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Three-dimensional image-selected in vivo spectroscopy (ISIS)
as combined with phase-cycled 1H–15N heteronuclear multiple-
uantum coherence (HMQC) transfer NMR for localized selective
bservation of protons J-coupled to 15N in phantoms and in vivo.
he ISIS–HMQC sequence, supplemented by jump–return water

uppression, permitted localized selective observation of 2–5 mmol
f [15Nindole]tryptophan, a precursor of the neurotransmitter sero-
onin, through the 15N-coupled proton in 20–40 min of acquisition
n vitro at 4.7 T. In vivo, the amide proton of [5-15N]glutamine was
electively observed in the brain of spontaneously breathing
5NH4

1-infused rats, using a volume probe with homogeneous 1H
nd 15N fields. Signal recovery after three-dimensional localization
as 72–82% in phantoms and 59 6 4% in vivo. The result dem-
nstrates that localized selective observation of 15N-coupled pro-
ons, with complete cancellation of all other protons except water,
an be achieved in spontaneously breathing animals by the ISIS–
MQC sequence. This sequence performs both volume selection

nd heteronuclear editing through an addition/subtraction scheme
nd predicts the highest intrinsic sensitivity for detection of 15N-
oupled protons in the selected volume. The advantages and lim-
tations of this method for in vivo application are compared to
hose of other localized editing techniques currently in use for
on-exchanging protons. © 1999 Academic Press

Key Words: ISIS; 15N–1H HMQC; in vivo; rat; brain.

INTRODUCTION

Selective observation of protons coupled to13C or 15N by
pin-echo-difference (1–3), B1-insensitive spectral editin
ulse (4), and gradient-enhanced (5–7) or phase-cycled (8, 9)
eteronuclear multiple-quantum coherence (HMQC) tran
MR permits indirect detection of13C- or 15N-labeled metab
lites with high sensitivity. A1H-observed,13C-edited (POCE
pin-echo method, combined with localization by ISIS usin
urface or volume coil, has permitted measurement of the
f the tricarboxylic acid cycle (2, 10–12) and of glutamat

urnover (1, 3, 13, 14) in the human and animal brain. IS
ocalization, combined with gradient-enhanced1H–13C double-
uantum editing (6, 7) or with B1-insensitive spectral editin
4), has been useful for study of13C-metabolites in anima

1 To whom correspondence should be addressed. E-mail: soccss@hm
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rain. Selectivein vivo observation of [5-15N]glutamine amide
rotons by phase-cycled1H–15N HMQC in rat brain (9) has
ermitted kinetic studies of the rate of glutamine synth
15, 16) and of pH changes in the glial compartment (17). The

1H–15N HMQC studies were performed with a head probe w
omogeneous1H and 15N fields, but spatial localization wa
ot necessary because [5-15N]glutamine was shown, in a pr

iminary experiment (18), to arise exclusively from the brai
For 1H–15N HMQC study of other brain15N-enriched me

abolites that may also occur in adjacent tissues and for e
nation of major regional variations within the intact bra
patial localization is necessary. A pulse sequence for spa
ocalized selective observation of1H coupled to15N has no
een reported to date. Recent installation of strong shie
radients on our 4.7 T magnet opened the way to sp

ocalization by frequency-selective RF pulses in the pres
f B0 gradients. Three common localization techniques b
n this method are ISIS (19), point-resolved spectrosco
PRESS) (20, 21), and stimulated-echo acquisition mo
STEAM) (22–24). Among these, ISIS results in the le

2-induced loss in signal intensity, and is hence suitable
ocalized observation of15N-bound protons which may u
ergo base-catalyzed exchange with water protons. The r
xchange,k, is pH- and temperature-dependent. The15N-
ound protons that are observable by1H–15N HMQC at phys

ological pH (7.1–7.2) and temperature (37°C)in vitro have
egligible or very lowk under that condition. However, t
ffects onk and T2 of the intracellular environment and p
uctuationsin vivo have been examined only for [5-15N]glu-
amine amide protons in rat brain (17). The correspondin
ffect on the15N-coupled protons of other brain metaboli
hich are also potentially detectable by this techniquein vivo,
uch as [15Nindole]tryptophan and the neurotransmitter [15Nindole]
erotonin (25), is unknown. If k is nonnegligible andT2 is
educedin vivo, magnetization of exchanging protons dec
ith TE as exp[2TE(1/T2 1 k)] in PRESS and STEAM, an
ith TM as exp[2TM(1/T1 1 k)] in STEAM (26). In ISIS, on

he other hand, the onlyT2-induced signal loss occurs duri
he short selective inversion pulses (27).

