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Two novel spectral editing techniques for the in vivo detection
of y-aminobutyric acid (GABA) are presented. The techniques rely
on the generation of longitudinal scalar order (LSO) coherences,
which in combination with J-difference editing results in the selec-
tive detection of GABA. The utilization of LSO coherences makes
the editing sequences insensitive to phase and frequency instabili-
ties. Furthermore, the spectral editing selectivity can be increased
independent of the echo time, thereby opening the echo time for
state-of-the-art water suppression and/or spatial localization tech-
niques. The performance of the LSO editing techniques is theoret-
ically demonstrated with product operator calculations and den-
sity matrix simulations and experimentally evaluated on phantoms
in vitro and on human brain in vivo.  © 2001 Academic Press

guantum-coherence®,(10. Although theoretically all tech-
niques should achieve adequate spectral editing, many of tt
previously established techniques suffer from incomplete wa
ter suppression and spatial localization or insufficient spectre
selectivity.

Here we present a spectral editing techniqueiriorivo de-
tection of GABA based on the combination of longitudinal
scalar order editingl(l, 12 andJ-difference editing%-8. The
technique achieves spectral editing along the longitudinal axis
thereby eliminating any phase-related artifacts and opening tt
echo-time period for state-of-the-art water suppression and/c
localization. Furthermore, the sequence can be (partially) exe

Key Words: ~-aminobutyric acid (GABA); longitudinal scalar

cuted with adiabatic RF pulses for minimal sensitivity to RF in-
order; spectral editing; *H NMR spectroscopy; human brain.

homogeneities. Although the technique is presented for GABA
it performs equally well for other (weakly coupled) spin systems
such as lactate, alanine, and beta-hydroxy butyrate.

INTRODUCTION
THEORY
y-aminobutyric acid (GABA) is the major inhibitory neu-
rotransmitter in the mammalian braitt)( GABA is essential GABA (H,NCH,CH,CH,COOH) may be approximated as
for normal brain function. Dysfunction of GABAergic neuro-an A;M,X, spin system with GABA-H4 £;) resonating
transmission has implications in many neurological and physis a triplet at 3.01 ppm, GABA-H3M.) as a quintet at
ological diseases, such as epilepsy, depression, and schizophi@9 ppm, and GABA-H2 X5) as a triplet at 2.28 ppm (with
nia (2—4). The ability to monitor GABA concentrations vivo a J coupling constant of~7.3 Hz for all interactions). This
would represent a substantial advance in the monitoring of thetescription is accompanied by two assumptions. Firstly, the
diseases and of various drug therapfés NMR spectroscopy amide and carbonyl protons are in rapid exchange with wa
(MRS) offers a technique for noninvasively measuring GABAer and are hence NMR invisible. Secondly, it is assumed the
concentrations in human cerebral cortex and animal limaiivo  GABA can be described as a weakly coupled spin system. Al
(5, 6). However, the narrow chemical shift dispersionppm though this assumption is not valid for the interaction betweel
(for the majority of metabolite resonances) leads to severe spiie GABA-H2 and GABA-H3 protons at 2.1 T (89.64 MHz),
tral overlap of resonances. Specifically, the three resonance# @ a reasonable approximation for the GABA-H3/H4 inter-
GABA are overlapping wittN-acetyl aspartate, glutamate, gluaction. Therefore, in further calculations the weak-coupling
tamine, or total creatines{sum of creatine and phosphorylatecpproximation will be maintained, after which any deviation
creatine), making direct GABA detection B MRS impos- from ideal behavior due to strong coupling effects will be dis-
sible. The problem of spectral overlap is commonly solved lpussed.
employing spectral editing techniques that utilize a difference The basic versions of the proposed sequences are sho\
in scalar coupling to selectively observe the resonance(s) of in-Figs. 1A and 1B. First consider the sequence in Fig. 1A
terest. Previoums vivo GABA spectral editing techniques were Following nonselective excitation, the transverse magnetizatio
among others, based andifference editing%-8 or multiple- evolves under the effects df coupling, frequency offsetdy

1090-7807/01 $35.00 124

Copyright© 2001 by Academic Press
All rights of reproduction in any form reserved.



