the magnetic
field inhomogeneity causes a shift of angular frequency from the res-
onance my,. Since both evolution period t; and acquisition period t,
are SQC evolutions for the conventional COSY [31] and J-RES [32]
spectra, the spectral information provided by these two conventional
approaches are demolished by magnetic field inhomogeneity. How-
ever, the new sequences, iDH-COSY and iDH-JRES, provide ways to
eliminate the inhomogeneous broadenings in both F1 and F2 dimen-
sions. Inaddition, since the distant dipolar field (DDF) originated from
solvent has an equal effect on all solute spins with the same spatial
distribution and does not affect the J coupling between solute spins,
the COSY and J-RES spectral property and information are preserved.

2.1. iDH-COSY

The detailed theoretical derivation of the spin evolution under
the iDH-COSY (Fig. 1a) is based on the iMQC treatment combined

- (%)x (%):; (rc)’ (m),
w] i @Gg | e
|q—i|—bh—f-; 2G

2w Gl .
G4

i

Fig. 1. High-resolution 2D MRS sequences via 3D iMQCs: (a) iDH-COSY and (b) iDH-
JRES.

Table 1
Coherence orders and acquisition schemes of 3D iMQC pulse sequences.
Pulse Evolution Mixing Evolution Acquisition
sequence period t; pulse period t, scheme on t,
iDH-COSY  iZQC 2nd RF iDQC Delay
pulse (55y) acquisition
iDH-JRES Spin echo N/A iZzQC Fold-over
correction

with the raising and lowering operators. For simplification, the ef-
fects of radiation damping, diffusion, relaxation, and intermolecu-
lar NOE are ignored, and the CSGs are applied along the z direction.
For the iDH-COSY sequence, the first RF pulse (7t/2), rotates the
equilibrium density operator into the transverse plane. After drop-
ping unimportant factors and terms, we can use raising and lower-
ing operators to express the double-quantum term Sy, 1, excluding
SiySiy term, in the reduced density operator as [33]

0*)‘% Nll iSkyj = 422““@“ Sy) = (1S5 +1:5) |,
i= I J
2)

where I; represents the y component of the ith I spin operator, Syy;
represents the y component of the jth S, spin operator, and N; and
Ns are the total molecule numbers of I and S spins, respectively.
According to the coherence transfer pathway in the iDH-COSY, only
the term Ii*S,jj/4 in Eq. (2) is chosen by the CSGs. Then, during the
evolution period t;, we have

Ny Ng
Z > ISy cos(Myth) + 1255
i=1 j=1
X Sin(mfyty )]e o0 -om]g-i@ -5t 3)

The dephasing angles at positions r; and r; for I' and S~ due to
the correlation gradient G' are ¢(r;) =G dz and @(r;) =G dz,
where z; and z; are the projections of the positions r; and r; along
the z direction, respectively.

The solute-selective (Tc/2) RF pulse (¢ is the phase shift angle)
implements the coherence transfer of S spin between the evolution
periods t; and t,. After the (11/2) RF pulse (¢ = x), the spin density
operators evolve into the following terms: Ii*S,ﬁj/S. I7S,/8,
—iI*SkZ/4 121 S} /8, —i217 SiySy /8, —17' S, /8. 17S4;S; /8, I*S,I,

S;/8, and I7'S,;S;; /8. Since the subsequent solvent- selectlve (m/2),
RF pulse and the related field gradients (G and 2G) form a dou-
ble-quantum filter (DQF), only the terms I;'S;;/8 and i2I}Sy;S;; /8
are preserved. These two terms evolve during the first t, evolution
period. After that, the (m/2)! RF pulse transforms I* into
(0.5I* + 0.5 +il,). The fourth non-selective pulse (7t)y is inserted
in the middle of delay interval (24) to prevent the dephasing of
signals before the DDF takes effect. Since there are no subsequence
pulses, we only need to consider the SQC terms that contribute to
observable signals. Before the second t, evolution period, we have

l S
ot +26) =5 Z Z{ [iSy COS(Tjt1) COS (T yt)

i=1 j=1
42545t €S (T t1) SIN(7Lf 2]
w e~ @) =)+ (1) =01 (1)) e =il(2 =5, )t +(Qs, +Q)t2]
—L[iS; sin(7tfyt1) sin(7tt2)
,zskzjsly Sin(7fyt1) cos(7fy,t2)] x e~ o) =0+ (i) -1 ()]

w @ il@1=05 )1 +(25 + Q)2 } (4)

