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Spectral editing using gradient selected double-quantum (DQ)
coherence transfer is often used for the selective observation of
metabolites in vivo. In attempting to optimize the detection sensi-
ivity of a conventional DQ spectral editing sequence, the effects of
sing radiofrequency (RF) pulses that are not at the resonance
requency of the observed peaks were investigated both theoreti-
ally and experimentally. The results show that spectral editing
sing pulses at the frequency of the observed resonance does not
ecessarily give the optimal detection sensitivity. At 7 T, the
etection sensitivity of lactate observed using a DQ editing method
an be increased by up to 30% by setting the RF pulses off
esonance at the proper frequency. The results also suggest that
lice selective RF pulses used in DQ spectral editing combined
ith PRESS localization may have slice profiles different from

hose when the same pulses are used for standard PRESS spatial
ocalization. © 2000 Academic Press

Key Words: spectral editing; double quantum coherence trans-
fer; double quantum filtering; magnetic resonance spectroscopy;
lactate.

INTRODUCTION

Spectral editing techniques using gradient selected do
quantum (DQ) coherence transfer provide a good compro
between fat and water suppression, detection sensitivity
motion sensitivity forin vivo applications (1, 2). These tech

iques have been applied to the selective observation
umber of metabolitesin vivo, including lactate (3–5), g-ami-

nobutyric acid (GABA) (6, 7), citrate (8), glucose (9), N-
acetyl-aspartate (10), taurine (11), glutathione (12), and gluta
mate (13). However, unequivocal observation of a metabo

y DQ spectral editing is often at the cost of reduced sen
ty. Generally, only a fraction of the signals from the tar

etabolite can pass through a DQ editing sequence (1), and the
ignals passing through the sequence are attenuated furt
echanisms such as transverse relaxation, spin-diffusioJ-

modulation, and radiofrequency (RF) pulse imperfections4).
Therefore, when DQ spectral editing is used to obser
metabolite with low concentrationin vivo, it is not only
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essential for the sequence to be efficient in filtering out m
overlapping resonances, but also important for the sequen
have optimized detection sensitivity for the metabolite of
terest. A conventional DQ spectral editing sequence consi
five RF pulses and delays between the pulses (1, 14). Optimi-
zation of the detection sensitivity for a DQ metabolite edi
sequence can be achieved by adjusting the timing of th
quence and by optimizing the settings for the RF pu
Theoretical treatments using product operator formalism
numerical simulation can be used to guide the optimiza
process (2, 13, 15).

The flip angles, durations, and shapes of the RF pulse
DQ editing sequence all affect the detection sensitivity o
sequence (13, 16, 17). When point resolved spectrosco
(PRESS) spatial localization is combined with DQ spe
editing (5, 6, 12, 13), the frequency offset of the slice select
RF pulses used also affects the detection sensitivity (5). In this
study, the effects of RF pulses that are not at the reson
frequency of the observed peak (i.e., off-resonance pulse
the detection sensitivity of a conventional DQ spectral ed
sequence are investigated.

THEORY

A conventional DQ editing sequence is shown in Fig. 1.
antiphase coherence is generated during the DQ creation
(2t) and is then converted into DQ coherence by the se
90° pulse. After the DQ coherence evolution period (t 1), the
third 90° pulse (i.e., the DQ read pulse) converts the
coherence back into single-quantum coherence which is
detected at the end of the detection period (t1 1 t2). A
frequency selective pulse is usually used for the DQ read
to increase the intrinsic detection sensitivity (1, 18). Consider a
weakly coupled two-spin-1

2 system (IS) with a frequency d
ferencev IS between the two spins. Using a product oper
formalism in the spherical basis (19), the coherence transf
pathways involving the DQ coherence (I 1S1) and leading t
observable signals of spin I (I 2) are
1090-7807/00 $35.00
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where I 0 and S0 represent the longitudinal magnetization
spins I and S, respectively, andI 2S0 and I 1S0 represent th
antiphase coherence.

The effects of an off-resonance pulse with a frequency o
Dv I (relative to the on-resonance frequency of I) on I ca
described as (20)

I 2O¡

b,f,u I 2

2
$@cosb~1 1 cos2u ! 1 sin2u#

1 2i sin b cosu% 1
I 0

Î2
exp~2if!