LONGITUDINAL SCALAR ORDER DIFFERENCE EDITING OF GABA 125

A In the presence of selective inversion of the GABA-H3 protons
90° 90° 90° the coherences at the top of the echo are given by

1/(47) 1740

RF 1
o G2 @ o(TE) = E[Ax cof t I TE+ 2Ay(Mz1 + M)
G A\ /\ /\—/\ x sintJTEcostJ TE
B —4AM, 1M, 5 sir 7 J TE] sirf a, [2]
90°,;  180° 90°y, 90° 180°

which reduces to-2A,M, 1M, sirfa for TE = 1/(2J) =
68 ms. The experiment can be optimized for GABA-H4 editing
by makinga equal to 90. Therefore, in the second experiment
G 4/\—/\ an anti-phase triplet resonance2A,M, 1M, ) for GABA-
) ) H4 in which the outer resonances are negative is obtaine
FIG. 1. Basic NMR pulse sequences for (A) incoherent and (B) cohere

longitudinal scalar order (LSO) editing. The second and thirtl @dises in gubtractlng this from the In-phase tripley)) resonance

both sequences are executed as semi-selective jump-return pulses, with a%‘?—ined in the fil’Slt experiment gives- the outer resonance
on theM spins (GABA-H3) and maximum excitation at thespins (GABA- Of the GABA-H4 triplet. Therefore, this sequence recovers

H4). The 180 inversion pulse is selective for thd spins. The magnetic field 25% of the total integrated signal of GABA; 50% cannot be
gradient G2 ensures that only longitudinal magnetization passes the Editli*é‘l:overed due to the stimulated echo nature of the sequen

element by dephasing all transverse magnetization. The magnetic field gradi o . .
G3 dephases all magnetization excited by the (imperfect) itB@rsion pulse. be"% another 50% is lost since the inner resonance of GAB

In order to avoid unwanted signal refocusing, &2G3. For GABA (or AXo does not modulate as a function of the echo time. The loss
spin systems), the total echo time TE equalf2l). For AX and AXz spin  50% due to the absence of modulation of the inner resonance
systems, TE= 1/J. Theoretically¢: = ¢, during cLSO editing for optimal also inherent in spin-echd editing sequence${8). For AX
GABAdetection.However, in practice the phases must be calibrated for optimgh 4 AXs spin systems, the complete multiplet structure car
editing performance. be inverted at TE=1/J, such that 50% of the total integrated
signal can be recovered. Since the coherences are incoher
during the editing element, the sequence will be referre
magnetic field inhomogeneities, and magnetic field gradients. as incoherent longitudinal scalar order (iLSO) spectra
The second pulse is a semi-selective jump-return pulsgiting.
(centered on theM spins), which rotates the magnetiza- Figure 1B shows the basic sequence for coherent longitudin
tion over a frequency-dependent nutation angle where scalar order (cLSO) spectral editing. The sequence is similar 1
a(v) = (7/2)[(v — vm)/Iva — vml]. va @nduy are the frequen- the iSO sequence, with the essential difference of two refocu:
cies of theA andM spins, respectively. Therefore, tMspins  jng pulses during the evolution periods and a strict phase relatic
are left unperturbedy = 0° for v = ww), while off-resonance petween the firstand second'ilses. Following excitation and
spins are rotated over an angleThe subsequent magnetic fieltthe evolution period the coherences are not effected by static ol
gradient dephases all transverse coherences, leaving the cof\gtied magnetic field gradients and have only evolved due to
ences of interest along the longitudinal axis. Note that, since t&pling effects. To create the desired longitudinal scalar orde
transverse magnetization is dephased prior to the second 8@herences, the semi-selective pdlse must be applied with a
pulse, at most 50% (faz = 90”) of the coherences can be roye|ative phase identical to the first excitation pulse. Coherence
tated to the longitudinal axis. The 50% signal loss is inherent {9t are not brought to the longitudinal axis will be dephased b
all stimulated echo-acquisition sequence3)(The 180 pulse  the subsequent magnetic field gradient. At this point it is impor
selectively inverts theM (GABA-H3) protons in subsequentiant to realize that uncoupled spins are 80t-of-phase with co-
experiments. Note that only longitudinal coherences associaifences of the coupled spin-of-interest. Therefore, uncouple
with an odd number oM spins (e.g.,Ay(Mz1 + M) aré  gpins are not brought to the longitudinal axis and are dephas:
sensitive (i.e., invert) to the selective 18fllse. Following se- py the magnetic field gradient, thereby giving unwanted signe
lective excitation of the longitudinal scalar order coherences, thgppression in a single acquisition. Although the uncoupled re:
transverse coherences are rephased during the second evoligihces are theoretically suppressed in a single acquisition,
delayt. In the absence of selective inversion of the GABA-Hgmperfect phase relation between the first two pulses (for exan
spins, the density matrix at the top of the echd)(s given by  ple, due to residual magnetic field gradients) will cause som
residual signal from uncoupled spins. However, this residue
o(TE) = }Ax sirfa. [1] will _be_subtracted in t_he final difference spectrum. Following
2 excitation and refocusing, the coherences at the top of the ecl