@1(ri) =G 6z; and @4(r;) = yG 6z; are the dephasing angles at posi-
tions r; and r; for I' and S* due to the field gradient G, respectively.
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Since the module of excitation sculpting (WS) right before acqui-
sition only acts to suppress the solvent signals and does not influ-
ence the desired solute signals, we ignore it in the following
deduction. The observable signal at the detection period can be
written as

. N,
—iT(ty +t3) i
Oty +26 +3) = (126+ 3) Z{s;je—l[(szl—slsk)rl+Q,tz—!?5kt3] cos(Tyth)
j=1
Nl P
X COS [y (2t, + t5)] Y Dyje (@05
i=1

+S; el @250+t gin oy, 1)  sin [, (26 + t3)]

N
« ZDije—i}'é(GurG)(z,-—zj) } (5)
i=1

where Dj; is the residual intermolecular dipolar coupling constant.
Since we are free to choose the origin of the coordinate system,
we can set z; =0, hence

ZD e—l 78(G+G')(zi-7) ZDU{COS

(G+G')oz;] —isin[y(G+G)oz]}.
(6)

Summation over dipolar-coupled spins can be replaced by an
integral if the distribution of the spins can be considered continu-
ous. Since sine is an odd function, the term containing
sin[y(G + G')6z] in Eq. (6) vanishes when the sum over the sample
is performed. After the spatial integral over the whole sample vol-
ume is performed, we have

(224—;;3) <11<C'1;)1> Zl {Skjei[(QJQSk M +Quty *st tB}
Jj=

X COS(7t)jyt1) x €OS[Tt) (2t + t3)]

+S e I[Ql .st t+Qty— .Qsltg]sin(n]klt])

0(t1 +2t2 +t3)

x sin [1],,(2t; + tg)}}. (7)

where A, = [3(5 - 2)> — 1]/2, § and 2 represent unit vectors along the
directions of field gradient and static magnetic field, respectively,
(hwy/kT) is the Boltzmann factor, and the dipolar demagnetizing
time 7}, = 1/(y7M}), in which M}, is the equilibrium magnetization
per unit volume of I spin. Thus the observable signal Mik can be cal-
culated to be

M3 (ty 4285 + t3) = Tr[o (61 + 26, + &)y h(S{ +S7)/V]

S
_ 7l7tM0((5?I+ t3)As {efi[(g,fgsk)tlm,rzfszsk 5] cos(mytr)
d

X COS [Ty (28 + t5)] + e (-5 ) +ta-0515]
x Sin(7fyt1) sin [1), (2t + t3)}}, (8)

where M; is the equilibrium magnetization per unit volume of S
spin. From Eq. (8), we notice that this iMQC signal evolves at
(Qs, — ) and €, during the evolution period t; and t, respectively.
For the iMQCs, (s, —€) is the difference frequency between
solvent and solute spins at the correlation distance apart, which is
typically around 10-100 pm and much smaller than the macroscopic
spatial variations of static magnetic field. Hence, AB((r) ~ ABs(r) and
the difference frequency (Qs,, —€i) can be approximated by
(ws,,, — i), which suggests that the inhomogeneity is eliminated
within the correlation distance for the iMQC signals. Then Eq. (8)
can be rearranged to

P
_ —iTtMy(t2 + t3)As {ei[(wgk FUig -0t (- Q1+ 20ty (s, i)t
247,

+ el s Hu—ont +(Q -2t +( s, ~u)ts]

M (t1,285,t3)

+ ei[(wsk ~ =)t +(~ 2+ 270 +( s, +7a)t3 ]
+ ei[(wsk ~ =)t +(—~ =27 )+ s, ~ i)t ]
_ ell@s, A=t +(~ @ 2m )t +@s + ) ts]
+ ei[(fi}s,ﬁﬂlkt*ﬂ’ﬂf] (=2t +(Qs,~ i)t ]
+ ei[(wsk ~ =)t +(~ Q42 ) +( Qs 1) 03 ]

_ei[(fusk — =)0+~ =2 )t +(Qs, ~ i) 3] } 9)

Eq. (9) provides a quantitative expression of the diagonal and
cross peaks in 3D iDH-COSY spectrum for the S, spin. It includes
eight terms due to J coupling and coherence transfers. The first four
terms represent the diagonal peak for the S, spin, whose locations
are (@1, o, Q3)=[—(ws, £y — ), (= £ 27y), A5, + 7).
The last four terms represent the cross peak between S, and S;
spins, whose locations are (2, @, Q3)=[—(ws, £y — ),
— (=9 £27)y), Qs, + 1. It can be seen that the F2 dimension only
contains the frequency of the solvent w; and the broadenings
caused by the inhomogeneous fields. That means the sampling rate
of the F2 dimension can be reduced to a bit larger than the inhomo-
geneous broadened linewidth, which is ca. 0.1 ppm or smaller for
in vivo detections. Assuming a reduced sampling rate for a spectral
width of 0.2 ppm instead of 10 ppm, the scanning efficiency can be
improved by as much as 50 times.

