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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 y-aminobutyric acid (GABA) is demonstrated using
solution phantoms and rat brain tissue. Selectivity of the double
editing sequence for the target metabolites is as good as that
achieved using conventional DQ editing which selects each me-
tabolite individually. With experimental parameters of the double

described and its performance is demonstrated in phantoms
in rat brain tissuen vitro.

THEORY

A metabolite-editing DQ coherence transfer sequence
shown in Fig. 1 8). To edit a particular metabolite, the fre-
quency selectivity and the flip anglé)(of the DQ read pulse
as well as the duration of the DQ coherence creation peri
(27) are adjusted to optimize the sensitivity of detection of th

editing sequence chosen to optimize GABA editing, the sensitivity
for GABA detection is the same as that with GABA editing only,
while the sensitivity for taurine detection is decreased slightly
compared to that with taurine editing only. © 2000 Academic Press

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

target metabolite while eliminating spectral overl&). (Usu-
ally t, is kept as short as possible to minimize signal los
throughJ-modulation 8), andr, andt, are usually set ta —

t, andt + t,, respectively, in order to refocus simultaneousl
the coherence transfer echo a@yinhomogeneity experienced
by the DQ coherence during the period Q).

For in vivo DQ GABA editing, they-GABA resonance at
3.01 ppm is usually the target resonande 9-1). The vy
protons are weakly coupled to ti#gorotons at 1.91 ppm by 7.3
Hz (12). Using a product operator formalism, an optimized DC

Intense water and fat resonances and broad spectral lines filtexring sequence fon vivo GABA editing has been designed
to tissue heterogeneity often complicate the observation (Gfl), with 2r = 1/4J = 34 ms and a 90° frequency selective
resonances of specific metabolites of interesininvivo '"H  pulse which excites only thB8-GABA resonance for the DQ
magnetic resonance (MR) spectroscopy. Spectral editing aaherence read pulse.
be used to selectively observe resonances of a target metabolitEaurine is a strongly couplefl,B, spin system with chem-
(2). Such editing techniques generally allow the observation icfl shifts 3.27 (N-CH) ppm and 3.43 ppm (S-ChlandJ =
only a single metabolite and are thus inefficient in situatior&e 7 Hz (L2). The signal intensity passing through a DQ filtel
where a number of metabolites are of interest. for taurine is maximum at2= 37.5 ms &7 T (13), similar to

Gradient selected double quantum (DQ) filtering techniquése optimum value for GABA editing. As the two taurine
acquire edited spectra in a single shot and are thus less susthylene groups have similar chemical shift, in practice it i
ceptible to motion artifacts and more suitable for vivo difficult to use a frequency-selective DQ read pulse to exci
applications than editing techniques requiring subtraction ofly one methylene group. A read pulse that converts the D
sequentially obtained spectr@—4). Acquisition of the DQ coherence originating from both methylene groups into sing
coherence transfer echo of lactate together with a spin edptantum coherence can therefore be considered to be a “n
(5, 6) or stimulated echo7)) of resonances of other metabolite§requency-selective” read pulse. Then for taurine, the max
has been described. An alternate approach to improved effium edited signal intensity passing through the DQ filte
ciency in data acquisition is to develop DQ filtering sequencescurs wherd = 60° when a DQ coherence selection gradier
that edit the resonances of a number of metabolites simulssir of the same polarity is used3).
neously. In this paper, a DQ filtering sequence for simulta- Since the optimum values ofrare similar for GABA and
neous editing fory-aminobutyric acid (GABA) and taurine is taurine, a dual-band DQ read pulse can be used to convert
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90°,  180°, 90 180°, diameter vial containing homogenized rat brain tissue; and
1.5-cm-diameter cylindrical phantom containing 20 mM eac
of GABA and taurine in deuterated water. Using the first twi
samples, spectra were acquired without editing and with ed
ing for GABA, for taurine, and for GABA and taurine simul-
taneously. Nonedited spectra were acquired using a STEA

acquisition

e e b 2 sequencel), with a spectral bandwidth of 2500 Hz, 2k date
points, 16 averages, TR 2.0 s, TE= 20 ms, and TM= 30

G ms. Edited spectra were acquired with the DQ filtering se
G, A quence shown in Fig. 1, with TR 2.0 s,t;, = 7.5 ms, a

