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Three-dimensional image-selected in vivo spectroscopy (ISIS)
was combined with phase-cycled *"H-"*N heteronuclear multiple-
quantum coherence (HMQC) transfer NMR for localized selective
observation of protons J-coupled to N in phantoms and in vivo.
The ISIS-HMQC sequence, supplemented by jump-return water
suppression, permitted localized selective observation of 2-5 pmol
of [®N.w.]tryptophan, a precursor of the neurotransmitter sero-
tonin, through the *N-coupled proton in 20—40 min of acquisition
in vitro at 4.7 T. In vivo, the amide proton of [5-"*N]glutamine was
selectively observed in the brain of spontaneously breathing
NH,*-infused rats, using a volume probe with homogeneous "H
and ®N fields. Signal recovery after three-dimensional localization
was 72-82% in phantoms and 59 * 4% in vivo. The result dem-
onstrates that localized selective observation of *N-coupled pro-
tons, with complete cancellation of all other protons except water,
can be achieved in spontaneously breathing animals by the 1SIS-
HMQC sequence. This sequence performs both volume selection
and heteronuclear editing through an addition/subtraction scheme
and predicts the highest intrinsic sensitivity for detection of N-
coupled protons in the selected volume. The advantages and lim-
itations of this method for in vivo application are compared to
those of other localized editing techniques currently in use for
non-exchanging protons.  © 1999 Academic Press
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INTRODUCTION

Selective observation of protons coupled'{@ or N by

brain. Selectivén vivo observation of [5°N]glutamine amide
protons by phase-cycletH—"°"N HMQC in rat brain @) has
permitted kinetic studies of the rate of glutamine synthesi
(15, 16 and of pH changes in the glial compartmeh?)( The
'"H-""N HMQC studies were performed with a head probe witt
homogeneousH and N fields, but spatial localization was
not necessary because B]glutamine was shown, in a pre-
liminary experiment 18), to arise exclusively from the brain.
For "H-""N HMQC study of other brair®N-enriched me-
tabolites that may also occur in adjacent tissues and for exar
ination of major regional variations within the intact brain,
spatial localization is necessary. A pulse sequence for spatial
localized selective observation off coupled to™N has not
been reported to date. Recent installation of strong shielde
gradients on our 4.7 T magnet opened the way to spati
localization by frequency-selective RF pulses in the presenc
of B, gradients. Three common localization techniques base
on this method are ISIS10), point-resolved spectroscopy
(PRESS) 20,21, and stimulated-echo acquisition mode
(STEAM) (22-24. Among these, ISIS results in the least
T,-induced loss in signal intensity, and is hence suitable fo
localized observation of°N-bound protons which may un-
dergo base-catalyzed exchange with water protons. The rate
exchange,k, is pH- and temperature-dependent. THK-
bound protons that are observable BN HMQC at phys-
iological pH (7.1-7.2) and temperature (37°@)vitro have
negligible or very lowk under that condition. However, the

spin-echo-difference 13, B.-insensitive spectral editing effects onk and T, of the intracellular environment and pH
pulse @), and gradient-enhance8-7) or phase-cycled® 9  fctuationsin vivo have been examined only for [8N]glu-
heteronuclear multiple-quantum coherence (HMQC) transfgfnine amide protons in rat braii®). The corresponding
NMR permits indirect detection ofC- or *N-labeled metab- ot on the'*N-coupled protons of other brain metabolites
olites with high sensitivity. A'H-observed*C-edited (POCE) which are also potentially detectable by this technigueivo,
spin-echo method, combined with localization by ISIS using&@,.h as PNiaodtryptophan and the neurotransmittéfN g
surface or volume coil, has permitted measurement of the rai& otonin ?5), is unknown. Ifk is nonnegligible andr, is

of the tricarboxylic acid cycleZ, 10-13 and of glutamate yqqcedin vivo, magnetization of exchanging protons decays
turnover (, 3, 13, 14 in the human and animal brain. ISISWith TE as expE- TE(L/T, + k)] in PRESS and STEAM, and
localization, combined with gradient-enhanéét‘:i—mc double- with TM as exp[—TM(l/Tl + k)] in STEAM (26) In ISIS, on

quantum editing &, 7) or with B,-insensitive spectral editing s other hand, the only,-induced signal loss occurs during
(4), has been useful for study dfC-metabolites in animal o short selective inversion pulsE).