3 Fsin2Sb

2Dsin 2u 2 i sin b sin uG
1

I1

2
exp~22if!@~cosb 2 1!sin2u# [1]

I 1O¡

b,f,u I 1

2
$@cosb~1 1 cos2u ! 1 sin2u#

2 2i sin b cosu%

1
I 0

Î2
exp~if!F2sin2Sb

2Dsin 2u

2 i sin b sin uG
1

I 2

2
exp~2if!@~cosb 2 1!sin2u# [2]

I 0O¡

b,f,u I 1

Î2
exp~2if!F2sin2Sb

2Dsin 2u

2 i sin b sin uG
1 I 0~cosb sin2u 1 cos2u ! 1

I 2

Î2
exp~if!

3 Fsin2Sb

2Dsin 2u 2 i sin b sin uG [3]
f

et
e

b 5 Î~gB1!
2 1 Dv I

2 3 tp [4]

u 5 atan~gB1/Dv I!, [5]

hereb is the effective flip angle of the RF pulse,f is the
phase of the pulse,u is the tip angle away from thez axis (i.e.
u 5 p/2 for an on-resonance pulse),g is the gyromagnet
ratio,B1 is the RF amplitude, andt p is the duration of the puls
Equations similar to Eqs. [1] to [5] can also be written for s
S. Note that the frequency offset of the same RF pulse fo
DvS 5 Dv I 1 v IS, and consequentlyb andu for S are differen
from those for I.

Normally, when I is edited, the frequency of all the
pulses in the pulse sequence is set on resonance for I, e
for the DQ read pulse whose frequency is set on resonan
S. Now, consider the last 180° pulse in the sequence, w
converts the antiphase coherenceI 1S0 to I 2S0. In order to
obtain 100% conversion efficiency, this pulse must act
perfect refocusing pulse for I (i.e., convertingI 1 to 2I 2), and
simultaneously as a perfect inversion pulse for S (i.e., con
ing S0 to 2S0). This requires the pulse be on resonance for
I and S. However, in practice, this will not be the case
general, a real 180° pulse will convertI 1S0 into I 2S0 with a
onversion efficiency factorE180 (see Eqs. [1] to [5]),

FIG. 1. A pulse sequence for spectral editing using double-qua
coherence transfer.
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I 1S0O¡

1808
E180 3 I 2S0

5
~cosbI 2 1!sin2u I

2
~cosbSsin2uS 1 cos2uS!I 2S0, [6]

where the subscripts I and S represent the spins I an
respectively. The value ofE180 depends upon experimen
parameters such asB1, t p, andDv I as well as the properties
the spin system such asv IS. Due to the existence ofv IS, the
maximum value ofE180 does not necessarily occur when
pulse is on resonance for I (i.e.,Dv I 5 0). In analogy to Eq
[6], it is possible to derive a conversion efficiency factor
each RF pulse in the sequence using Eqs. [1] to [5].
product (Ec) of the conversion efficiency factors from
pulses then gives the overall off-resonance effect. Optim
the detection sensitivity of a DQ editing sequence invo
determining the value ofDv I that gives the best value forEc.

MATERIALS AND METHODS

All experiments were carried out on a Bruker Biospe
spectrometer using a 7 T/21 cm magnet equipped with activ
shielded gradients. A homebuilt 3-cm-diameter saddle coi
used for both transmission and reception. The on-reson
flip angles of all pulses were carefully calibrated (21), and the

rientations of all crusher gradients (Gcrusher) and coherenc
ransfer pathway selection gradients (GDQ) were adjusted ex-
perimentally to a near-magic-angle setting to maximize
efficiency of water/solvent suppression (22).

