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Conventional double quantum (DQ) editing techniques recover
resonances of one metabolite at a time and are thus inefficient for
monitoring metabolic changes involving several metabolites. A DQ
coherence transfer double editing sequence using a dual-band DQ
coherence read pulse is described here. The sequence permits
simultaneous spectral editing for two metabolites with similar J
coupling constants in a single scan. Simultaneous editing for
taurine and g-aminobutyric acid (GABA) is demonstrated using
olution phantoms and rat brain tissue. Selectivity of the double
diting sequence for the target metabolites is as good as that
chieved using conventional DQ editing which selects each me-
abolite individually. With experimental parameters of the double
diting sequence chosen to optimize GABA editing, the sensitivity
or GABA detection is the same as that with GABA editing only,
hile the sensitivity for taurine detection is decreased slightly

ompared to that with taurine editing only. © 2000 Academic Press

Key Words: double quantum filter; spectral editing; taurine;
GABA; magnetic resonance spectroscopy.

INTRODUCTION

Intense water and fat resonances and broad spectral lin
to tissue heterogeneity often complicate the observatio
resonances of specific metabolites of interest inin vivo 1H
magnetic resonance (MR) spectroscopy. Spectral editing
be used to selectively observe resonances of a target meta
(1). Such editing techniques generally allow the observatio
only a single metabolite and are thus inefficient in situat
where a number of metabolites are of interest.

Gradient selected double quantum (DQ) filtering techni
acquire edited spectra in a single shot and are thus les
ceptible to motion artifacts and more suitable forin vivo
applications than editing techniques requiring subtractio
sequentially obtained spectra (2–4). Acquisition of the DQ
coherence transfer echo of lactate together with a spin
(5, 6) or stimulated echo (7) of resonances of other metaboli
has been described. An alternate approach to improved
ciency in data acquisition is to develop DQ filtering seque
that edit the resonances of a number of metabolites sim
neously. In this paper, a DQ filtering sequence for sim
neous editing forg-aminobutyric acid (GABA) and taurine
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described and its performance is demonstrated in phantom
in rat brain tissuein vitro.

THEORY

A metabolite-editing DQ coherence transfer sequenc
shown in Fig. 1 (3). To edit a particular metabolite, the f
quency selectivity and the flip angle (u) of the DQ read puls
as well as the duration of the DQ coherence creation p
(2t) are adjusted to optimize the sensitivity of detection of
target metabolite while eliminating spectral overlap (8). Usu-
ally t 1 is kept as short as possible to minimize signal
throughJ-modulation (3), andt1 andt2 are usually set tot 2
t 1 andt 1 t 1, respectively, in order to refocus simultaneou
the coherence transfer echo andB0 inhomogeneity experienc
by the DQ coherence during thet 1 period (3).

For in vivo DQ GABA editing, theg-GABA resonance a
3.01 ppm is usually the target resonance (4, 9–11). The g
protons are weakly coupled to theb protons at 1.91 ppm by 7
Hz (12). Using a product operator formalism, an optimized
ltering sequence forin vivo GABA editing has been design
11), with 2t 5 1/4J 5 34 ms and a 90° frequency select

pulse which excites only theb-GABA resonance for the D
coherence read pulse.

Taurine is a strongly coupledA2B2 spin system with chem
ical shifts 3.27 (N-CH2) ppm and 3.43 ppm (S-CH2) andJ 5
6.7 Hz (12). The signal intensity passing through a DQ fi
for taurine is maximum at 2t 5 37.5 ms at 7 T (13), similar to
he optimum value for GABA editing. As the two tauri
ethylene groups have similar chemical shift, in practice
ifficult to use a frequency-selective DQ read pulse to e
nly one methylene group. A read pulse that converts the
oherence originating from both methylene groups into s
uantum coherence can therefore be considered to be a

requency-selective” read pulse. Then for taurine, the m
um edited signal intensity passing through the DQ fi
ccurs whenu 5 60° when a DQ coherence selection grad
air of the same polarity is used (13).
Since the optimum values of 2t are similar for GABA and

taurine, a dual-band DQ read pulse can be used to conve
1090-7807/00 $35.00
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96 LEI AND PEELING
DQ coherence from both GABA and taurine into single qu
tum coherence. One wave form for such a dual-band pu

RF~t! 5 A~t! 3 $WGABA@exp@2i ~vGABAt!#

1 Wtauexp@2i ~v taut 1 Df!#%,

whereA(t) is the amplitude envelop function,WGABA andWtau

are the amplitude weighting coefficients for GABA and tau
excitation bands,vGABA andv tau are the frequency offsets of t
b-GABA and taurine resonances relative to the carrier
quency, andDf is the relative phase between the GABA
taurine excitation bands. For the 12-ms DQ read pulse us
this study,A(t) is a single-lobe sinc function;WGABA 5 1.0 and
Wtau 5 0.667 so that the flip angle of the taurine excitation b
is 60° when that of the GABA excitation band is 90°;
carrier frequency is on resonance for theg protons of GABA
so thatvGABA 5 2332 Hz andv tau 5 75 Hz at 7 T; andDf is
determined experimentally to give in-phase GABA and tau
signals. The real and imaginary wave forms of this pulse
shown in Fig. 2.