Because the inhomogeneous broadening in the expression of
el@+2mwt in Eq. (9) is along the F2 dimension (see Fig. 2a), a shear-
ing process of the F2-F3 plane along the F3 axis is required to ob-
tain high-resolution projection on the F3 axis: Q) = Q3 — Q, = Os)
+3m1J,, — w,;, which transforms the location of peaks into
(Q],Qz,gg): —(—Qﬁ:ank,),wgk“)j:37t],d—w, .

(10)

Therefore, the F3 dimension is no longer suffered from inhomo-
geneous broadening effect (Fig. 2b). A high-resolution COSY spec-
trum can be extracted by projecting the 3D spectrum onto the
F1-F3 plane. In addition, the J coupling constants in the F1 dimen-
sion are kept unchanged while those in the F3 dimension are mag-

nified by a factor of 3, which would be useful for the spin systems
with small J coupling constants.

—(ws, =1y — ),

2.2. iDH-JRES

The iDH-JRES sequence shown in Fig. 1b is quite similar to the
iDH-COSY sequence in the pulse arrangement but changes the sec-
ond RF pulse from 7 to 7/2 since there is no coherence transfer in
the J-RES. The major difference between these two sequences is the
manipulation of the evolution periods. The spin echo period in the
iDH-JRES sequence is used as the first evolution period, which is
the same as that in conventional J-resolved sequence and insensi-
tive to inhomogeneous fields. In addition, the iZQC period is used
as the second evolution period of the iDH-JRES sequence, equiva-
lent to the chemical shift dimension of the conventional one.

Similar deduction can be performed for the iDH-JRES sequence to
obtain the theoretical expression. The quantitative expression of the
signals in 3D iDH-JRES spectrum for the S, spin can be expressed as

—iTM3(0.5t; + t3)As

M%(t11t25t3) =

{ei[(wsk A=)+ Wty +(Qs, + )]

31}
+ei[(w5k*njkl*wl)t2 ~ Tt +(Qs, ~ )3 } (11)
which indicates that the peaks are at (2, 2, 23) =
[FJy, —(ws, £,y — i), Qs, + 7J,,]. Compared to the SQCs in the
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conventional J-RES, the iZQC signal in t, period of the iDH-JRES is
free of inhomogeneous broadening, thus a high-resolution chemical
shift dimension can be achieved. In addition, only J-coupling infor-
mation is preserved in the t; period of the iDH-JRES, the spectral
pattern of J-RES is therefore achieved.

Since there is no coherence transfer of solute spins between the
t; and t3 periods, there are only diagonal peaks aligning in a narrow
band of the F2-F3 plane. Similar to the high-resolution COSY, the
efficient acquisition scheme by reducing the sampling spectral
width of one indirect dimension can also be applied for the iDH-
JRES. The fold-over correction (FOC) scheme, which has been used
to speed up the acquisition of iZQC spectroscopy, is suitable for
efficiently sampling the F2-F3 plane of the 3D iMQC data. Assume
the frequency offsets are Q, and 25 in the F2 and F3 dimensions,

da
F3
£ (ppm)
Fo8
—(=<®>: D : <>
12
p i
16
way $2.04 L l
&+ 0 ' i
e
DL 828 24 2 16 12 08 F1(ppm)
b

1

; shearing on F3
mn

- (ppm)

Hz)

&L 8°8 24 20 16 1.2 0.8 F1(ppm)

Fig. 2. Shearing process for iDH-COSY: the spectra before (a) and after (b) shearing
along F2 dimension.

respectively. Folding in the F2 dimension of a spectrum occurs if
2, exceeds the Nyquist frequency . Folding leads €2, to an
apparent frequency:

Q) = (22 + ®) mod 20))] -}, (12)

where mod is the modulo operator for finding the remainder of
division of the former by the latter (see Fig. 3a). If the spectral width
in F2 is sufficient to cover the width of the frequency band, FOC can
untangle the folded spectrum by shearing the experimental matrix
QFintoQEPC:

QC = [(Qg FQ wg’) mod (2wg')] — . (13)

The resulting spectrum is equivalent to the fully-sampled spec-
trum after a shearing along the F2 dimension: (Q5°¢, Q3) = (Q,+
Qs, Q3). Therefore, after the FOC, the location of peaks in Eq. (11)
on F2 axis is changed to QF°° = Q, + Q3 = @, (Fig. 3b). Since FOC
results in inhomogeneous broadenings along the F2 axis, the 2nd
shearing process along the F3 dimension in the F2-F3 plane is re-
quired, which converts the location of peaks on F3 axis to Q} =
Q3 — Q¢ = w5, — wy (Fig. 3c).