Experiments were performed using two 2.5-cm-diam
ial phantoms. Phantom I contained 50 mM 5-bromo-2-fu
cid (BFA) in 20/80 dimethyl sulfoxide benzene. The
uency difference between the H4 and H3 protons of BFA
76 Hz. Phantom II contained 20 mM each of lactate, cho
ABA, and taurine in saline solution. All experiments u
ard pulses as the 90° pulses (except for the DQ read p
ith phantom I, DQ editing for H4 and H3 of BFA w

erformed as the frequency offset of the last 180° pulse v
rom 21600 Hz (e.g., upfield) to 1600 Hz (e.g., downfie
ith respect to the resonance frequency in each case
diting was carried out at two RF power levels adjusted to
180° hard pulse of 150 or 260ms. Using phantom II and

hard 180° pulse of 260ms, spin echo and inversion recov
spectra of water were acquired as the frequency offset o
refocusing pulse or the inversion pulse varied from22400 to

400 Hz with respect to the resonance frequency of water.
cho spectra of water were also acquired using a 2-ms

obe sinc pulse as the refocusing pulse, with the frequ
ffset of this pulse varying from21600 to 1600 Hz wit
espect to the water resonance. Spectral editing for the m
rotons of lactate andg-protons of GABA was also perform
S,

r
e

g
s

3

as
ce

e

r
c
-
s

e,

e).

ed

Q
e

he

in
e-

cy

hyl

on phantom II, as the frequency offset of a single RF puls
a combination of the RF pulses was varied from21600 to
1600 Hz with respect to the observed resonance in each
GABA editing was carried out with hard 180° pulses of
ms. Lactate editing was done using hard pulses of 260ms or
three-lobe sinc pulses of 1 or 2 ms as the 180° pulses. A
angles were calibrated with the carrier frequency on reson
for the observed peak.

The spin echo and inversion recovery spectra were acq
with a repetition time (TR) of 6.0 s, a spectral bandwidth
5000 Hz, 2048 data points, and 8 averages. The echo time
was 40 ms and the inversion recovery time (TI) was 20 ms
edited spectra were acquired with the pulse sequence sho
Fig. 1, with TR5 6.0 s,t 1 5 8.0 ms, a spectral bandwidth
6024 Hz, 2048 data points, and 8 averages. For lactate, G
and BFA editing, 2t was 40.8, 34, and 120 ms, respectiv
The detection periodst1 and t2 were set tot 2 t 1 and t 1
t 1, respectively, in order to simultaneously refocus the co-
ence transfer echo and theB0 inhomogeneity. A 12-ms singl
lobe sinc pulse with a flip angle of 90° was used as the DQ
pulse. To edit for H3 and H4 of BFA, the frequency of the r
pulse was centered on the H4 and H3 resonances, respec
For lactate and GABA editing, the frequency of the read p
was centered on the methine resonance of lactate an
b-proton resonance of GABA, respectively. Postacquis
spectral processing in all cases included zero-filling the
induction decays to 4096 data points and applying a
exponential line-broadening. Spectra were phased individ
to give a pure absorption lineshape. Peak height was us
quantification after verifying that the linewidths and linesha
remained constant throughout the experiment.

RESULTS

Figure 2a shows the changes in the water signal intens
the frequency offset of the refocusing pulse was varied in
spin echo experiment, and Fig. 2b shows the amount of
gitudinal magnetization inverted as the frequency offset o
inversion pulse was varied in the inversion recovery ex
ment, using hard 180° pulses of 260ms. The solid lines in th
figure were simulated from the relevant terms in Eqs. [2]
[3], respectively, and provide excellent fits to the experime
data.

The results of spectral editing for H3 and H4 of BFA
shown in Fig. 3. The data were acquired as the frequency
of the last 180° pulse in the pulse sequence shown in Fig. 1
varied and with hard 180° pulses of 150ms (Fig. 3a) and 26
ms (Fig. 3b), respectively. The solid lines in the figure w
simulated using Eq. [6] and fit the experimental data very
in each case. For both the experimental data and the theo
curves, the maxima are displaced from the resonance
quency of the observed proton in each case to approxim
midway between the H3 and H4 resonance frequencie
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92 LEI AND PEELING
the RF power decreases and the 180° pulse length incr
the envelope functions described by Eq. [6] become narr
(Fig. 3b).