For nonexchanging C-bound protons, PRESS and STE
ave been combined with a homonuclear gradient-enha
rg,
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241LOCALIZED DETECTION OF 15N-COUPLED PROTONSIN VIVO
ouble-quantum filter or with a MEGA pulse (28) for selective
bservation ofJ-coupled protons of lactate (7, 29), GABA
28, 30), and glucose (31) in vivo. The single-shot metho
inimizes localization and editing errors arising from inters

ubject motion and is valuable for selective observatio
roton signals that are normally overlapped by large unwa
ignals. However, the gradient-enhanced double-quantum
as only half the intrinsic sensitivity of the phase-cycled m

iple-quantum filter which can select both zero- and dou
uantum coherences (32, 33). Because detection sensitivity
f primary importance in indirect observation of low-conc

ration 15N-labeled metabolites in the small rat brain, we h
elected a combination of ISIS and phase-cycled HMQC w
redicts the highest intrinsic sensitivity.
Another issue to be addressed in the localized observat

15N-bound protons is a water suppression method that is
ble for slowly exchanging protons, to supplement suppre
chieved by the1H–15N HMQC sequence. On-resonance wa
resaturation should be avoided since it can cause atten
f the 15N-bound proton signals by saturation transfer (26, 34).
he jump–return sequence (35, 36) has been successfully us

n our previousin vivo and in vitro 1H–15N HMQC studies
9, 25), but the effectiveness of this sequence, when comb
ith ISIS localization, is unknown.
We report here localized selective observation of1H coupled

o 15N by ISIS combined with phase-cycled HMQC and jum
eturn water suppression. Phantom studies demonstra
ffectiveness of the method for 3D-localized observatio

15N-coupled protons in biologically interesting metaboli
ecause susceptibility to motion, resulting in imperfect c
ellation of unwanted signals and coaddition of selected
als, is considered to be a potential drawback of both ISIS37)
nd phase-cycled HMQC (5, 38, 39) for in vivoapplication, we
ave tested the ISIS–HMQC sequence for localized sele
bservation of brain [5-15N]glutamine amide proton in ane

hetized, spontaneously breathing rats during15NH4Ac infu-
ion. The result shows that the method permits localized
ective observation of15N-coupled protonsin vivo with
ancellation of all other protons except water.

EXPERIMENTAL PROCEDURES

hantoms

Two-compartment phantoms consisted of an outer cylin
al NMR tube, 18 mm in inner diameter and filled with a 3
olution to 18 mm height, and a coaxial inner tube, 9 mm
nner diameter and filled with a 1-ml solution to 16 mm heig
he first phantom contained an aqueous solution of 200mmol
f [3-15N2]arginine in the inner chamber and [15N2]urea (200
mol) in the outer chamber (ARG–UREA phantom). T
econd phantom contained [15Nindole]tryptophan (42mmol) in
he inner and [15N]acetylaspartate (38mmol) in the outer cham
er (TRP–NAA phantom). In addition, a one-compartm
n
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hantom (9-mm-i.d. NMR tube with a 2.2-ml solution volum
ontaining 495mmol of [5-15N]glutamine was used (GL
hantom). All phantoms were at pH 7.1 (intracellular pH of
rain), except for [3-15N2]arginine, which was at pH 3.6
inimize the rate of exchange of the15N-bound protons wit
ater proton (40). All 15N-labeled chemicals were from Ca
ridge Isotopes except for [15N]acetylaspartate, which w
ynthesized as described previously (25).

nimal Preparation

Male Wistar rats (220–240 g) were prepared for intraven
nfusion through the femoral vein as described previously41).