2, Goo spectral bandwidth of 4000 Hz and 1k data points. For GAB,

editing, 2r = 34 ms and the read pulse was a 12-ms single-lol
C sinc pulse with the frequency on tiBeGABA resonance and a
A e 90° flip angle. For taurine editing,72= 37.5 ms and the read
FIG. 1. A double quantum coherence transfer pulse sequence for specpallSe was a 12-ms single-lobe sinc pulse with the frequency |
editing. G, andG, are 1-ms gradient pulses for selection of double coherenthe taurine resonance at 3.27 ppm and a 60° fIip angle, F
transfer pathwaysoo), with G, = 2G, = 64 mT/m;7, = 7 — ty, and7, = gjmyltaneous GABA and taurine editingr 2 34 ms and the
T+ read pulse was a dual-band pulse with one frequency on t
B-GABA resonance giving a flip angle of 90° (GABA band)
DQ coherence from both GABA and taurine into single quaﬁipq the ?lt_her frelquefncyoon th? taubrlnedresc()jr}aréces at3.27
tum coherence. One wave form for such a dual-band pulsegilgmg afip ang€ o 60° (taurine band). Edited spectra wer
acquired using 16 and 256 averages for the phantom and
i brain tissue, respectively. Postacquisition spectral processi
RE(1) = A(t) X {Woasal €XH ~i (weasal) ] included zero-filling free induction decays (FIDs) to 4k dat:
+ WXl —i (@t + Ad) ]}, points and applying a 5-Hz exponential line-broadening pric
to Fourier transformation.
whereA(t) is the amplitude envelop functiolygaga andWi, Using the 1.5-cm-diameter phantom, the detection sensiti
are the amplitude weighting coefficients for GABA and taurindy of the double editing sequence was determined by comp:
excitation bandspeasa andw,, are the frequency offsets of theing the peak areas of taurine and GABA signals recovered
B-GABA and taurine resonances relative to the carrier fre-
quency, and\¢ is the relative phase between the GABA and

taurine excitation bands. For the 12-ms DQ read pulse used in g 10
this study A(t) is a single-lobe sinc functioWygasa = 1.0 and 5 82 real
W, = 0.667 so that the flip angle of the taurine excitation band E 0.4
is 60° when that of the GABA excitation band is 90°; the 2 02
carrier frequency is on resonance for th@rotons of GABA, = %‘;
S0 thatweass = —332 Hz andw,, = 75 Hz at 7 T; and\¢ is £ o4
determined experimentally to give in-phase GABA and taurine E 0.6
signals. The real and imaginary wave forms of this pulse are (1)3

shown in Fig. 2.

0 2 4 6 8 10 12
Time (ms)
EXPERIMENTAL 10
All experiments were carried out on a Bruker Biospec/3 7 E SE imaginary

T/21 cm spectrometer equipped with actively shielded gradi- E’ 04

ents. A homebuilt 3-cm-diameter saddle coil was used for both z 02

transmission and reception. The flip angles of all pulses were < o2

carefully calibrated 14), and all crusher gradients and coher- “g’ -0.4

ence transfer pathway selection gradients were adjusted exper- E gg

imentally to a near magic-angle setting to maximize the effi- 10

ciency of water suppressioif). 0 2 4 6 8 10 12

Experiments were performed using a 2.5-cm-diameter cy- Time (ms)
I|ndr|ca_l phantom Contam'ng.15 mM Cr.eatme a'j‘d 20 mM eachfig, 2. Real and imaginary waveforms of the dual-band double quantu
of choline, GABA, and taurine in saline solution; a 1.2-cmeoherence read pulse for simultaneous GABA and taurine editing.
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is observed, along with the- and distorted3-GABA reso-
nances. The signals from creatine, choline, and taurine &
suppressed completely. With taurine editing (C), the creatir
and choline singlets are suppressed completely, and t
v-GABA resonance and the cholimemethylene resonance at
3.54 ppm are attenuated significantly, both with distorte
phase. The choling-methylene resonance at 4.06 ppm pass¢
through the filter. With simultaneous GABA and taurine edit
ing (D), both they-GABA resonances and the taurine reso
nances are recovered, with signal intensities indistinguishat
from those in Figs. 3B and 3C. Using the phantom containir
taurine and GABA solution only, editing for taurine or GABA
individually gave peak areas 34.0 and 26.2%, respectively,
those obtained in the one-pulse experiment, while for simult
neous editing the corresponding peak areas were 26.8 ¢
C 26.4% of those obtained in the one-pulse experiment.
Figure 4 shows the nonedited (A), GABA-edited (B), tau
rine-edited (C), and GABA- plus taurine-edited spectra (D
acquired from rat brain tissue. Without spectral editing (A), th
v-GABA resonance and the taurine resonances are not resol
from the creatine and choline resonances. With spectral ec
D ing, the interfering creatine and choline resonances are st
pressed along with the resonances of other metabolites, and