Figure 4 shows the dependence of the edited lactate s
intensity on the frequency offset of each individual RF puls
the pulse sequence shown in Fig. 1. The dotted lines in
figure connect the data points. A periodic modulation res
bling a sin/cos function for the edited signal intensity w
respect to the frequency offset is apparent for the first 90°
and for the first 180° pulse, but not for the second 90° pul
the second 180° pulse. For both 180° pulses, the edited
intensity is also modulated with an envelope function simila
that observed in BFA editing. The maximum for this envel
function occurs when the frequency of the RF pulse is sh
by about 450 Hz (i.e., about 1.5 ppm) toward the lac
methine resonance and has an intensity that is about
higher than that when the pulse is on resonance for the la
methyl protons.

In Fig. 5, the closed squares (lactate) and circles (GA
show the effects on the edited signal intensity of changin

FIG. 2. The dependence of the water1H MR signal intensity on th
frequency offset of the refocusing pulse in a spin echo experiment (a) a
dependence of the inverted longitudinal magnetization on the frequency
of the inversion pulse in an inversion recovery experiment (b). The solid
are theoretical simulations from the relevant terms in Eqs. [2] and [3], re
tively.
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frequency offset of the last 180° pulse, and the crosses (la
and asterisks (GABA) show the effects on the edited s
intensity of changing the frequency offset ofall of the RF
pulses (except for the DQ read pulse) simultaneously b
same amount. The dotted lines in the figure connect the
points. When the frequency offset ofall of the pulses wa
changed synchronously, the envelope functions become
rower, showing that the effects of the off-resonance RF p
are cumulative. The maximum edited signal intensity occu
a frequency offset of about 450 Hz for lactate editing and
frequency offset of about2200 Hz for GABA editing and i
higher by about 30% for lactate and 8% for GABA compa
to that observed when the RF pulses are set on resonan
the observed protons.

The experimental envelope functions when 1- or 2-ms th
lobe sinc pulses were used as the 180° pulses for DQ la
editing and the frequency offset of the second 180° pulse
varied are shown in Fig. 6. Both envelope functions are

FIG. 3. The dependence of the edited1H MR signal intensities of 5-bro-
mo-5-furoic acid on the frequency offset of the last 180° pulse in the
sequence shown in Fig. 1. Data in a and b were acquired with hard 180°
of lengths 150 and 260ms, respectively. In both a and b, the open bo
represent the experimental data from editing for H3, and the closed c
represent the experimental data from editing for H4. The solid line
theoretical simulations using Eq. [6].
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93OFF-RESONANCE EFFECTS IN DQ SPECTRAL EDITING
placed relative to the lactate methyl proton resonance
quency. Figure 7 compares the experimental envelope
tions for a 2-ms three-lobe sinc pulse when it is used a
refocusing pulse in a simple spin echo experiment and in a
editing experiment. Although the two envelope functions h
essentially the same overall bandwidth (i.e.,21400 to 1400

z), they differ markedly in shape. In the spin echo exp
ent, the envelope function is symmetrical, with the sh

ypically seen for a sinc pulse. However, in the DQ edi
xperiment, the envelope function has an irregular sh
howing that there is nonuniform refocusing across the
uency range covered by the pulse. The dotted lines in
ig. 6 and Fig. 7 connect the data points.

DISCUSSION

The off-resonance effect of a 90° excitation pulse has
described experimentally (23) and treated theoretically (24). In
he present study, the off-resonance effect of an RF pu
xamined in a DQ spectral editing sequence for the sele

FIG. 4. The dependence of the edited lactate signal intensity on
frequency offset of the first (open circles) and the second (closed circle
pulses (a) and of the first (open squares) and the second (closed square
pulses (b) in the pulse sequence shown in Fig. 1.
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bservation of coupled spin systems. In a conventional
pectral editing sequence (Fig. 1), the RF pulses (except f
Q read pulse) are not frequency selective and are design
ct on all the spins in the spin system. For coupled
ystems, especially for weakly coupled systems in which
hemical shift differences between the coupled spins exis
F pulse that is on resonance for one spin will be off reson

or the other spin(s). As a result, even though the non-freq
y-selective RF pulses areon resonancefor the observed spi
n off-resonance effect will still be introduced and can red

he efficiency of the coherence transfer. The significance o
ffect in any given experiment depends on the chemical
ifference between the spins and on the experimental pa

FIG. 5. The dependence of the edited lactate and GABA signal inten
on the frequency offset. Data points represented by closed squares (lacta
circles (GABA) were acquired by varying the frequency offset of the last
pulse only. Data points represented by crosses (lactate) and asterisks (
were acquired by varying the frequency offset of all four RF pulses (exce
the DQ read pulse) simultaneously by the same amount.