15NH4Ac (1 M solution at pH 7.4) was infused at a rate
.0 6 0.1 mmol/h/kg wt for 1.86 0.1 h on benchtop. Th
nesthetized, spontaneously breathing rat was then plac

he 1H–15N probe with the head in a specifically design
older to ensure immobility of the cranium, and infus
ontinued for an additional 5–6 h in the magnet for local
bservation of brain [5-15N]glutamine. At the end of thein vivo
xperiment, the rat was sacrificed and the brain frozen im
iately in liquid nitrogen for preparation of a perchloric a
xtract. The concentration of [5-15N]glutamine in the brain extra
as measured by direct15N NMR as described previously (42).

MR

Localized 1H–15N HMQC spectra were obtained on
ruker-GE CSI-II spectrometer, equipped with a 4.7-T Ox
agnet and a Bruker Acustar shielded gradient with a
iameter of 180 mm and a maximum gradient strength o
T/m. The probe, manufactured by Robert L. Domen

Magnetic Resonance Plus, Sacramento, CA) and mod
xtensively by James Tropp (GE Medical Systems, Frem
A), consisted of separate, orthogonal resonators for1H (ob-
erve) and15N (decouple) as described previously (9). The
robe was placed in the magnet with the1H (B1) field oriented
long thex axis and the15N field (B2) along the vertical (y)
xis, wherez is theB0 axis. The three-dimensional coordina
f the phantom and of rat brain were determined by imagin

he xy andyz planes by a spin-echo imaging sequence. O
ting conditions were a FOV of 90 mm, a TE of 30 ms, a
f 1 s, and a slice thickness of 3 mm (phantom) or 7
brain). Brain water was shimmed to a linewidth of 27–37
n a 20 mm (x) 3 16 mm (y) 3 10 mm (z) voxel by the
TEAM sequence. Operating conditions employed a TE o
s, a TM of 30 ms, and a TR of 4 s.
The pulse sequence for localized, selective observation1H

oupled to15N is shown in Fig. 1. Localization was perform
y the ISIS sequence of Ordidgeet al. (19). The selective

nversion pulses were three-lobe sinc pulses of 1.5 ms (in vivo)
r 1.75–1.9 ms (phantoms). A 0.5-ms delay (D1 in Fig. 1)
laced after the last slice select gradient to allow magnetic
tabilization before the1H excitation pulse. Coaddition
ignals from the volume of interest (VOI) and subtraction
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242 KANAMORI AND ROSS
ignals outside the VOI were performed by the eight-
ddition/subtraction scheme of Ordidgeet al. (19), with a
inor modification in the order of experiments, so that the

our experiments perform 2D localization in thexz (instead o
he xy) plane and the eight experiments perform 3D loca
ion. Unlocalized spectra were obtained by omitting the se
ive inversion pulses.

Selective observation of1H coupled to15N was performe
y the phase-cycled1H–15N HMQC sequence, supplemen
y jump–return water suppression, as described in detai
iously (9), with the following two minor modifications. Firs

two-step phase cycling of the first15N pulse and of th
eceiver was used, as shown by subscripts in Fig. 1. This
inimum number required for selective observation of pro

oupled to15N through zero- and double-quantum cohere
election and cancellation of other protons. All other pu
ad constant phase. Second, the1H transmitter frequency wa
et on resonance for water, to achieve water suppression
ump–return sequence while minimizing spatial displacem
rror for the 15N-labeled compounds of interest. Water s
ression is achieved when the second1H 90° pulse returns th
ater proton magnetization to thez axis. The magnetization
f 15N-coupled protons of interest are not affected by this p
ecause they undergo chemical shift evolution during D2 (
s for ARG, 0.23 ms for TRP, and 0.6 ms for GLN) and
ligned with thex axis when the second1H pulse is applied
perating conditions employed a1H 90° pulse of 20–28.5ms

phantoms) or 37–45ms (in vivo), as optimized for eac
hantom or animal, a15N 90° pulse of 400–450ms, a relax
tion delay (TR) of 1000 ms, 1K data points, and a spe
idth of 2000 Hz (GLN and ARG–UREA phantoms) or 26
z (TRP–NAA phantom), with acquisition times of 256 or 1

FIG. 1. The pulse sequence for ISIS–HMQC, supplemented by ju
eturn water suppression, for localized selective observation of15N-coupled
rotons by zero- and double-quantum filter. The frequency selective puls