44 40 36 32 28 24 20 16 12 ppm

FIG. 3. Spectra acquired from the solution phantom without spectral
editing (A) and with editing for GABA (B), taurine (C), or GABA and taurine
together (D). The scaling factors for B, C, and D are twice that for A. Peak
assignments: (1) choling3{CH,); (2) creatine, (CH); (3) choline, @-CH,); A
(4) taurine (S-CH); (5) taurine (N-CH); (6) choline (CH); (7) creatine
(CH;) + GABA (y-CH,); (8) GABA (a-CH,); and (9) GABA (B-CH,).

the simultaneous editing experiment to those recovered in a B
simple one-pulse experiment and to those recovered in single

editing experiments. These experiment were done with=TR

12 s, a spectral bandwidth of 2500 Hz, 8k data points, and eight

averages. The parameters for spectral editing in these experi-

ments were as described above. The FIDs were zero-filled to

16k before Fourier transformation, but no line broadening was ¢
applied.

RESULTS

Figure 3 shows nonedited (A), GABA-edited (B), taurine-
edited (C), and GABA- plus taurine-edited spectra (D) ac-
quired from the solution phantom containing choline and cre-
atine as well as GABA and taurine. In the nonedited spectrum
(A), the y-GABA resonance at 3.01 ppm is hidden beneath the e —
creatine methyl singlet, the taurine resonance at 3.27 ppmis 40 35 30 25 20 1.5 10 05 ppm
hidden beneath the choline methyl singlet, and the taurlr]efZIG. 4. Spectra acquired from rat brain tissirevitro without spectral

resonance at 3.43 ppm overlaps that of the chaimaethyl-  egiting (A) and with editing for GABA (B), taurine (C), or GABA and taurine
ene protons. With GABA editing (B), theg-GABA resonance simultaneously (D). The scaling factor for A is twice that for B, C, and D.
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v-GABA resonances (B) and the taurine resonances (C) anem (Fig. 3C), confirming the presence of such leakage. Ho\
observed unequivocally. With simultaneous GABA and taurirever, in this particular experiment, the effect of the leakage c
editing (D), both they-GABA resonances and the tauringhe detection sensitivity for GABA is small, since the sam
resonances are recovered, with signal intensities indistingui€hABA signal intensities were recovered in the single editin
able from those in Figs. 4B and 4C. Distorted signals at abaartd double editing experiments. At lower field strength, whe
2.3 ppm in Figs. 4B and 4D are probably GABNracetyl the frequency difference between the GABAproton reso-

aspartate, and glutamate signals that pass through the DQ fittences and the taurine resonances becomes smaller, the
(9). Signals with distorted phase between 3.5 and 4.0 ppmdreases in detection sensitivity due to such leakage may |
Figs. 4C and 4D are residual signals franycinositol, crea- come important. A possible solution for this would be fc

tine, and glucose that pass through the DQ filte3) ( increase the length of the DQ read pulse to improve th
frequency selectivity. However, using longer DQ read pulse
DISCUSSION could also decrease the detection sensitiv8y (ndeed, this