1/(83) 1/(8))
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are given b
g y A 180° 90° 90° 180°
MEGA SSAP SSAP MEGA

o (TE) = —[Acsint J TE 4 2A, (M1 + M) cosr J TE o0
+4AM; 1M, sin J TE] sirf .. [3]

180°

For TE = 1/(2J) andae = 90C°, Eq. [3] reduces to-A,— /\ /\
4A«M; 1M, which represents the outer two resonance of ¢
GABA-H4. The inner GABA-H4 resonance essentially behaves /—\I /\ /\

B

B2l

as an uncoupled spin system and is suppressed in a single acq!
sition, as expected. When the GABA-H3 spins are selectively N\ /\
inverted, the coherences are given by

o(TE) = [Acsinm I TE + 2A,(M1 + M) cost J TE o0° o o e

i . BIR-4  Arp AFP  SSA] SSAP WATERGATE
+4AM, 1M, sinz J TE] sirf a, [4]
180°
whichreducester Ay+4AxM, 1M, forTE = 1/(2J) anda =
90°. Subtracting both experiments gives the outer resonances ¢ &r
GABA-H4. The cLSO sequence therefore achieves 50% editing J N\ /\
efficiency of GABA, orAX, spin systems in general, since the 6.

inner GABA-H4 resonance is suppressed. The cLSO editing M
G,

efficiency for AX and AX3 spin systems is 100%. y /\ /\

METHODS
FIG. 2. Experimentally implemented (A) iLSO and (B) cLSO editing se-

Five healthy human subjects (four males, one female) wet¢ences. Both sequences are preceded by 3D ISIS and OVS localization, as w

. . . . . ., as three CHESS elements for water suppression. Trapezoidal and sinusoic
studied in accordance with Institutional Review Board guid&s ""°¢ ) Uppressic P n
magnetic field gradients are used for slice selection and coherence spoiling, r

lines for research in human SUbje_CtS- All human eXperimery&ectively. Only the minimum required magnetic field gradients are shown. Se
were performed on a 2.1-T magnet interfaced to a Bruker Avange legend of Fig. 1 and the text for more details.