SIS were three-lobe sinc pulses of 1.5 ms (in vivo) or 1.75–1.9 ms (phantoms
ater suppression was achieved by the1H 90°x–D2–1H 90°2x sequence. Th

H and 15N pulses in the HMQC sequence were hard pulses of 20–45
00–450ms, respectively. The phase of each pulse is shown in subscrip
as constant if a single phase is shown. For the first15N pulse and the receive

wo phases are shown, reflecting the two-step phase cycling perform
elect15N-coupled protons. D1 and D3 were 0.5 ms and 20ms, respectively
nd TR was 1 s. The values of D2 and 1/2J for each experiment are gi

he text.
p

t

-
c-

e-
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s, respectively. The preparation time (1/2J) was 5.56 m
LN (phantom andin vivo) and for the ARG–UREA phantom
nd 5.25 ms for the TRP–NAA phantom, and D3 was 20ms.

1H chemical shifts are reported in parts per million from
ethyl resonance of 2,2-dimethylsilapentane-5-sulfonic

DSS). The15N pulse was on resonance for [5-15N]glutamine
2271 ppm from nitromethane, where the negative sign
ates upfield shift) for the GLN phantom andin vivo. For the
wo-compartment phantoms, the15N pulse was centered b
ween the resonance frequencies of the respective pha
airs (2306 ppm for [15N2]urea, 2311 ppm for

3-15N2]arginine; 2251 ppm for [15N]acetylaspartate, an
253 ppm for [15Nindole]tryptophan).15N decoupling was pe

ormed in the CW mode with a decoupler power (nom
utput) of 40–50 W applied during the acquisition time.
For acquisition by ISIS–HMQC,n scans (typically 16 fo

hantoms and 176in vivo) of HMQC acquisitions were pe
ormed per ISIS experiment and stored as FID. After one c
f the eight ISIS experiments was completed, the process
epeatedN times (typically 1–4) for signal averaging. Th
esulted in 83 N stored FIDs, each consisting ofn scans
hese FIDs were sequentially added or subtracted accord

FIG. 2. 1H–15N HMQC spectra of a two-compartment phantom (yz plane
hown in the inset) containing [15N2]urea in the outer and [3-15N2]arginine
structure in the inset) in the inner chamber, obtained (A) without localiza
B) from a 73 7 3 7-mm voxel (dashed line) and (C) a 53 5 3 5-mm voxel
dotted line) of the inner chamber.
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243LOCALIZED DETECTION OF 15N-COUPLED PROTONSIN VIVO
he scheme of Ordidgeet al.with the minor modification in th
rder of experiments described above. The resulting single
ontained signals from the15N-coupled protons in the select
OI. Reported linewidths were measured without the app

ion of an exponential filter.

ignal Recovery

Signal recovery in a localized spectrum was defined
A loc/( Aunloc 3 v/V)] 3 100%,whereA loc is the peak area o
n 15N-coupled proton observed from a voxel of volumev, and
unloc is the peak area from the total volumeV observed in th
nlocalized spectrum. Hence the termAunloc 3 v/V represent

he peak area expected from the VOI if the selective inver
ulses for localization were 100% efficient.

RESULTS

n Vitro Studies

Figure 2A shows an unlocalized15N-coupled1H-15N HMQC
pectrum of the two-compartment phantom contai
3-15N2]arginine (see inset for structure) in the inner
15N2]urea in the outer compartment. The chemical shifts o

15N-coupled resonances at 200 MHz and the coupling cons
re listed in Table 1. The signals of arginine protons tha
ot coupled to15N (see, e.g., Roberts and Jardetzky (43) for
hemical shifts) are suppressed, as is the water peak