After the above shearing, the signals are located at (Q;, Q5°°,
Q) = (FnJy, @i, ws, — ). A high-resolution projection spectrum
without inhomogeneous line broadenings can be obtained in the
F3 dimension. Compared to the delay acquisition scheme, there
is no scaling for the J coupling constants. Finally, an iDH-JRES
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Fig. 3. Shearing process of iDH-JRES: the raw spectrum (a), the spectra after
shearing with fold-over correction along the F1 dimension (b) and after shearing
along the F3 dimension (c).
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spectrum free of inhomogeneity can be extracted from the projec-
tion of the 3D iMQC data onto the F1-F3 plane. Table 2 shows the
comparison of properties of several 2D NMR spectra.

3. Experimental

All experiments were performed on an 11.74 T Varian NMR Sys-
tem equipped with a 5 mm 'H {*°N-31P} XYZ indirect detection
probe with 3D gradient coils. Two solution phantoms were used
to demonstrate implementation details of the new sequences.
Phantom I is a solution of butanone in cyclohexane with a molar
ratio of 1:1000, and Phantom II is an aqueous solution of 10 mM
histidine (His) and 10 mM lactate (Lac). The Z1 shimming coil
was deliberately detuned to produce a linewidth of 50 Hz to simu-
late the static field inhomogeneity. The schematics of the new
pulse sequences are presented in Fig. 1. The excitation sculpting
scheme [34] of two frequency selective refocusing pulses was ap-
plied as the water suppression (WS) module. The W5 composite
pulse [35] was used for the water-exclusive 7 pulse right before
the intermolecular DQF period and the two water-exclusive 7
pulses in the WS module. The parameters (strength x duration)
of gradients were G'=0.07 T/m x 1.2 ms, G=0.16 T/m x 1.2 ms,
G1=0.14T/m x 1.0 ms, and G, =0.24T/m x 1.0 ms, respectively,
where G; and G, are the spoiling pulse field gradients in the WS
module. A 2-step phase cycling was applied: ¢ = (x, y) and receiver
= (x, —x). Phantom I was used for the COSY measurements. The

repetition time (TR) and the echo time (TE) were TR/TE = 1000/
100 ms. 192 x 16 x 300 points were acquired with spectral widths
of 1200 x 100 x 1200 Hz (F1 x F2 x F3) in 2 h. Conventional J-RES
and the iDH-JRES via 3D iMQCs were applied on Phantom II.
12 x 10 x 256 points were acquired with spectral widths of
100 x 50 x 4000 Hz (F1 x F2 x F3) in 20 min. The average number
of transients of each t; increment was 4 and TR/TE = 2000 ms/
40 ms.

4. Results and discussion
4.1. Results for the COSY

The COSY spectra obtained with different pulse sequences are
presented in Fig. 4. The phantom I was used for these studies.
The solvent, cyclohexane, was suppressed in these experiments.
The conventional COSY spectrum is shown in Fig. 4a. The inhomo-
geneous field results in line broadenings stretching along the dia-
gonal direction of the 2D spectrum. The coherence orders of the
conventional COSY are +1 and -1 in t; and t, periods, respectively,
by which the broadening direction of the peaks in the 2D spectrum
is determined. Since the evolutions in both t; and t, periods are
sensitive to inhomogeneous fields, the 1D projection spectra along
both F1 and F2 dimensions are suffered from inhomogeneous
broadenings. The J coupling multiplets are hardly resolved in either
the 1D projection spectra or the 2D spectrum. Furthermore, it is