spectrometer (Bruker Instruments Inc., Billerica, MA). The sys-
tem was equipped with actively shielded gradients capable of
switching 14.4 mT/m in 1.1 ms. Human subjects were placéy a pair of two 4-ms slice-selective adiabatic full passage (AFP
supine on the magnet bed and the head was immobilized withises (bandwidth= 2.5 kHz). Extracranial lipid resonances
foam in a specially designed head holder. RF transmission amére effectively removed with magnetic field gradient pulses
signal reception were performed with an 8-cm-diameter singligem a planar surface gradient coil8) following the last 90
turn surface coil. The exact spatial positions of the brain and thalse. The localized volume of 8 2 x 3 cnP(X x y x z =
localized volume used for spectroscopy were determined frdi ml) was positioned in the occipital/parietal cortex, avoiding
axial and sagittal multislice FLASH images. The homogeneity tdrge blood vessels. Water suppression is achieved with thre
the main magnetic field was optimized over a cubic volume coCHESS elementd @) preceding the sequence. Each CHESS el-
ering the volume-of-interest by a modification of the FASTMARMent consisted of a 20-ms Gaussian RF pulse truncated at 1C
routine (L5, 16, generally resulting in water linewidths offollowed by a 5-ms magnetic field gradient. Additional water
5-6 Hz. suppression is achieved with the MEGA technic2@ for iLSO
The basic sequences shown in Fig. 1 must be extended vatliting and the WATERGATE sequenc2lf for cLSO edit-
elements for water suppression and spatial localization. Figurad. Specifically, the selective spin-echo dephasing techniqu
shows the LSO pulse sequences as implementeid favo'H MEGA was executed with 20-ms asymmetrical adiabatic full
MRS. Spatial localization is achieved with the image-selectgassage pulses (HS1/R = 10, 0.9 T; tanlitan, R = 100,
in vivo spectroscopy (ISIS) techniqugd) in combination with 0.1 T, for nomenclature se@2)) as previously described for
outer volume suppression (OV$3). The ISIS inversion and liquid-state high-resolution NMR2Q). This asymmetric MEGA
OVS excitation pulses were 4-ms hyperbolic secant inversisaquence provided excellent water suppression over a bandwic
pulses (bandwidth= 2.5 kHz). For iLSO editing, additional lo- of >100 Hz with complete insensitivity to RF inhomogeneities
calization is achieved by replacing the initial nonselective exas associated with surface coils3). The asymmetric charac-
tation with a 1-ms slice-selective 98LR excitation pulsel(3). ter of the MEGA pulses resulted in a high spectral selectiv-
Additional localization during the cLSO sequence was achievayg with a ~70-Hz transition bandwidth between frequencies of
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sequence @ x—t—9%r x—t—1%r —t—-1% y—t—9% —t-3w_y, inversion inversion

a = 6.93) was executed with a 10Qs for a 90 pulse and ! ! JUL

the refocusing maximum at 200 Hz off-resonartce-(2.5 ms). vesion vecsion

Due to the relatively long pulses, the intrapulse delays were cc l JUL !

rected for chemical shift evolution during the pulses accordin

toteorrected= t — (2/7). Tiota, WhereTyoiq is the combined length J cABAs

of the pulses immediately prior to and following that particula x5 —— M %5

delayt (13).

All experiments were performed with a repetition time R

3000 ms, an echo time TE68 ms &1/(2Jcasanz—H4)) and C inversion D inversion

— A

TM = 35 ms (TM equals the period in between the last tw: i v |
90 pulses, when the magnetization is along the longitudini

complete and negligible signal suppression. The WATERGATAJ waer g o B
Cr

inversion inversion

axis, see Fig. 2). To balance the spectral selectivity with tt | |
generation and subsequent loss of coherences during the —H*A——M— T

lective inversion pulse, a 20-ms Gaussian, truncated at 10

was used (inversion bandwidtk56 Hz). The selective in- ./\F,\FU/M\\_W_X"’ P U
version pulse was positioned on the GABA-H3 at 1.89 ppr

and on a mirror position (4.13 ppm) relative to GABA-H4 al " 50 40 30 20 1.0 " 50 40 30 20 10
3.01 ppm on alternate acquisitions. The alternate acquisitio. .. PPM PPM