may be the reason for the somewhat lower detection sensitiv

The ability to obtain edited spectra from more than onfer GABA determined in this study, compared to the theore
metabolite in arin vivo "H NMR experiment may be useful inical value of 39.5% and the experimental value of 36% re
many situations, for example, when metabolically couplgubrted by Wilman and Alleni(l).
compounds are of interest or when changes in more than &esonances from macromolecul@8)(and glutathione30)
single observable metabolite are potential markers for diseageabout 3.0 ppm could potentially survive a DQ filter an
staging or diagnosis. In addition, it is often convenient toontaminate the edited GABA signals observed in the rat bra
obtain information about a metabolite whose concentrationsample in this study. However, such contamination is expect
unchanged and so can serve as an internal reference compotmdhe small. The macromolecule resonance should be st
In the present study the possibility of simultaneous DQ editifressed by transverse relaxation during the relatively long ec
for more than one metabolite is demonstrated, using a Dithe (68 ms) used in the present study. TBg and B,-
filtering sequence with a composite dual-band DQ coherencgsteinyl protons (2.9 ppm) in glutathione are coupled to ea
read pulse to edit for GABA and taurine together. GABA is anther and also to the-cysteinyl proton (4.56 ppm3B(Q). Edited
important inhibitory neurotransmitter in brain, and dysregulaignals from the3-protons could be produced in this study only
tion of GABA metabolism has been implicated in the pathawhen the taurine band of the DQ read pulse extends into t
physiology of disorders such as stroke, epilepsy, and schiz@ighborhood of 2.9 ppm. Any such leakage appears to |
phrenia (7-23. Taurine is a metabolic product of sulfursmall in this study, as no signal was observed at 2.9 ppm.
amino acid catabolism, whose role may include neurotransmis4n this study, the detection sensitivity for DQ taurine editing
sion (24), osmoregulation2b), buffering of acidosisZ6, 27, was 34%, agreeing well with an experimental value of 35¢
and neuroprotection during cerebral ischem2®)( In vivo reported previously31). In simultaneous editing for GABA
observation of both GABA and taurine by conventioHdlMR  and taurine, the experimental settings were adjusted to of
spectroscopy is hindered by severe spectral overlap of theiize the sensitivity for GABA detection, at the cost of reduc
resonances with those of a number of other metabolites suchragsthe detection sensitivity for taurine to about 27%. This los
creatine, cholinemyacinositol, and glucosel@). The sequence in detection sensitivity for taurine can be attributed to twe
described here permits observation of GABA and taurine infactors. First, since the carrier frequency in the simultaneol
single experiment without interference from the resonancesaetfiting experiment was set on theGABA resonance, off-
these other metabolites. resonance excitation and refocusing of the taurine resonan

When a DQ filtering sequence is used to observe a singleuld compromise the efficiency of the coherence transfer, a
metabolite, all experimental parameters can be adjustedthas the detection sensitivity for tauring)( Because the fre-
optimize the detection sensitivity and editing efficiency for thatuency difference between the GABA resonance and the
particular metabolite. However, compromise is necessary whanirine resonance is small (about 75 Hz) at the field strength
two metabolites are edited simultaneously so that, theorely used in the present study, this effect should be sma
cally, the detection sensitivity for both metabolites may bdowever, caution must be exercised when two metabolit
lower than when they are edited individually. In the presemiith a larger chemical shift difference are edited simulta
study, the detection sensitivity for GABA might be expected toeously. Second, the taurine detection sensitivity may be 1
be reduced due to the use of the dual-band DQ read putkeced by the use of2= 34 ms, which is optimized for GABA
required for the double editing. Leakage of the taurine excitaeliting (L1), rather than 37.5 ms, which is optimum for taurine
tion band of the dual-band DQ read pulse into th6&ABA editing (13). Signals frommyacinositol and glucose could
resonance could decrease the detection sensitivity for GABMrvive the DQ filter and potentially contaminate the edite
since the maximum detection sensitivity is obtained when ti@urine resonance observed in this study. However, it has be
DQ read pulse excites only tiR2GABA resonanceXl). Some shown that contributions ofycinositol and glucose to the
residualy-GABA signal is observed in the taurine-edited spe@dited taurine resonance are generally not significaBjt (
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The DQ coherences of taurine and GABA precess with GIickson,SingIe_-scanin vivg Iactatgediting with complete lipid and
different DQ frequencies during the evolution peridg) ( As }’Vatesr Sluhaprgss'?trr‘]by S?'ect‘_"’e ;“”t't'p'e'q“?”;;’m'COFE‘ere”C‘”-‘B”igZ'
a result, a phase difference between the taurine and GABA 2ec;3( (fg'%? ) with application to tumors, J. Magn. Reson. B. 106,
signals is introduced, which cpuld affect _the detection of botlgl 3. E. van Dijk, A. F. Mehlkopf, and W. M. Bovee, Comparison of
metabolites. To account for. th|§, the relative phase between the jopje and zero quantum NMR editing techniques for in vivo use,
GABA and the taurine excitation bands of the dual-band DQ NMR Biomed. 5, 75 (1992).
read pulse can be adjusted experimentally until the final speg- J. shen, D. C. Shungu, and D. L. Rothman, In vivo chemical shift
trum gives in-phase signals for both GABA and taurine. imaging of y-aminobutyric acid in the human brain, Magn. Reson.