Table 2
2D spectral properties of typical 2D sequences and new 3D iMQC sequences in inhomogeneous fields.
Pulse sequence Inhomogeneous broadening Chemical shift Scale of ] multiplet in F1 Scale of ] multiplet in F2 References
direction direction dimension dimension
COSsY Diagonal Diagonal Unresolved Unresolved [31]
HOMOGENIZED F2 Diagonal 1 Time Unresolved [7]
iDH-COSY F3 Diagonal 1 Time 3 Times This work
J-RES F2 F2 1 Time Unresolved [32]
iDH-JRES F3 F2 1 Time Decoupled This work
a b c
F1 F1 F1
(ppm) (ppm (ppm)
i IV I
o8] , " 0s{ _ ¢ o8] . +
12 12 1.2
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Fig. 4. COSY spectra obtained via (a) conventional 2D COSY sequence, (b) HOMOGENIZED sequence, and (c) the projection of 3D iMQC spectrum with the expanded
multiplets in (d). The sample is a solution of butanone in cyclohexane with a molar ratio of 1:1000.
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known that the chemical shift alignment of the diagonal peaks is
along the diagonal direction, which is the same as the direction
of the inhomogeneous broadened peaks stretching along. There-
fore, the inhomogeneous broadenings may result in the overlap-
ping of neighboring diagonal peaks in the 2D spectrum. The
COSY spectrum obtained from the HOMOGENIZED sequence [7]
was presented in Fig. 4b. Since the iZQC evolution period is insen-
sitive to the inhomogeneous field, a high-resolution projection
spectrum can be obtained in the indirect dimension. The problem
of the overlapping caused by the inhomogeneous broadened diag-
onal peaks can be avoided since the stretching lines are no longer
along the diagonal direction but parallel to the F2 axis instead.
However, the evolution in the t, period is still subject to dephasing
caused by the inhomogeneous field. The broadening in the F2
dimension greatly reduces the spectral resolution thus hinders
the J scaling multiplets from being resolved. It may also lead to
the overlapping of neighboring diagonal and cross peaks in the
2D spectrum.

The line broadenings in the F2 dimension can be removed by
replacing SQCs with iMQCs. The 3D iMQC spectroscopy is utilized
to achieve this aim and the result is demonstrated in Fig. 4c. Simi-
lar to Fig. 4b, the iZQC evolution period achieves high-resolution in
the F1 dimension. On the other hand, the iDQC with the delay
acquisition scheme is utilized in the t, period of Fig. 4c. The F3
dimension (not displayed in Fig. 4c) is the direct detection dimen-
sion. After the shearing process of the F2-F3 plane, a high-resolu-
tion spectrum free of inhomogeneous line broadening can be
achieved in the F2 dimension, while the F3 dimension can be dis-
carded by projecting the 3D data onto the F1-F2 plane. The projec-
tion is an accumulation projection. As a result, a high-resolution
spectrum is achieved in both dimensions of the F1-F2 projection
spectrum. Both chemical shift information and J multiplet patterns
are preserved and the peak overlapping is avoided. Since iDQC is
used in the t; period, a three-time magnification of J coupling con-
stants is obtained in the F2 dimension, which favors the detection
of weekly-coupled spin systems but hinders that of strongly-
coupled ones.

4.2. Results for the J-RES

The comparison between conventional and high-resolution
J-RES spectra under inhomogeneous fields is presented in Fig. 5.
The phantom II is used. Fig. 5a is the conventional J-RES spectrum.
Since the inhomogeneous broadening is refocused in the t; period
by spin echo, the broadened lines stretch along the F2 axis. As a re-
sult, though the inhomogeneous line broadening is eliminated in
the F1 dimension, the F2 dimension is still subject to inhomoge-
neous line broadening. Since the linewidth caused by the inhomo-
geneous broadening is generally much larger than J coupling
constants, the ] homo-decoupled spectrum extracted from the pro-
jection along the F2 axis can hardly achieve higher resolution for
better quantification than conventional 1D spectrum. Furthermore,
the 2D spectral information is also influenced by the inhomoge-
neous broadening since the chemical shifts of different resonances
align along the F2 axis. Therefore, the broadened lines may cause
the overlapping of resonances with close frequencies. In Fig. 5a,
the o and B-proton resonances of His overlap to some degree. Also,
the strongly-coupled artifacts between them can hardly be ob-
served due to the overlapping caused by inhomogeneous broaden-
ing (see Fig. 5a inset). Similar to the iDH-COSY, a solution to this
problem is replacing the SQC in the detection period by iMQCs.
In Fig. 5b, iZQC is utilized in the t, period, and an efficient acquisi-
tion of this dimension is achieved by FOC. It can be seen from
Fig. 5b that a much higher resolution in the F2 dimension can be
obtained. The two quadruplets of His are well separated and
the strongly-coupled resonance can be clearly observed in the
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Fig. 5. J-RES spectra obtained via (a) conventional 2D J-RES sequence and (b) the
projection of 3D iMQC spectrum. The sample is an aqueous solution of 10 mM His
and 10 mM Lac.

projection spectrum (Fig. 5b inset). Better metabolite quantifica-
tion via the J-decoupled projection spectrum can be achieved.