EXPERIMENTAL

All experiments were carried out on a Bruker Biospec
T/21 cm spectrometer equipped with actively shielded g
ents. A homebuilt 3-cm-diameter saddle coil was used for
transmission and reception. The flip angles of all pulses
carefully calibrated (14), and all crusher gradients and coh

nce transfer pathway selection gradients were adjusted e
mentally to a near magic-angle setting to maximize the
iency of water suppression (15).
Experiments were performed using a 2.5-cm-diamete

indrical phantom containing 15 mM creatine and 20 mM e
f choline, GABA, and taurine in saline solution; a 1.2-c

FIG. 1. A double quantum coherence transfer pulse sequence for sp
diting.G1 andG2 are 1-ms gradient pulses for selection of double coher

transfer pathways (GDQ), with G2 5 2G1 5 64 mT/m;t 1 5 t 2 t 1, andt 2 5
t 1 t 1.
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diameter vial containing homogenized rat brain tissue; a
1.5-cm-diameter cylindrical phantom containing 20 mM e
of GABA and taurine in deuterated water. Using the first
samples, spectra were acquired without editing and with
ing for GABA, for taurine, and for GABA and taurine sim
taneously. Nonedited spectra were acquired using a ST
sequence (16), with a spectral bandwidth of 2500 Hz, 2k d
points, 16 averages, TR5 2.0 s, TE5 20 ms, and TM5 30
ms. Edited spectra were acquired with the DQ filtering
quence shown in Fig. 1, with TR5 2.0 s, t 1 5 7.5 ms, a
spectral bandwidth of 4000 Hz and 1k data points. For GA
editing, 2t 5 34 ms and the read pulse was a 12-ms single
inc pulse with the frequency on theb-GABA resonance and

90° flip angle. For taurine editing, 2t 5 37.5 ms and the rea
pulse was a 12-ms single-lobe sinc pulse with the frequen
the taurine resonance at 3.27 ppm and a 60° flip angle
simultaneous GABA and taurine editing, 2t 5 34 ms and th
read pulse was a dual-band pulse with one frequency o
b-GABA resonance giving a flip angle of 90° (GABA ban
and the other frequency on the taurine resonances at 3.2
giving a flip angle of 60° (taurine band). Edited spectra w
acquired using 16 and 256 averages for the phantom an
brain tissue, respectively. Postacquisition spectral proce
included zero-filling free induction decays (FIDs) to 4k d
points and applying a 5-Hz exponential line-broadening p
to Fourier transformation.

Using the 1.5-cm-diameter phantom, the detection sen
ity of the double editing sequence was determined by com
ing the peak areas of taurine and GABA signals recover

FIG. 2. Real and imaginary waveforms of the dual-band double qua
coherence read pulse for simultaneous GABA and taurine editing.
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97GABA/TAURINE EDITING WITH DOUBLE QUANTUM COHERENCE TRANSFER
the simultaneous editing experiment to those recovered
simple one-pulse experiment and to those recovered in s
editing experiments. These experiment were done with T5
12 s, a spectral bandwidth of 2500 Hz, 8k data points, and
averages. The parameters for spectral editing in these e
ments were as described above. The FIDs were zero-fill
16k before Fourier transformation, but no line broadening
applied.

RESULTS

Figure 3 shows nonedited (A), GABA-edited (B), tauri
edited (C), and GABA- plus taurine-edited spectra (D)
quired from the solution phantom containing choline and
atine as well as GABA and taurine. In the nonedited spec
(A), theg-GABA resonance at 3.01 ppm is hidden beneath
creatine methyl singlet, the taurine resonance at 3.27 pp
hidden beneath the choline methyl singlet, and the ta
resonance at 3.43 ppm overlaps that of the cholinea-methyl-
ene protons. With GABA editing (B), theg-GABA resonanc

FIG. 3. Spectra acquired from the solution phantom without spe
editing (A) and with editing for GABA (B), taurine (C), or GABA and taur
together (D). The scaling factors for B, C, and D are twice that for A.
assignments: (1) choline (b-CH2); (2) creatine, (CH2); (3) choline, (a-CH2);
4) taurine (S-CH2); (5) taurine (N-CH2); (6) choline (CH3); (7) creatine