were Stor?d separately, for pOSt_-vaUiSitmdifferen_Ce Editing'_ FIG. 3. In vitro spectral editing ofy-aminobutyric acid (GABA).'H
The acquired FIDs were zero-filled to 8K data points, apodizghir spectra are acquired using (A) “conventiondFdifference editing, (B)
(4 Hz Gaussian line broadening), Fourier transformed, and phas® editing, and (C,D) cLSO editing. The cLSO sequence was optimized fo
corrected (only zero order phase). The spectra were frequeff@yGABA or (D) total creatine detection, respectively.
shifted (maximumt1 Hz) to account for drift in the main mag-
netic field, but no amplitude or phase corrections were allowedithe outer GABA resonances, excellent water suppression, al
on individual spectra. The sensitivity of the sequences towasijnificant creatine (and choline) signal suppression in a singl
RF inhomogeneities was significantly decreased by replaciagquisition. Optimal creatine suppression was obtained whe
the classical jump-return 9@ulses by their adiabatic analogueshe relative phase between the first and secondises was
(known as solvent suppression adiabatic pulses, or S33J. ( 10°. The residual choline and creatine resonances are effective
The 2-ms SSAP pulses were positioned on the GABA-H3 resliminated in the edited difference spectrum. AlImost complet
onance at 1.89 ppm, while the intrapulse delay was adjustectteatine recovery is automatically obtained with a relative phas
give full excitation at GABA-H4 at 3.01 ppm (intrapulse delayf 100° (Fig. 3D). The high-field approximation for GABA-H4
~2.5 ms). holds well for both sequences. Although the inner GABA-H4
resonance is partially edited, the outer resonances are gener:
RESULTS AND DISCUSSION partially suppressed, such that the experimental iLSO and cLS
editing efficiencies (as determined by integration) off22and
Figure 3 shows the performance of the editing sequences pté-+ 3% are close to the theoretical, high-field values of 25 an
sented for the detection of GABIA vitro. For comparison the 50%, respectively. Full density matrix calculations (NMR-Sim,
performance of “conventionall-difference editing %, 6) has Bruker Analytik GmbH) of the iLSO and cLSO sequences for
also been measured and is shown in Fig. 3A. It can be seen BABA reveal editing efficiencies of 24 and 44%, respectively.
conventionalJ-difference editing recovers the complete outer The performance of the cLSO sequence is determined in pe
resonances of GABA (and some of the inner resonance duethe phase calibration of the second pQlse. When calibrated
to strong coupling effects) at the expense of incomplete watsrrectly, the sequence suppressesthe overlapping tCrresonal
suppression. Furthermore, the amplitude of one of the two sudmmpletely in a single acquisition, while simultaneously recov-
spectra had to be corrected by 3% to obtain complete creat@reg the outer resonances of GABA-H4. In the worse case, tf
suppression, due to limits on selectivity imposed by performimghase is set 9Grom the optimum and the GABA-H4 resonances
the editing pulse during the time allowed by the spin-echo pericate completely suppressed. In practice, the correct phase can
The degree of amplitude correction is RF dependent, which cooalibrated on the water resonance in a quick and reliable mannt
plicates quantitation when a surface coil with an inhomogeno@snitting the water suppression elements (but attaining the corr
RF distribution is used to apply the editing pulse. The iLSO seponding magnetic field gradients) and adjusting the frequenc
quence (Fig. 3B) provided excellent water suppression and speffset of the SSAP pulses to give maximum excitation of water
tral stability at the expense of a 50% signal reduction. Finally, thlee phase angles can be accurately calibrated by maximizing
cLSO editing sequence (Fig. 3C) provided full signal recoveminimizing the water signal. In practice it was found that the
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surface gradient coil \
surface RF coil