FIG. 6. The dependence of the edited lactate signal intensity on
frequency offset of the last 180° pulse in pulse sequence shown in Fig. 1
three-lobe sinc pulses with duration of 1 or 2 ms were used as the 180° p

e
0°
180°
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94 LEI AND PEELING
eters such as the field strength, the RF power, and the len
the RF pulses. The off-resonance effect is more promine
higher field and with a spin system having a larger chem
shift difference. The off-resonance effect is also related to
length of the RF pulses. Longer RF pulses usually have l
off-resonance effects (23). One implication of the off-reso
nance effect described here is that the optimum dete
sensitivity in a DQ editing experiment is not necessarily
tained when all the RF pulses areon resonancefor the ob-
served spins. Thus, in this study, the detection sensitivi
edited lactate and GABA resonances was improved by up
and 8%, respectively, by setting the RF pulses at an optim
off-resonance frequency (Fig. 5). This off-resonance effe
greater in editing for lactate than in editing for GABA beca
the chemical shift difference between the relevant cou
spins in lactate (2.8 ppm) is larger than that in GABA (
ppm). The frequency offset giving the maximum detec
sensitivity for a DQ metabolite editing sequence can be
mated theoretically from Eq. [6]. This optimum pulse
quency is always between the resonance frequencies of th
coupled spins which are involved in the spectral editing. T
the maximum detection sensitivity for lactate is obtained w
the frequencies of the excitation and refocusing pulses
centered at 2.7 ppm, almost halfway between the lactate m
resonance (1.33 ppm) and the lactate methine resonance
ppm). At this position a single RF pulse most closely app
imates the requirement of being on resonance for both
simultaneously.

The first 90° excitation pulse and the two 180° pulses
conventional DQ editing sequence can be switched from
pulses to slice selective pulses to achieve three-dimens
PRESS spatial localization (5, 6, 12, 13). However, the inten
sity of edited lactate signals observed using such a seque
modulated by the frequency offset of the first 90° pulse an

FIG. 7. Comparison of the offset-dependence functions of a 2-ms t
lobe sinc pulse when it is used as the refocusing pulse to observe the
resonance in a spin echo experiment and to observe the lactate meth
nance in a DQ editing experiment.
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first 180° pulse, but not by the frequency offset of the last 1
pulse (5). This has been attributed to phase accumulation o
off-resonance slice selective pulses during the switching o
synthesizer frequency (5) and is therefore due to hardwa
limitations. Phase calibration schemes have been sugges
solve this problem (12, 18). A similar modulation of the inten
sity of the edited lactate signals was also observed in
present study (Figs. 4a and 4b). However, this intensity m
ulation caused by phase accumulation is distinctly diffe
from the off-resonance effects inherent in the spin sy
described here. This is apparent from the offset-depend
profile of the first 180° pulse (Fig. 4b), which has a sin/cos
modulation caused by phase accumulation along with m
lation by an envelope function that results from the true
resonance effect.

An important implication of the results obtained in this st
is that caution must be exercised when DQ spectral editi
combined with PRESS spatial localization, even when p
calibration procedures are used. In a standard PRESS e
ment, the two 180° pulses serve simply as refocusing puls
refocus normal transverse magnetization. In DQ spectral
ing, however, the two 180° pulses are involved in coher
transfer and act on the antiphase coherence. They thus
simultaneously as refocusing pulses (for the observed s
and inversion pulses (for the spin(s) that is coupled to
observed spins and involved in spectral editing). As a re
the offset-dependent envelope function of a shaped pulse
used in a DQ editing experiment is different from that whe
is used in a standard PRESS experiment, as shown in F
Then when a shaped pulse is used as a slice selective pu
DQ editing combined with PRESS localization, the irreg
shape of the offset-dependent envelope function of the
will result in an irregular slice profile that is different from t
expected slice profile observed in a standard PRESS e
ment. The slice profile of any slice selective RF pulse m
therefore be confirmed and the performance in spatial l
ization must be assessed when combining PRESS with
editing.
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