15N-bound arginine proton peaks are broad (v1/2 of 31 Hz;
able 1) because the rotation of the15N–H groups around th
–N bonds, which have partial double-bond character, is

apid enough at 20°C to completely average the chem
nvironments of the four15N-bound protons (44, 45). Line
roadening is not caused by chemical exchange of these

ons with water protons because the rate of exchange is

TAB
1H Chemical Shifts, Coupling Constants, and Linewidths

Compound

1H chemical shift (ppm from DSS

15N-coupled 15N-decoup

3-15N2]Arginine 6.36
6.83

15N2]Urea 5.57
6.02

15Nindole]Tryptophan 9.90 10.15
10.40

15N]Acetylaspartate, amide 7.78 8.01
8.24

acetyl 1.97
5-15N]Glutamine HZ 6.67 6.9

7.11
HE 7.39 7.6

7.83

a 3JNH–Ha
ID

-

s

n

g

e
ts

re

he

ot
al

ro-
ry

low at pH 3.6 (40). Figure 2B shows a localized spectr
btained from a 73 7 3 7-mm voxel of the inner chamber (t
oxel shown by the dashed line in the inset). While
15N]arginine protons are clearly observed, the urea peak
s reduced to 0.2% of that in Fig. 2A. In a spectrum obta
rom a 163 7 3 7-mm voxel which closely approximates t
imension of the inner chamber along thex axis as well, the
rea peak area was also very small, 1.4% of that in Fig
spectrum not shown). The spatial displacement error
3-15N2]arginine protons, calculated from the chemical s
nd the gradient strength, was 12%. In the spectrum obt

rom a 5 3 5 3 5-mm voxel (Fig. 2C; voxel shown by th
otted line), the urea peak is barely detectable. The re
how that the ISIS–HMQC sequence is effective for sele
bservation of15N-coupled protons from VOI.
To test the applicability of the method to brain metabo

t lower concentrations, spectra were obtained from a
ompartment phantom containing [15Nindole]tryptophan (a pre
ursor of the neurotransmitter serotonin) in the inner cham
nd [15N]acetylaspartate (a neuronal marker metabolite) in
uter chamber. In the unlocalized15N-coupled spectrum (Fig
A), the 15N-bound proton of tryptophan is a doublet w

1J 15N–1H of 98 Hz (Table 1). The amide proton of [15N]-
cetylaspartate is a doublet with1J 15N–1H of 92 Hz, and eac
oublet component shows a small splitting due to3JNH–Ha of
.9 Hz (25). The signal for the methyl protons of [15N]-
cetylaspartate at 1.97 ppm is also observed, indicating

he protons are coupled to15N, as is consistent wit
he reported3JCH3–15N of 1.2 Hz for the structurally simila
cetylalanineN-methylamide (46). With 15N decoupling
Fig. 3B), the 15N-bound indole proton of tryptophan is
inglet. The 15N-decoupled amide proton of [15N]acetyl-
spartate shows, as expected, the small three-bond cou

1
15N-Bound Protons of Phantom Compounds at 200 MHz

1J 15N–1H (Hz)

Linewidth (Hz)

15N-coupled 15N-decoupled

92 31

90 11

98 17 17–20

92 18 30
(7.9)a

90 96 1 16–20

90 186 4 27
LE
of

)

led
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244 KANAMORI AND ROSS
ith the a-proton. Figure 3C shows a localized15N-coupled
pectrum from the 53 5 3 5-mm voxel of the inne
hamber. Only the15N-bound proton doublets of tryptoph
re observed. Figure 3D shows a15N-decoupled spectru
btained from the same VOI containing 5.2mmol of [15Nin-

ole]tryptophan, acquired in 26 min. Figure 3E show
orresponding spectrum from a 43 4 3 4-mm VOI con-
aining 2.6 mmol acquired in 41 min. The results sugg
hat localized selective observation of15N-coupled proton
t metabolite quantities of 2–5mmol is feasible in 20 – 4
in of acquisition.
Figure 4A shows a15N-decoupled spectrum from a 53 5 3