5.0 4.0 3.0 2.0 1.0 5.0 4.0 3.0 2.0 1.0
PPM PPM

FIG.4. Invivoevaluation of MEGA and WATERGATE water suppression. (A) Axial MR image displaying the position ofstH2x33 cn volume relative
to the surface gradient and RF coftsl NMR spectra obtained with (B) MEGA and (C) WATERGATE water suppression=£T&B ms).

expected sinusoidal signal dependence on the pulse phase 88AP pulses that is centered at GABA-H3 (1.89 ppm). The
well attained and that the phase could be accurately determimelited spectrum shows a clear GABA resonance at 3.01 ppn
in steps of 10. as well as coedited but nonoverlapping resonances from a
Employing adiabatic jump-return pulses significantly repartate, GABA-H2, glutamate, glutamine, inositol, and macro-
duced the sensitivity toward RF inhomogeneities of both smolecules. Figure 5B shows the stability and reproducibility of
guences. Unfortunately, it was not possible to execute the cotine edited GABA spectra within a single volunteer as measure
plete sequence with adiabatic RF pulses. Some RF pulses, bker a period of 48 h. The GABA and coedited resonances
the slice-selective excitation pulse during iLSO editing, induaes well as the water suppression, are extremely stabile despi
signal loss without introducing artifacts or affecting the editsmall changes in spatial position, shimming, and RF homogene
ing performance. However, the performance of the selective ity. The top spectrum represents the sum of the five individua
version pulse used for editing purposes will affect the editeghectra and clearly displays the coedited resonances. The ne
GABA signal intensity (relative to tCr). The effect of the selective resonances of tCr and inositol are present due to the sele
tive inversion pulse on the edited GABA intensity was evaluateiye inversion pulse in the mirrored experiment (top spectrum
in vitro by varying the amplitude of the pulse. Varying the RFFig. 5A). When the mirrored experiment is performed without a
amplitude by+3 Db (in 1-Db steps) decreased the amplitudselective inversion pulse, no coedited resonances will be prese
of the outer GABA resonances by25%. However, the inner between the chemical shifts of GABA-H4 and water.
GABA resonance more than doubled, such thatitiegrated Figure 6 displays the results for human brain GABA editing
GABA signal intensity remained constant withirl0% over a with the cLSO sequence. In order to establish the stability o
+3 Dbrange. This effect is attributed to residual strong couplinbe measurement and optimize the relative phase for GAB/
on the GABA-H4 resonances and has been confirmed by densigtection, the phase of the first SSAP pulse is sef@dn the
matrix simulations. optimum for GABA detection (Fig. 6A). As expected, the total
Figure 4 shows thén vivo performance of the two im- creatine and choline resonances are almost completely retaine
plemented water suppression techniques, MEGA (Fig. 4Bhile the water is well suppressed. Performing dhdifference
and WATERGATE (Fig. 4C). Thé¢H NMR spectra are ac- editing results in a clean subtraction of the total creatine an
quired from an 18-ml volume positioned in the occipital/parietaholine resonances to within the noise level. Setting the relativ
human cerebral cortex as indicated in Fig. 4A. Both techniqupbase for optimal GABA detection (Fig. 5B) results in a near
provided excellent and consistent water suppression. The adimplete suppression of uncoupled resonances in the individu
abatic MEGA sequence generally provided more robust watarbspectra. The edited spectrum holds a clear GABA resonan
suppression with minimal operator interaction, because MEG& 3.01 ppm. The edited GABA signal-to-noise ratio is some:-
(when executed with adiabatic RF pulses) does not require @éiat obscured by the presence of coedited, but nonoverlappir
tailed RF power calibrations. THel NMR spectra of Fig. 4 also resonances. The actual signal-to-noise ratio of the integrate
indicate that the spatial localization, as achieved by OVS, ISI&jited GABA resonance, using the standard deviation over th
and 1D slice selection, was sufficient to discriminate the loweal noise level (see inset), amounts-t40. It should be noted
concentration lactate resonance from potentially overwhelmititat complete suppression of uncoupled spins is only possibl
lipid resonances originating from extracranial regions. when (i) a perfect phase relation is attained between the first tw
Figure 5 shows the result for GABA detection in the oc9(° pulses and (ii) the nutation angle equals exactl. $nce
cipital/parietal human cerebral cortex with the iLSO sequence jump-return (or SSAP) pulse achieves excitation accordin
Similar to the results in Fig. 4, the water suppression in the a sinusoidal frequency profile, the second criterion car
individual subspectra is excellent. The NAA methyl protonsever be satisfied for all resonances simultaneously. Howeve
are not observed due to the sinusoidal excitation profile of teegnce GABA-H4 experiences a 9@utation, the overlapping
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Asp
Glx