Furthermore, | modulations are greatly suppressed in the iDH-
JRES spectrum. Fig. 6a demonstrates severe integral ratio distor-
tions in the original iZQC spectra with different TEs. The theoretical
ratio of the seven peaks is 1:1:1:1:1:1:3. The iDH-JRES spectrum
(Fig. 6b) largely alleviates this problem and has similar integral ra-
tio with the conventional spectrum with short TE (10 ms) under
ideal shimming condition (Fig. 6¢). It is because the iDH-JRES is
actually the combination of iZQC spectra with different TEs. As a
result, ] modulations are averaged and correct integral ratio is re-
stored. The slight integral ratio distortion in both Fig. 6b and c
may result from the influence of the water suppression.

4.3. Discussion

The sensitivity is a critical issue to iMQC high-resolution meth-
ods. It can be seen in Eq. (8) that the sensitivity of the iMQC high-
resolution experiment relative to a conventional SQC experiment
in a perfectly homogeneous field is affected by the concentration
of solvent. For water solvent, the iMQC signal intensity is less than
10% of conventional SQC signal [16]. The sensitivity loss is a major
drawback of the iMQC high-resolution methods in potential appli-
cations such as in vivo MRS. It is a trade-off for the improvement of
spectral resolution under inhomogeneous fields. Also, it has been
demonstrated that the sensitivity of high-resolution iMQC
spectroscopy is hardly affected by the inhomogeneity under small
to moderate inhomogeneous fields (inhomogeneity <1.2 ppm)
[16,36]. Several techniques such as dynamic nuclear polarization
technique [10,37] have been utilized for iMQC signal intensity
improvement.

According to our experiments, the inhomogeneity of several
ppm can be handled by the iMQC high-resolution methods on a
500 MHz spectrometer. It has been reported that the iMQC
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Fig. 6. Comparison of peak integral ratios: (a) homo-decoupled iZQC projection
spectra with different TEs, (b) homo-decoupled projection spectrum of iDH-JRES,
and (c) 1D conventional spectrum with WATERGATE under well-shimmed field
(TE = 10 ms). All the integral values are normalized to the His peak at 7.8 ppm.

sequence can reduce the spectral linewidth from 7 ppm to
0.074 ppm under a severely distorted magnetic field [38]. How-
ever, as mentioned above, the bandwidth of the extra dimension
of iDH-COSY and iDH-JRES should be larger than the field inhomo-
geneity to avoid fold-over, therefore the acquisition efficiency re-
duces as the magnetic field homogeneity deteriorates. The
linewidths of iMQC high-resolution spectra mainly depend on
the field inhomogeneity within the dipolar correlation distance.
It has been shown that the iMQC spectral linewidth increases with
the reduction of dipolar correlation distance under moderate inho-
mogeneous fields (with inhomogeneity of 0.5-1.3 ppm) [39].

5. Conclusions

In current work, high-resolution 2D MRS can be obtained in
inhomogeneous fields via 3D iMQC acquisition scheme. The theo-
retical description is mainly focused on the elimination of inhomo-
geneous broadenings in both F1 and F2 dimensions with the
original 2D spectral patterns preserved. In addition, time efficient
acquisition schemes are applied to shorten the long acquisition
time of 3D spectral data. To demonstrate the feasibility of the
new sequences, some primary results on solution phantoms are
presented. It can be seen that high-resolution spectra free of
inhomogeneous broadenings are achieved in both dimensions of
the 2D projection spectra, therefore the spectral information con-
cealed by the inhomogeneous broadenings can be recovered, from

which the quantification of metabolite concentration may benefit.
For iMQC high-resolution approaches, the spectral resolution is im-
proved at the cost of scanning efficiency. Even with the efficient
acquisition method presented in current work, the scanning time
of a 3D iMQC spectroscopy is still lengthened by ca. 10 times com-
pared to the conventional methods, which greatly reduce the
applicability of the proposed methods. Some other acquisition
schemes for sampling multidimensional data, such as Hardmand
spectroscopy [40-42], k-space strategy [43,44] or compressed
sensing [45,46], may be further utilized in corporation with the fast
acquisition method used in this work.
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