-mm voxel of the [5-15N]glutamine phantom. The two ami
rotons, HZ and HE (see Figure inset), have chemical shifts
.9 and 7.6 ppm, respectively (9). The second amide proton HE

as a much lower signal intensity than Hin vitro at pH 7.1 and

FIG. 3. 1H–15N HMQC spectra of a two-compartment phantom contai
2 mmol of [15Nindole]tryptophan (TRP) in the inner and 38mmol of [15N]ac-
tylaspartate (NAA) in the outer chamber. An unlocalized spectrum with15N
oupling (A) shows selective observation of15N-coupled protons of bot
ompounds; (B) the same obtained with15N decoupling. Localized spect
ere obtained from a 53 5 3 5-mm voxel of the inner chamber containing
mol of [15N]TRP without (C) and with (D)15N decoupling in 26 min or (E

rom a 43 4 3 4-mm voxel (2.6mmol) in 41 min.
Z

t

f

FIG. 4. 1H–15N HMQC spectra of [5-15N]glutamine in a phantom and
at brainin vivo. (A) A localized spectrum from a 53 5 3 5-mm voxel of a
5-15N]glutamine phantom obtained with15N decoupling. The two amid
rotons HZ and HE (see inset for structure) are chemically nonequivalent
n in vivo 3D-localized HMQC spectrum obtained from the brain o
pontaneously breathing15NH4

1-infused rat in 30 min. (C) An unlocalizedin
ivo spectrum acquired in 4 min. Exponential line broadening of 10 Hz
pplied to (B) and (C). The slight offset between the water peak in the pha
A) and the tallest residual water peak in the 3D-localizedin vivospectrum (B
rises from the fact that the1H carrier frequency was placed on shimm
hantom water (A) or brain water (B and C), and the residual water peak
rose mainly from water in noncerebral tissues whereB0 was inhomogeneou
he chemical shift of [5-15N]glutamine HZ from the carrier frequency (an
ence from brain water) in thein vivo spectra was 4216 4 Hz, which was
irtually identical with that in the phantom, thus confirming the assignme
his peak.
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245LOCALIZED DETECTION OF 15N-COUPLED PROTONSIN VIVO
0°C because (a) it exchanges at a faster rate with w
rotons than HZ, resulting in a broader linewidth (Table 1), a
b) the acquisition condition, specifically the chemical s
volution time, D2, is optimized for the observation of HZ and
ot HE.

n Vivo Study

Figure 4B shows a 3D-localizedin vivo spectrum obtaine
rom a 263 193 14-mm voxel of the brain of a spontaneou
reathing15NH4

1-infused rat acquired in 30 min by the ISI
MQC sequence with15N decoupling. The corresponding u

ocalizedin vivo spectrum, acquired in 4 min, is shown in F
C. The voxel location is shown on the1H images of rat brai

n Fig. 5 (top, transversexy image;bottom,coronalyz image).
he dimension of the brain was 23 mm (x) 3 17 mm (y) 3
1 mm (z) and the voxel circumscribes the brain and
urrounding skull, which has an average thickness of 1.5
n either side. The voxel was chosen to approximate
imension of the brain for estimation of signal recovery
iscussion). Noncerebral soft tissues were largely excl
xcept for the very small fraction which could not be eli
ated due to the oval shape of the brain. In thein vivo spectra
f Figs. 4B and C, the peaks in the 4.76 0.6 ppm region
epresent residual water. Protons of brain metabolites tha
ot coupled to15N, such as the C-bound protons upfield
ater, are suppressed by the phase-cycled HMQC sequen

he region downfield of water, the prominent peak at 6.9
an be assigned to the amide proton HZ of brain [5-15N]glu-
amine, by comparison with thein vitro spectrum in Fig. 4A
he linewidth of the HZ peak was 386 1 Hz (n 5 2) in the
D localized spectra and 406 3 HZ (n 5 5) in the unlocalize
pectra. At the physiological temperature of 37°C, the se
mide peak HE exchanges with water at a rate faster than
t 20°C, resulting in a broader linewidth (17, 25). Accordingly,
E is not observed in thein vivo spectra of Figs. 4B and C
rain [5-15N]glutamine concentration in thein vivo spectrum

Fig. 4B), taken after 5.5 h of15NH4Ac infusion, was estimate
o be approximately 9.2mmol/g. This was determined from (
he observed 30% increase in the peak area of the amide p

Z in the unlocalizedin vivo spectra betweent 5 5.3 h and
5 7.3 h (just before sacrifice) and (b) brain [5-15N]glutamine
oncentration of 11.9mmol/g measured in the extract af
acrifice. Spatial displacement error, calculated from the c
cal shift and the gradient strengths (6.4 mT/m along thez axis;
7% higher than in phantoms) was less than 8%.
The peaks at 5.6 and 6.0 ppm in the localized spectrum