The sequence described here can in principle be used to editMed. 41, 35 (1999).
for any two metabolites for which the optimum values efize 5 Q. He, Z. M. Bhujwalla, and J. D. Glickson, Proton detection of
similar. The optimum 2 value for a coupled spin system is c_holme a}nd lactate in EMT6 tumors by spin-echo-enhanced selec-

. . . tive multiple-quantum-coherence transfer, J. Magn. Reson. B. 112,
determined mainly by thé-coupling constant(s) and the trans- |4 (1996).
verse relaxation time, and also on the chemical shift differen%— A. H. Wilman, M. Astridge, R. E. Snyder, and P. S. Allen, Same-
e(s) and the f'_eld strength in the case of strong coupling. For scan acquisition of both edited J-coupled multiplets and singlet
many metabolites of common interest'id MR spectroscopy, resonances of uncoupled spins for proton MRS, J. Magn. Reson. B.
Jis about 7 Hz 12) and the optimum 2values that have been 109, 202 (1995).
reported lie around 40 ms. For examp|e, the optimumaues 7. H. Leiand J. Peeli‘ng, Sinjultaneogs lactate editing and observation
are 34-44 ms for lactate and alanir@2434, 34 ms for of Ot:‘e' Eftabjo"’tjs usig @ Stg;kgig_i%g% enhanced double
ntum r, J. n. n. .
GABA (11), 36 ms for glutamateta T (8), 34 ms for glucose _ g“aB uTh ter, a(? . SesoA” . ( It? | I
at 4.7 T @5), and 37.5 ms for taurine at 7.1 T3). One & © = '"ompson and 7 5. Alen, A new Muliple quantum Titer
. T ) design procedure for use on strongly coupled spin systems found
prOble_rT_‘ that might preyent the gengrahzguon of this sequence i, yivo: its application to glutamate, Magn. Reson. Med. 39, 762
for editing for any pair of metabolites is the off-resonance (199s).
effects discussed above, and these effects must be considesed. R. Keltner, L. L. Wald, B. D. Frederick, and P. F. Renshaw, In vivo
in designing and optimizing a DQ filtering sequence for more detection of GABA in human brain using a localized double-quan-
than a single metabolite. Technically, the off-resonance effects tum filter technique, Magn. Reson. Med. 37, 366 (1997).
can potentia”y be circumvented by using selective On_resgl. A. H. Wllmgn and P.. S. Allen, '|I"\ YIVO NMR detection strategies for
nance double pulse8§) or resonance-offset-compensated adi- 93mma-aminobutyric acid, utilizing proton spectroscopy and co-
. S . herence-pathway filtering with gradients, J. Magn. Reson. B. 101,
abatic pulsesJ7) as the excitation/refocusing pulses. How- ;¢ (1993).
ever, to_ fu”y understand how the off—resonf;nce eXCIt?‘tIOT{.. A. H. Wilman and P. S. Allen, Yield enhancement of a double-
refogusmg ?—ﬁeCts the OUtclome of a DQ ed.mng experiment guantum filter sequence designed for the edited detection of
requires a rigorous theoretical treatment which has yet to be GABA, J. Magn. Reson. B. 109, 169 (1995).
developed. 12. K. L. Behar and T. Ogino, Assignment of resonance in the *H

Since the proposed double editing sequence differs from spectrum of rat brain by two-dimensional shift correlated and
conventional DQ sequences only in the DQ read pulse, it can J-resolved NMR spectroscopy, Magn. Reson. Med. 17, 285 (1991).
be combined with spatial localization strategies previoush: ;‘-t'-e't_a”d }’-tpe?"”g;le 'OC"’g'ZEd di/‘:bc'je ggaZE‘imlfgg for in vivo
developed for conventional DQ filtering, including PRESS ~“¢tection ot faurin€, Magn. ,eson('j ed » (1999) .
(8,9, 39, ISIS (39), and conventional or Hadamard encodedf V- - Perman, M. A. Bernstein, and J. C. Sandstrom, A method for

. ey - . correctly setting the rf flip angle, Magn. Reson. Med. 9, 16 (1989).
chemical shift imaging4, 4, 5, 33, 4. However, when used ; . .

ith . b ised i . h h 15.fP. C. van Zijl, M. O. Johnson, S. Mori, and R. E. Hurd, Magic-angle-
with PRESS, caution m_USt e exercised In setting the p ase_ Y gradient double-quantum-filtered COSY, J. Magn. Reson. A. 113,
the DQ read pulse relative to other pulses as well as the relative 265 (1995).
phase between the two excitation bands of the DQ pulsg J. Frahm, K. D. Merboldt, and W. Hanicke, Localized proton spec-
because of the loss of phase coherence through slice-selectivaroscopy using stimulated echoes, J. Magn. Reson. 72, 502 (1987).

excitation/refocusingq, 39. 17. K. Gale, GABA and epilepsy: Basic concepts from preclinical re-
search, Epilepsia 33(S5), S3 (1992).
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