1 To whom correspondence should be addressed. E-mail: soccss@hmri.orgOf Nonexchanging C-bound protons, PRESS and STEAI
Fax: 626-397-3332. have been combined with a homonuclear gradient-enhanc
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double-quantum filter or with a MEGA puls2g) for selective phantom (9-mm-i.d. NMR tube with a 2.2-ml solution volume)
observation ofJ-coupled protons of lactate7 (29, GABA containing 495umol of [5-*°N]glutamine was used (GLN
(28, 30, and glucose 1) in vivo. The single-shot method phantom). All phantoms were at pH 7.1 (intracellular pH of the
minimizes localization and editing errors arising from interscarain), except for [3°N,]Jarginine, which was at pH 3.6 to
subject motion and is valuable for selective observation aofinimize the rate of exchange of th&N-bound protons with
proton signals that are normally overlapped by large unwantegter proton 40). All **N-labeled chemicals were from Cam-
signals. However, the gradient-enhanced double-quantum filbeidge Isotopes except for°N]acetylaspartate, which was
has only half the intrinsic sensitivity of the phase-cycled mukynthesized as described previousp)(

tiple-quantum filter which can select both zero- and double-

quantum coherence8%, 33. Because detection sensitivity isAnimal Preparation

of primary importance in indirect observation of low-concen- . .
tration *°N-labeled metabolites in the small rat brain, we have Male Wistar rats (220240 g) were prepared for intravenou

selected a combination of ISIS and phase-cycled HMQC WhiInfUSIOn through the_femoral Vein as desc_rlbed previously. (
; . o L H,Ac (1 M solution at pH 7.4) was infused at a rate of
predicts the highest intrinsic sensitivity.

Another issue to be addressed in the localized observationS(')? > 0'.1 mmol/h/kg wt for 1.8+ 0'.1 h on benchtop. The
sthetized, spontaneously breathing rat was then placed

*N-bound protons is a water suppression method that is s a{lel 15 : : o .
able for slowly exchanging protons, to supplement suppressiorﬁl} H-"N probe \.N'th th_e_ head in a sp_ecmcally d.eS'gned
achieved by thaH—N HMQC sequence. On-resonance water}o der to ensure immobility of the cranium, and infusion

presaturation should be avoided since it can cause attenuaﬁoﬂtmued for an additional 5-6 h in the magnet for localize

. s . L
of the **N-bound proton signals by saturation trans8,(34. observation of brain [32N]glutamine. At the end of thi vivo

) Gexperiment, the rat was sacrificed and the brain frozen immq
The jump-return sequencey, 39 has been successfully usedya1. iy iquid nitrogen for preparation of a perchloric acid
in our previousin vivo andin vitro ‘H-"N HMQC studies yn g g prep P

(9, 25, but the effectiveness of this sequence, when combing ract. The concent_ration of f’SN]qutamine in the b_rain extract

: o was measured by direiN NMR as described previously2).
with ISIS localization, is unknown.

We report here localized selective observatiortbtoupled
to N by ISIS combined with phase-cycled HMQC and jump—
return water suppression. Phantom studies demonstrate theocalized ‘H-"N HMQC spectra were obtained on a
effectiveness of the method for 3D-localized observation &ruker-GE CSI-1l spectrometer, equipped with a 4.7-T Oxforc
“N-coupled protons in biologically interesting metabolitesnagnet and a Bruker Acustar shielded gradient with a bor
Because susceptibility to motion, resulting in imperfect camliameter of 180 mm and a maximum gradient strength of 9
cellation of unwanted signals and coaddition of selected sigrT/m. The probe, manufactured by Robert L. Domenicl
nals, is considered to be a potential drawback of both IS¥p ( (Magnetic Resonance Plus, Sacramento, CA) and modifie
and phase-cycled HMQG( 38, 39 for in vivo application, we extensively by James Tropp (GE Medical Systems, Fremor
have tested the ISIS-HMQC sequence for localized selecti@d), consisted of separate, orthogonal resonatorsHo(ob-
observation of brain [32N]glutamine amide proton in anes-serve) and”N (decouple) as described previousB).(The
thetized, spontaneously breathing rats duriflgH,Ac infu- probe was placed in the magnet with th&(B,) field oriented
sion. The result shows that the method permits localized sdeng thex axis and the®N field (B,) along the vertical ¥)
lective observation of**N-coupled protonsin vivo with axis, wherez is theB, axis. The three-dimensional coordinates
cancellation of all other protons except water. of the phantom and of rat brain were determined by imaging i
the xy andyz planes by a spin-echo imaging sequence. Opel
ating conditions were a FOV of 90 mm, a TE of 30 ms, a TR
of 1 s, and a slice thickness of 3 mm (phantom) or 7 mn
(brain). Brain water was shimmed to a linewidth of 27-37 Hz
ona20 mmg) X 16 mm (y) X 10 mm (2) voxel by the