(CH3) 1 GABA (g-CH2); (8) GABA (a-CH2); and (9) GABA (b-CH2).
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is observed, along with thea- and distortedb-GABA reso-
nances. The signals from creatine, choline, and taurin
suppressed completely. With taurine editing (C), the cre
and choline singlets are suppressed completely, and
g-GABA resonance and the cholinea-methylene resonance
3.54 ppm are attenuated significantly, both with disto
phase. The cholineb-methylene resonance at 4.06 ppm pa
through the filter. With simultaneous GABA and taurine e
ing (D), both theg-GABA resonances and the taurine re
nances are recovered, with signal intensities indistinguish
from those in Figs. 3B and 3C. Using the phantom contai
taurine and GABA solution only, editing for taurine or GAB
individually gave peak areas 34.0 and 26.2%, respective
those obtained in the one-pulse experiment, while for sim
neous editing the corresponding peak areas were 26.8
26.4% of those obtained in the one-pulse experiment.

Figure 4 shows the nonedited (A), GABA-edited (B), t
rine-edited (C), and GABA- plus taurine-edited spectra
acquired from rat brain tissue. Without spectral editing (A),
g-GABA resonance and the taurine resonances are not res
from the creatine and choline resonances. With spectral
ing, the interfering creatine and choline resonances are
pressed along with the resonances of other metabolites, a

FIG. 4. Spectra acquired from rat brain tissuein vitro without spectra
editing (A) and with editing for GABA (B), taurine (C), or GABA and taur
simultaneously (D). The scaling factor for A is twice that for B, C, and
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98 LEI AND PEELING
g-GABA resonances (B) and the taurine resonances (C
observed unequivocally. With simultaneous GABA and tau
editing (D), both theg-GABA resonances and the taur
resonances are recovered, with signal intensities indisting
able from those in Figs. 4B and 4C. Distorted signals at a
2.3 ppm in Figs. 4B and 4D are probably GABA,N-acety
aspartate, and glutamate signals that pass through the DQ
(9). Signals with distorted phase between 3.5 and 4.0 pp
Figs. 4C and 4D are residual signals frommyo-inositol, crea
tine, and glucose that pass through the DQ filter (13).

DISCUSSION

The ability to obtain edited spectra from more than
metabolite in anin vivo 1H NMR experiment may be useful

any situations, for example, when metabolically cou
ompounds are of interest or when changes in more th
ingle observable metabolite are potential markers for dis
taging or diagnosis. In addition, it is often convenien
btain information about a metabolite whose concentrati
nchanged and so can serve as an internal reference com

n the present study the possibility of simultaneous DQ ed
or more than one metabolite is demonstrated, using a
ltering sequence with a composite dual-band DQ coher
ead pulse to edit for GABA and taurine together. GABA is
mportant inhibitory neurotransmitter in brain, and dysreg
ion of GABA metabolism has been implicated in the pa
hysiology of disorders such as stroke, epilepsy, and sc
hrenia (17–23). Taurine is a metabolic product of sul
mino acid catabolism, whose role may include neurotrans
ion (24), osmoregulation (25), buffering of acidosis (26, 27),
nd neuroprotection during cerebral ischemia (28). In vivo
bservation of both GABA and taurine by conventional1H MR

spectroscopy is hindered by severe spectral overlap of
resonances with those of a number of other metabolites su
creatine, choline,myo-inositol, and glucose (12). The sequenc
described here permits observation of GABA and taurine
single experiment without interference from the resonanc
these other metabolites.

When a DQ filtering sequence is used to observe a s
metabolite, all experimental parameters can be adjust
optimize the detection sensitivity and editing efficiency for
particular metabolite. However, compromise is necessary
two metabolites are edited simultaneously so that, theo
cally, the detection sensitivity for both metabolites may
lower than when they are edited individually. In the pre
study, the detection sensitivity for GABA might be expecte
be reduced due to the use of the dual-band DQ read
required for the double editing. Leakage of the taurine ex
tion band of the dual-band DQ read pulse into theg-GABA
resonance could decrease the detection sensitivity for G
since the maximum detection sensitivity is obtained when
DQ read pulse excites only theb-GABA resonance (11). Some
residualg-GABA signal is observed in the taurine-edited sp
re
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trum (Fig. 3C), confirming the presence of such leakage. H
ever, in this particular experiment, the effect of the leakag
the detection sensitivity for GABA is small, since the sa
GABA signal intensities were recovered in the single ed
and double editing experiments. At lower field strength, w
the frequency difference between the GABAg-proton reso
nances and the taurine resonances becomes smaller, t
creases in detection sensitivity due to such leakage ma
come important. A possible solution for this would be
increase the length of the DQ read pulse to improve
frequency selectivity. However, using longer DQ read pu
could also decrease the detection sensitivity (8). Indeed, thi
may be the reason for the somewhat lower detection sens
for GABA determined in this study, compared to the theo
ical value of 39.5% and the experimental value of 36%
ported by Wilman and Allen (11).