A B GABA

tCr
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mversicn GlX
s ||| | GABA MM
A,/\Mon/\/\/
5. O U 3.0 .0 4.0 3.0 2.0 1.0 0.0
PPM PPM

FIG.5. Invivo GABA detection by incoherent longitudinal scalar order (iLSO) difference editing! ANMR subspectra obtained by the iLSO sequence
(Fig. 2A) with the inversion pulse at 4.13 ppm (top) and at 1.89 ppm (GABA-H3, middle). The edited GABA spectrum (bottom) is calculated as the diffe
between the two subspectra. The edited GABA spectrum represents the sum of 512 accumulations acqui?&chove B) GABA detection on a single subject
over a period of 48 h. The bottom five spectra are acquired-e28rmin each, while the top spectrum represents the sum of the five spectra.

total creatine resonance will be optimally suppressed. Othss achieved by replacing the jump-return (or SSAP) pulse
resonances, like choline, will be partially suppressed in a sinddg inherently refocused, frequency-selective RF pulses lik
acquisition and completely eliminated in the difference speE-BURP (13). However, since these pulses are nonadiabatic
trum. Complete suppression of all resonances can theoreticdligy were not implemented for the studies described here.

B

inversion

!

inversion
inversion

T/‘“”WW

PPM PPM

inversion Cho

FIG. 6. In vivo GABA detection by coherent longitudinal scalar order (cLSO) difference editing. (A) cLSO editing optimized for detection of total crea
(91 = 0°, 92 = 100°). The absence of GABA in the difference spectrum (bottom) ensures a correctly calibrated phase relation for optimal GABA detectior
¢1 = 0° and¢g, = 100° — 90° = 10° (B). The inset displays the actual noise level of the cLSO-edited GABA spectrum.
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The ratio of the integrated areas of edited GABA and taances to<5% of the GABA-H4 resonance. At lower magnetic
tal creatine as obtained with the ILSO sequence (Fig. 5) fislds the remaining macromolecule intensity may be remove
equal to 0107+ 0.009 over five measurements within one volby nulling on the basis of differences iy relaxation times
unteer and 15+ 0.018 over three measurements in thre5).
different volunteers. The intra- and intersubject variations in Thirdly, the general issues that affect quantitation in all
(GABAV/tCr) are therefore~8 and~16%, respectively. Using in vivoNMR spectra must be taken into account. The GABA-H4
the (known) concentration of total creatine as an internal coresonance intensity must be corrected for the effects ahdT,
centration reference, the GABA-tCr ratio can be converted telaxation, magnetization transfer, and diffusion. Furthermore
an absolute GABA concentration. No attempt toward absolul@ferences between the internal concentration standard tCr ar
GABA quantification has been made here for the reason that tBABA must be taken into account. Absolute GABA quantifica-
integrated GABA intensity and the GABA—tCr ratio are affectetion is complicated by coediting of other resonances (at differen
by several factors that must be measured separately. Specihiemical shifts), which as a result distort the baseline and mak
cally, the following points must be considered in attempting tdirect integration difficult. This problem can be solved by em-
measure absolute cerebral GABA concentrations. Firstly, theying a spectral fitting algorithm like LCmode2§), which
edited GABA resonance, although not contaminated by totades prior knowledge on the chemical shifiscoupling con-
creatine, is still a superposition of several metabolites, in patants, and patterns of the individual metabolites.
ticular GABA, homocarnosine, and in some cases glutathione.The described LSO sequences were implemented wit
Homocarnosine is a dipeptide of GABA and histidine and i$IS/OVS localization because (i) I1SIS and OVS are genera
normally present at a concentration lower, but of comparaltecalization techniques that can proceed any NMR sequenc