Two-compartment phantoms consisted of an outer cylind&TEAM sequence. Operating conditions employed a TE of 6
cal NMR tube, 18 mm in inner diameter and filled with a 3-mins, a TM of 30 ms, and a TR of 4 s.
solution to 18 mm height, and a coaxial inner tube, 9 mm in The pulse sequence for localized, selective observatiod of
inner diameter and filled with a 1-ml solution to 16 mm heightoupled to"N is shown in Fig. 1. Localization was performed
The first phantom contained an aqueous solution of 20@! by the ISIS sequence of Ordidge al. (19). The selective
of [3-"N,]Jarginine in the inner chamber an&\l,Jurea (200 inversion pulses were three-lobe sinc pulses of 1.5imeiyo)
umol) in the outer chamber (ARG-UREA phantom). Ther 1.75-1.9 ms (phantoms). A 0.5-ms delay (D1 in Fig. 1) wa
second phantom containe®N,.«Jtryptophan (42umol) in  placed after the last slice select gradient to allow magnetic fiel
the inner and'fN]acetylaspartate (38mol) in the outer cham- stabilization before the'H excitation pulse. Coaddition of
ber (TRP-NAA phantom). In addition, a one-compartmersignals from the volume of interest (VOI) and subtraction o

EXPERIMENTAL PROCEDURES

Phantoms
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180 180 180 90,90, Acquire ms, respectively. The preparation time (1/2J) was 5.56 ms fc
H W (1] N GLN (phantom andh vivo) and for the ARG-UREA phantom,
IDJDJ 90 80, 1 = | and5.25 ms for the TRP-NAA phantom, and D3 wasu20
15 ﬂ [Gecoupie] 'H chemical shifts are reported in parts per million from the
o Tl methyl resonance of 2,2-dimethylsilapentane-5-sulfonic aci
GJ (DSS). The™N pulse was on resonance for {N]glutamine
X [ (=271 ppm from nitromethane, where the negative sign indi
Gy cates upfield shift) for the GLN phantom amdvivo. For the
G, B two-compartment phantoms, tH&N pulse was centered be-

tween the resonance frequencies of the respective phantc
FIG. 1. The pulse sequence for ISIS-HMQC, supplemented by jumq-}airs (—306 ppm for fSNZ]urea, —311 ppm for

return water suppression, for localized selective observatiotiNotoupled [r3-15N2]arginine' —251 ppm for [°N]acetylaspartate, and
protons by zero- and double-quantum filter. The frequency selective pulses fo 25 15 ; ' _
ISIS were three-lobe sinc pulses of 1.5 rimsvivo) or 1.75-1.9 ms (phantoms). 253 ppm for ["Nidtryptophan).™N decoupling was per

Water suppression was achieved by the90°—D2-'H 90°_, sequence. The formed in the CW mode with a decoupler power (nominal
H and *N pulses in the HMQC sequence were hard pulses of 20—45 apgitput) of 40-50 W applied during the acquisition time.
400-450ps, respectively. The phase of each pulse is shown in subscript, andFor acquisition by ISIS-HMQCn scans (typically 16 for
was constant if a single phase is shown. For the fispulse and the receiver,[?hamomS and 178 vivo) of HMQC acquisitions were per-

two phases are shown, reflecting the two-step phase cycling performe .
select®N-coupled protons. D1 and D3 were 0.5 ms andu2) respectively, 6?med per ISIS experiment and stored as FID. After one CyCI

and TR was 1 s. The values of D2 and 1/2J for each experiment are giverPhthe eight _|S|S eXpe_rime”tS was completed, the Process w
the text. repeatedN times (typically 1-4) for signal averaging. This