Resonances from macromolecules (29) and glutathione (30)
t about 3.0 ppm could potentially survive a DQ filter
ontaminate the edited GABA signals observed in the rat
ample in this study. However, such contamination is expe
o be small. The macromolecule resonance should be
ressed by transverse relaxation during the relatively long

ime (68 ms) used in the present study. Theba- and bb-
cysteinyl protons (2.9 ppm) in glutathione are coupled to
other and also to thea-cysteinyl proton (4.56 ppm) (30). Edited
ignals from theb-protons could be produced in this study o

when the taurine band of the DQ read pulse extends int
neighborhood of 2.9 ppm. Any such leakage appears
small in this study, as no signal was observed at 2.9 ppm

In this study, the detection sensitivity for DQ taurine edi
was 34%, agreeing well with an experimental value of 3
reported previously (31). In simultaneous editing for GAB

nd taurine, the experimental settings were adjusted to
ize the sensitivity for GABA detection, at the cost of red

ng the detection sensitivity for taurine to about 27%. This
n detection sensitivity for taurine can be attributed to
actors. First, since the carrier frequency in the simultan
diting experiment was set on theg-GABA resonance, off

resonance excitation and refocusing of the taurine reson
could compromise the efficiency of the coherence transfer
thus the detection sensitivity for taurine (3). Because the fre
quency difference between theg-GABA resonance and th
taurine resonance is small (about 75 Hz) at the field streng
T) used in the present study, this effect should be s
However, caution must be exercised when two metabo
with a larger chemical shift difference are edited simu
neously. Second, the taurine detection sensitivity may b
duced by the use of 2t 5 34 ms, which is optimized for GAB
editing (11), rather than 37.5 ms, which is optimum for taur

diting (13). Signals frommyo-inositol and glucose cou
urvive the DQ filter and potentially contaminate the ed
aurine resonance observed in this study. However, it has
hown that contributions ofmyo-inositol and glucose to th
dited taurine resonance are generally not significant (13).



wit

AB
bot
n t
DQ
pe

o e

s is
ns-
en
. F
,

J en

e

en
nc
ide
or
fec
es
ad

a w
e tion
r en
r to
d

fro
c t c
b us
d SS
( de
c d
w se
t lat
p ul
b lec
e

ogr
tion

1

1

99GABA/TAURINE EDITING WITH DOUBLE QUANTUM COHERENCE TRANSFER
The DQ coherences of taurine and GABA precess
different DQ frequencies during the evolution period (t 1). As
a result, a phase difference between the taurine and G
signals is introduced, which could affect the detection of
metabolites. To account for this, the relative phase betwee
GABA and the taurine excitation bands of the dual-band
read pulse can be adjusted experimentally until the final s
trum gives in-phase signals for both GABA and taurine.

The sequence described here can in principle be used t
for any two metabolites for which the optimum values of 2t are
imilar. The optimum 2t value for a coupled spin system

determined mainly by theJ-coupling constant(s) and the tra
verse relaxation time, and also on the chemical shift differ
e(s) and the field strength in the case of strong coupling
many metabolites of common interest in1H MR spectroscopy

is about 7 Hz (12) and the optimum 2t values that have be
reported lie around 40 ms. For example, the optimum 2t values
are 34–44 ms for lactate and alanine (32–34), 34 ms for
GABA (11), 36 ms for glutamate at 3 T (8), 34 ms for glucos
at 4.7 T (35), and 37.5 ms for taurine at 7.1 T (13). One
problem that might prevent the generalization of this sequ
for editing for any pair of metabolites is the off-resona
effects discussed above, and these effects must be cons
in designing and optimizing a DQ filtering sequence for m
than a single metabolite. Technically, the off-resonance ef
can potentially be circumvented by using selective on-r
nance double pulses (36) or resonance-offset-compensated

batic pulses (37) as the excitation/refocusing pulses. Ho
ver, to fully understand how the off-resonance excita
efocusing affects the outcome of a DQ editing experim
equires a rigorous theoretical treatment which has yet
eveloped.
Since the proposed double editing sequence differs

onventional DQ sequences only in the DQ read pulse, i
e combined with spatial localization strategies previo
eveloped for conventional DQ filtering, including PRE
8, 9, 38), ISIS (39), and conventional or Hadamard enco
hemical shift imaging (2, 4, 5, 33, 40). However, when use
ith PRESS, caution must be exercised in setting the pha

he DQ read pulse relative to other pulses as well as the re
hase between the two excitation bands of the DQ p
ecause of the loss of phase coherence through slice-se
xcitation/refocusing (9, 38).
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