magnitude, than that of GABA. Because the chemical shiftéxd (ii) the echo time was largely used for state-of-the-ar
andJ-coupling constants of GABA-H4 and homocarnosine argater suppression techniques like MEG20Y and WATER-
identical, they cannot be discriminated by spectral editing. HOWGATE (21). However, this localization strategy is only one of
ever, the imidazole protons in homocarnosine give distinct rasany possibilities and is not necessarily optimal under all con
onances at-7 and 8 ppm, which can be observed and quantiitions. For instance, when (macroscopic) motion is a signifi-
fied by short TE'H MRS (24). Using appropriate conversioncant factor, a single-scan localization sequence like PRESS
factors between the different detection methods (in terms mibre suitable since this allows interscan phase and amplituc
T1 and T, relaxation), the homocarnosine contribution to theorrections. Both sequences are readily executed with PRES
edited GABA intensity can be removed. At lower magnetic fieldlthough time constraints force the iLSO sequence to be exe
strengths, additional contamination from glutathione may arisgyted with WATERGATE water suppression.
although based on our measurements of the pure compound Iihdependent of the implemented localization technique, th
will have a negligible contribution with the iLSO and cLSO sek SO sequences can always be extended by 1D, 2D, or 3D phas
guences. The glutathione contribution reduces to zero when #reoding gradients in order to obtain GABA spectroscopic
second “mirror” experiment is performed without an inversioimages.
pulse.

Secondly, the GABA-H4 resonance coresonates with a macro-
molecular resonance M2%). Since M7 is coupled to a macro- CONCLUSION
molecular resonance M4 at 1.71 ppm, it can potentially be
coedited by the editing technique. The separation between M4ANe have described two novel editing sequences based up
and GABA-H3 is only 0.18 ppm or-16 Hz at 2.1 T. With longitudinal spin order, and demonstrated that it provides reli
the spectral selectively used in previous studies at 2.1 T, thelein vivodetection of GABA with excellent water suppression
editing efficiency for macromolecules was approximately 65%nd spatial localizationat 2.1 T. Since spectral editing is achieve
of when the editing pulse is on resonance, resulting in théth longitudinal coherences, the sequences are extremely r
macromolecular resonance M7 accounting f040% of the bust toward phase and/or frequency instabilities. Furthermore
edited resonance intensity vivo (6). Detailedin vivo exper- the complete echo-time period can be used to achieve excelle
iments are required to establish the macromolecular contribwater suppression with full insensitivity towaid relaxation
tions for the NMR sequences presented here. Based on simsing MEGA and WATERGATE. The cLSO sequence provides
lations of editing selectivity, the theoretical editing efficiencalmost complete suppression of uncoupled resonances, like tof
for macromolecules with the iLSO sequence~i§5%, im- creatine, in a single acquisition, thereby making the sequenc
plying an approximately 35% contribution to the edited res@ebust toward motion. The spectral editing selectivity providec
nance at 2.1 T. With increased chemical shift dispersion at¥ applying the editing pulse during the period when the magne
T the macromolecular contribution should decrease well bization is in the LSO state results in relatively low coediting of
low ~20% (7, 8). Preliminary results obtained on rat braimearby resonances of glutathione and macromolecules. At fielc
at 7 T (data not shown) indicate that the increased spexd-4 T and above, the sequence should be able to almost cor
tral selectively effectively eliminates coediting of other resgletely remove macromolecule overlap in the edited resonanci
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