resulted in 8X N stored FIDs, each consisting af scans.
These FIDs were sequentially added or subtracted according
signals outside the VOI were performed by the eight-step
addition/subtraction scheme of Ordidge al. (19), with a
minor modification in the order of experiments, so that the first
four experiments perform 2D localization in the (instead of
the xy) plane and the eight experiments perform 3D localiza-
tion. Unlocalized spectra were obtained by omitting the selec-
tive inversion pulses.
Selective observation dH coupled to™®N was performed
by the phase-cycledH—""N HMQC sequence, supplemented
by jump-return water suppression, as described in detail pre-
viously (9), with the following two minor modifications. First,
a two-step phase cycling of the firsiN pulse and of the
receiver was used, as shown by subscripts in Fig. 1. This is the
minimum number required for selective observation of protons
coupled to™N through zero- and double-quantum coheren
selection and cancellation of other protons. All other pulses

had constant phase. Second, thetransmitter frequency was

set on resonance for water, to achieve water suppression by the
jump—return sequence while minimizing spatial displacement
error for the ®N-labeled compounds of interest. Water supg

pression is achieved when the secdHd90° pulse returns the

water proton magnetization to ttzeaxis. The magnetizations
of N-coupled protons of interest are not affected by this pulse
because they undergo chemical shift evolution during D2 (0.69 W
ms for ARG, 0.23 ms for TRP, and 0.6 ms for GLN) and are I N e ——]
aligned with thex axis when the secontH pulse is applied. é L ]2 0
Operating conditions employed'sl 90° pulse of 20—28.5us PPM

(phantoms) or 37—44us (in vivo), as optimized for each

phantom or animal, &N 90° pulse of 400—45@s, a relax- _ F'G-2. "H-"N HMQC spectra of a two-compartment phantoye plane
ation delay (TR) of 1000 ms, 1K data points, and a Spectgsé]own in the inset) containing®N,Jurea in the outer and [$N,]arginine

. ructure in the inset) in the inner chamber, obtained (A) without localization
width of 2000 Hz (GLN and ARG-UREA phantoms) or 260(g) from a 7x 7 x 7-mm voxel (dashed line) and (C) @55 X 5-mm voxel

Hz (TRP—NAA phantom), with acquisition times of 256 or 196dotted line) of the inner chamber.

UREA

ARG
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TABLE 1
'H Chemical Shifts, Coupling Constants, and Linewidths of *N-Bound Protons of Phantom Compounds at 200 MHz
'H chemical shift (opm from DSS) Linewidth (Hz)
Compound *N-coupled *N-decoupled sy (HZ) N-coupled *N-decoupled
[3-"*N,]Arginine 6.36 92 31
6.83
[*N,]Urea 5.57 90 11
6.02
[*Ningod Tryptophan 9.90 10.15 98 17 17-20
10.40
[*N]Acetylaspartate, amide 7.78 8.01 92 18 30
8.24 (7.93
acetyl 1.97
[5-"*N]Glutamine H 6.67 6.9 90 91 16-20
7.11
He 7.39 7.6 90 18t 4 27
7.83

a3
JNH-Ha

the scheme of Ordidget al. with the minor modification in the slow at pH 3.6 40). Figure 2B shows a localized spectrum
order of experiments described above. The resulting single FdBtained from a < 7 X 7-mm voxel of the inner chamber (the

contained signals from th€N-coupled protons in the selectedvoxel shown by the dashed line in the inset). While the
VOI. Reported linewidths were measured without the applicg®N]arginine protons are clearly observed, the urea peak are

tion of an exponential filter. is reduced to 0.2% of that in Fig. 2A. In a spectrum obtaine
] from a 16X 7 X 7-mm voxel which closely approximates the
Signal Recovery dimension of the inner chamber along thexis as well, the

Signal recovery in a localized spectrum was defined #&ea peak area was also very small, 1.4% of that in Fig. 2
[Awd (Auoe X VIV)] X 100%,whereA, is the peak area of (Spectrum not shown). The spatial displacement error fc
an*N-coupled proton observed from a voxel of volumeand [3-*NJarginine protons, calculated from the chemical shift
A.oc iS the peak area from the total volurieobserved in the and the gradient strength, was 12%. In the spectrum obtain
unlocalized spectrum. Hence the teAy,.. X v/V represents from a 5X 5 X 5-mm voxel (Fig. 2C; voxel shown by the
the peak area expected from the VOI if the selective inversioiotted line), the urea peak is barely detectable. The resul

pulses for localization were 100% efficient. show that the ISIS-HMQC sequence is effective for selectiv
observation of°N-coupled protons from VOI.
RESULTS To test the applicability of the method to brain metabolites
at lower concentrations, spectra were obtained from a twc
In Vitro Studies compartment phantom containingN...dJtryptophan (a pre-

Figure 2A shows an unlocalizéiN-coupled*H-*N HMQC cursor of the neurotransmitter serotonin) in the inner chambe

spectrum of the two-compartment phantom containir@“d [°N]acetylaspartate (a negronal marker metabolite) i_n th
[3-*N,Jarginine (see inset for structure) in the inner an@uter chamber. In the unlocalizétN-coupled spectrum (Fig.
[5N,Jurea in the outer compartment. The chemical shifts of th&®), the “N-bound proton of tryptophan is a doublet with
N-coupled resonances at 200 MHz and the coupling constailsn-w Of 98 Hz (Table 1). The amide proton of’N]-
are listed in Table 1. The signals of arginine protons that a€etylaspartate is a doublet withsy_y, of 92 Hz, and each
not coupled to™*N (see, e.g., Roberts and JardetzK@)(for doublet component shows a small splitting du€@,_y, of
chemical shifts) are suppressed, as is the water peak. 7h8 Hz @5). The signal for the methyl protons of°N]-
®N-bound arginine proton peaks are broad,(of 31 Hz; acetylaspartate at 1.97 ppm is also observed, indicating th
Table 1) because the rotation of tHf&l-H groups around the the protons are coupled to°N, as is consistent with
C-N bonds, which have partial double-bond character, is ribe reported®Jc, 15 of 1.2 Hz for the structurally similar
rapid enough at 20°C to completely average the chemictetylalanineN-methylamide 46). With N decoupling
environments of the fouf*N-bound protons 44, 49. Line (Fig. 3B), the *®N-bound indole proton of tryptophan is a
broadening is not caused by chemical exchange of these psimglet. The **N-decoupled amide proton of*°N]acetyl-
tons with water protons because the rate of exchange is vagpartate shows, as expected, the small three-bond coupli
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FIG.3. 'H-"NHMQC spectra of a two-compartment phantom containing
42 umol of [*Nuwetryptophan (TRP) in the inner and 38mol of [**N]ac-
etylaspartate (NAA) in the outer chamber. An unlocalized spectrum With
coupling (A) shows selective observation BN-coupled protons of both
compounds; (B) the same obtained wiftN decoupling. Localized spectra C
were obtained from a & 5 X 5-mm voxel of the inner chamber containing 5.2
wmol of [**N]JTRP without (C) and with (D)*N decoupling in 26 min or (E)
from a 4 X 4 X 4-mm voxel (2.6umol) in 41 min.

Unlocalized

with the a-proton. Figure 3C shows a localizétN-coupled L A I A R oou
spectrum from the 5X 5 X 5-mm voxel of the inner 8 6 4 2 0

5
chamber. Only thé N-bound prot?n doublets of tryptophan FIG. 4. 'H-"N HMQC spectra of [5*N]glutamine in a phantom and in
are (_)bserved' Figure 3D shows ?h\_l-qlecoupled spectrum rat brainin vivo. (A) A localized spectrum from a X 5 X 5-mm voxel of a
obtained from the same VOI containing 5unol of [N, [5.*N]glutamine phantom obtained withN decoupling. The two amide
doe|tryptophan, acquired in 26 min. Figure 3E shows pgrotons H and H: (see inset for structure) are chemically nonequivalent. (B)
corresponding spectrum from aX 4 X 4-mm VOI con- An in vivo 3D-I0ca|iz_ed HMQC spectrum obtai_ned from the brgin_ of a
taining 2.6 umol acquired in 41 min. The results Sugges'ipontaneously breathing\NH, *-infused rat in 30 min. (C) An unlocalizeid

hat | lized | . b . 5N led Vivo spectrum acquired in 4 min. Exponential line broadening of 10 Hz wa:
that localized selective observation -coupled protons applied to (B) and (C). The slight offset between the water peak in the phanto

at metabolite quantities of 2-pmol is feasible in 20—40 (a) and the tallest residual water peak in the 3D-localizedvo spectrum (B)

min of acquisition. arises from the fact that th&H carrier frequency was placed on shimmed
Figure 4A shows éSN—decoupIed spectrum from a¥%6 5 X phantom water (A) or brain water (B and C), and the residual water peak in (E

5-mm voxel of the [51-5N]glutamine phantom. The two amidedrose mainly from water in noncerebral tissues wiyevas inhomogeneous.

. . . . he chemical shift of [5°N]glutamine H, from the carrier frequency (and
protons, B and H: (see Figure inset), have chemical shifts ence from brain water) in thie vivo spectra was 421 4 Hz, which was

6.9 and 7.6 ppm, respectivel9)( The second amide protortH virtually identical with that in the phantom, thus confirming the assignment o
has a much lower signal intensity than i vitro at pH 7.1 and this peak.



LOCALIZED DETECTION OF ®N-COUPLED PROTONSIN VIVO 245

20°C because (a) it exchanges at a faster rate with waf&N,Jurea has two equivalent protons pé&X and four equiv-
protons than H, resulting in a broader linewidth (Table 1), andalent protons per molecule, compared to one amide proton t
(b) the acquisition condition, specifically the chemical shifper [5-°N]glutamine molecule. Hence, the ratio of the proton
evolution time, D2, is optimized for the observation of &hd peak areas of'{N,]Jurea to that of [5*N]glutamine in thein

not He. vivo 'H spectrum is expected to be much higher than thei
actual concentration ratio in the brain. In the unlocalized
In Vivo Study spectrum (Fig. 4C) acquired in 4 min, the urea proton peaks a

out of phase and broadened becaBgsavas considerably less

Figure 4B shows a 3D-localizeid vivo spectrum obtained homogeneous in noncerebral tissues containitiy,Jurea;
from a 26X 19 X 14-mm voxel of the brain of a spontaneouslyiz., the circulating blood and muscle within the prolig,(for
breathingNH, " -infused rat acquired in 30 min by the ISIS-whole-volume water was 140 Hz compared to 27-37 Hz fo
HMQC sequence with°N decoupling. The corresponding un-brain water). By contrast, in direct unlocalizéal vivo N
localizedin vivo spectrum, acquired in 4 min, is shown in FigNMR spectra of °NH,-infused rat, {°NJurea in the tissues
4C. The voxel location is shown on thel images of rat brain within the head probe was observed despite sinBlainho-
in Fig. 5 top, transversey image;bottom,coronalyzimage). mogeneity over noncerebral tissues, because wiitiy,, of
The dimension of the brain was 23 mm)(X 17 mm (y) X 0.1, B, inhomogeneity causes much less line broadening (i
11 mm (2) and the voxel circumscribes the brain and thelertz) of **N than of 'H signal. Brain [PNJurea was not
surrounding skull, which has an average thickness of 1.5 naatected in the 3D-localizeiN spectrum becausé®NJurea
on either side. The voxel was chosen to approximate thas oneé®N per two'H (47). The significance of the present
dimension of the brain for estimation of signal recovery (segvo result is that the amide proton of brain {8N]glutamine,
Discussion). Noncerebral soft tissues were largely excludém which the acquisition conditions were optimized, was se
except for the very small fraction which could not be elimitectively observed with cancellation of all protons not couplec
nated due to the oval shape of the brain. Inithgivo spectra to N.
of Figs. 4B and C, the peaks in the 4%7 0.6 ppm region
represent reS|d1L;aI water. Protons of brain metabolltes_ that i8nal Recovery
not coupled to™N, such as the C-bound protons upfield of
water, are suppressed by the phase-cycled HMQC sequence. [fo estimate signal loss in the localization process, signe
the region downfield of water, the prominent peak at 6.9 ppracovery, as defined under Experimental Procedures, was m¢
can be assigned to the amide protopn ¢f brain [5-°N]glu- sured for the [3*N,]arginine and [5°N]glutamine phantoms
tamine, by comparison with thia vitro spectrum in Fig. 4A. and for brain [5*°N]glutaminein vivo. For a two-compartment
The linewidth of the H peak was 38t 1 Hz (n = 2) in the phantom, it has been suggested that signal recovery can m
3D localized spectra and 40 3 H, (n = 5) in the unlocalized accurately be measured for a voxel that approximates tt
spectra. At the physiological temperature of 37°C, the secodunension of the (inner) chamber containing the test com
amide peak H exchanges with water at a rate faster than thppbund, because the slice-selective sinc inversion pulses &
at 20°C, resulting in a broader linewidth?, 29. Accordingly, normally truncated, resulting in frequency profiles with side
He is not observed in thé vivo spectra of Figs. 4B and C. lobes that extend beyond the nominal bandwict8).(In our
Brain [5-°N]glutamine concentration in thia vivo spectrum study, the inner chamber was a cylinder of length 16 mxn (
(Fig. 4B), taken after 5.5 h dfNH,Ac infusion, was estimated and an i.d. of 9 mm (o0.d. of 10 mm) in the plane. Hence, a
to be approximately 9.2mol/g. This was determined from (a)rectangular voxel of 16xX) X 7 (y) X 7 (z) mm was chosen.
the observed 30% increase in the peak area of the amide protbie edges of the voxel in thgz plane just touch the outer
H; in the unlocalizedn vivo spectra betweeh = 5.3 h and surface of the inner chamber, as shown by the dashed line
t = 7.3 h (just before sacrifice) and (b) brain {]glutamine Fig. 2. This corresponds to a two-dimensional version of th
concentration of 11.9umol/g measured in the extract afteroptimum fit of a cubic voxel to a spherical sample, as describe
sacrifice. Spatial displacement error, calculated from the cheby Ernstet al. (49). The signal recovery for [3°N,]arginine
ical shift and the gradient strengths (6.4 mT/m alongzthgis; protons in this voxel was 72% (Table 2). The signal recover
27% higher than in phantoms) was less than 8%. was 82% for a 9 9 X 9 mm voxel; in theyz plane, this voxel

The peaks at 5.6 and 6.0 ppm in the localized spectrum (Faircumscribes the inner chamber, which has an i.d. of 9 mn
4B) arise from protons of'{N]urea which is present in the The results suggest that signal recovery in a VOI which ag
brain of the*’NH,-infused rat 42). The urea proton signals areproximates the dimensions of the inner chamber is 72—829
not N decoupled because th# frequency of urea (35 ppm Hence, the efficiency of sinc inversion pulses along each of tr
upfield of [5-°N]glutamine) lies outside the CW decouplinghree axes was about 90% vitro. Signal recovery from
bandwidth under the experimental conditions, which have besmaller voxels was similar (Table 2). For {&N]glutamine,
optimized for [5*°N]glutamine observation, as has been densignal recovery was also measured after increasing the rela
onstratedin vitro previously Q). It is to be noted that ation delay from 1 s, a condition which optimizes ®&\ ratio
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FIG. 5. Proton images of rat braiff.op: a transverse image withalong the horizontal ang along the vertical axisBottom:a coronal image witly along
the horizontal and along the vertical axis. The voxel for 3D ISIS, shown by the dotted line, circumscribes the brain and the surrounding skull, which h
average thickness of 1.5 mm.

per unit time of the amide protonH?9), to 19 s, which allows DISCUSSION

complete relaxation of water protons. The signal recovery was

69% for both delaydn vivo, the signal recovery was 59 4% Our results show that brain [8N]glutamine amide proton
(the mean+ sem for three rats) for brain [5N]glutamine H, can be selectively observed, with cancellation of all proton.
amide proton H in the 3D-localized spectrum, compared tmot coupled ta®N (except water), in a 3D-localized spectrum
that in the unlocalized spectrum. from a spontaneously breathing anesthetized rat, using a v«
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TABLE 2 returned to thet z axis by the secondH pulse (Fig. 1). This
Signal Recovery_in Localization fqr 15N-C0up|ed Protons magnetization remains unperturbed during the subseque
in Phantoms and in Vivo HMQC sequence. However, water magnetization in the slice

that were subjected to one or three inversion pulses, is flippe

Signal recover A
9 y to the —z axis by the secondH pulse, and undergo€s,

In vivo relaxation. If TR is short relative to th&, of water, partial
VOI (mm) Phantom —_—— saturation may occur and be transferred to°[Slglutamine
x y 2 ARGpoon  GLN amide i Bralg,fiéeNF]kGLN amide proton if its exchange rate is fast relative toTits To
examine this possibility, signal recovery for [BN]glutamine
26 19 14 59+ 4 (3) H; was measured with a TR of 19 s, which allows complett
16 7 7 72 relaxation of water, for comparison with that measured with
3 3 3 ?gf ;6((32)) TR of 1 s. The signal recovery was virtually the same (69%)
5 5 5 77+ 04(3) 69+ 1.5 (3) The result strongly suggests that attenuation of this amic

proton signal does not occur under our experimental conditio

* Signal recovery, as defined under Experimental Procedures, is shown(pkl 7.1, 20°C) because (a) exchange is very slow and/or (b)
the mean* sem for the number of determinations (phantoms) or aninials (qr sequence, the water magnetization that does not return
vivo) given in parentheses. equilibrium with a TR & 1 s represents only one-half of the
total water population that supplies exchanging protons. Wat

. ) ion by our sequence in rat brain is comparable to tf
ume probe with homogeneodsl and N fields, and a pulse >-PPresston
sequepnce that comb?nes ISIS with phase-cyci'lllesN achieved by the OVS-PRESS-WATERGATE sequence fc

HMQC. The result demonstrates that breathing motion do%gnselective observation of ex_changeable protons in cat bra
not interfere with localized selective observation based on %6).'Excellent water lssuppressmn has beerl d'em('Jnstrated by
combination of two subtraction methods, ISIS and phasg[adlent-enhancem— N double-quantum filtem vitro (39),

cycled HMQC. The result is encouraging because susceptilﬁHt this method, with half the intrinsic sensitivity of the phase-

ity to motion, resulting in imperfect cancellation of unwante@yCIed method, has not been used for selective observation

peaks and coaddition of desired signals, has been consideredhscoupled protonsn vivo.

be a major drawback of subtraction techniques3@. In a For selective observation dH coupled to™C, too, ISIS
normal *H spectrum of cat brain obtained with a water sugcombined with the proton-observedfC-edited spin-echo
pression scheme that optimizes the detection of exchangedBRrihod, which is also a combination of two subtraction meth
protons, Moriet al. (26) showed that the largest peaks downods, has been among the most successful in studies of me
field of water occur at 7.8—8.3 ppm (NAA nucleosides and bolic flux in animal and human braim vivo (1-3, 10-14.
proteins). The complete absence of peaks in this region in otgken together, the results strongly suggest that for localize
3D-localizedin vivo spectrum (Fig. 4B) strongly suggests thaselective observation of protons coupled'td or *C, which
cancellation of nor*N-coupled protons in the low field regionare often present at low concentratiangivo, a localization or
was complete. The signal recovery in the 3D-localized specteliting method based on an addition/subtraction scheme is w
of 72—82% in phantoms and 59 4% in vivo (Table 2) shows worth attempting if it predicts the highest sensitivity for the
that ISIS with sinc inversion pulses is an efficient localizatioisotopically enriched metabolite of interest. The present stud
technique at'H frequency. The volume probe used in thehows that susceptibility to motion, often considered to be
present study has the advantages of (a) homogen#basid major drawback of ISIS and phase-cycled HMQC, can b
N fields which ensure optimal zero- and double-quantuavercome even for spontaneously breathing animals.
excitation with conventional (rectangulafN pulses and (b)

well-defined VOI. Whether better sensitivity can be achieved

when a volume probe for transmission is combined with an ACKNOWLEDGMENTS
actively gated surface coil for reception is a question for future
Investigation. We are grateful to Dr. James Tropp of GE Medical Systems for exper

Water suppression in thie vivo spectrum is adequate andmprovement of theH-*N probe which made this work possible, and to
shows that the jump-return sequence can be combined withry Robertson and Rusty Vahle of Bruker Instruments for installation anc
ISIS for water-suppressed observation of exchangeable prot(j}q@tenance of shielded gradients. We thank Robert S. Olsen for takir
from VOI in vivo. However. the foIIowing caveat is worth photographs of the images. K.K. and B.D.R. are Visiting Associates in th

. . . jyision of Chemistry and Chemical Engineering at California Institute of
noting. The Jump-return sequence Is preceded by SeleCt&eéhnology. This work was supported by Research Grant 2-RO1-NS2904
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