B) arise from protons of [15N]urea which is present in th
rain of the15NH4-infused rat (42). The urea proton signals a
ot 15N decoupled because the15N frequency of urea (35 pp
pfield of [5-15N]glutamine) lies outside the CW decoupli
andwidth under the experimental conditions, which have
ptimized for [5-15N]glutamine observation, as has been d
nstrated in vitro previously (9). It is to be noted tha
ter

t

m
e
e
d

re
f
. In

d
t

ton

-

ig.

en
-

15N2]urea has two equivalent protons per15N and four equiv
lent protons per molecule, compared to one amide protoZ
er [5-15N]glutamine molecule. Hence, the ratio of the pro
eak areas of [15N2]urea to that of [5-15N]glutamine in thein
ivo 1H spectrum is expected to be much higher than
ctual concentration ratio in the brain. In the unlocalized1H
pectrum (Fig. 4C) acquired in 4 min, the urea proton peak
ut of phase and broadened becauseB0 was considerably les
omogeneous in noncerebral tissues containing [15N2]urea;
iz., the circulating blood and muscle within the probe (v1/2 for
hole-volume water was 140 Hz compared to 27–37 Hz
rain water). By contrast, in direct unlocalizedin vivo 15N
MR spectra of15NH4-infused rat, [15N]urea in the tissue
ithin the head probe was observed despite similarB0 inho-
ogeneity over noncerebral tissues, because withg15N/g1H of
.1, B0 inhomogeneity causes much less line broadenin
ertz) of 15N than of 1H signal. Brain [15N]urea was no
etected in the 3D-localized15N spectrum because [15N]urea
as one15N per two1H (47). The significance of the presentin
ivo result is that the amide proton of brain [5-15N]glutamine,
or which the acquisition conditions were optimized, was
ectively observed with cancellation of all protons not coup
o 15N.

ignal Recovery

To estimate signal loss in the localization process, si
ecovery, as defined under Experimental Procedures, was
ured for the [3-15N2]arginine and [5-15N]glutamine phantom
nd for brain [5-15N]glutaminein vivo.For a two-compartmen
hantom, it has been suggested that signal recovery can
ccurately be measured for a voxel that approximates
imension of the (inner) chamber containing the test c
ound, because the slice-selective sinc inversion pulse
ormally truncated, resulting in frequency profiles with s

obes that extend beyond the nominal bandwidth (48). In our
tudy, the inner chamber was a cylinder of length 16 mmx)
nd an i.d. of 9 mm (o.d. of 10 mm) in theyz plane. Hence,
ectangular voxel of 16 (x) 3 7 (y) 3 7 (z) mm was chosen
he edges of the voxel in theyz plane just touch the out
urface of the inner chamber, as shown by the dashed li
ig. 2. This corresponds to a two-dimensional version of
ptimum fit of a cubic voxel to a spherical sample, as descr
y Ernstet al. (49). The signal recovery for [3-15N2]arginine
rotons in this voxel was 72% (Table 2). The signal reco
as 82% for a 93 9 3 9 mm voxel; in theyzplane, this voxe
ircumscribes the inner chamber, which has an i.d. of 9
he results suggest that signal recovery in a VOI which
roximates the dimensions of the inner chamber is 72–8
ence, the efficiency of sinc inversion pulses along each o

hree axes was about 90%in vitro. Signal recovery from
maller voxels was similar (Table 2). For [5-15N]glutamine,
ignal recovery was also measured after increasing the
tion delay from 1 s, a condition which optimizes theS/N ratio
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er unit time of the amide proton HZ (9), to 19 s, which allow
omplete relaxation of water protons. The signal recovery
9% for both delays.In vivo, the signal recovery was 596 4%
the mean6 sem for three rats) for brain [5-15N]glutamine
mide proton HZ in the 3D-localized spectrum, compared

hat in the unlocalized spectrum.

FIG. 5. Proton images of rat brain.Top: a transverse image withx along
he horizontal andz along the vertical axis. The voxel for 3D ISIS, shown
verage thickness of 1.5 mm.
s
DISCUSSION

Our results show that brain [5-15N]glutamine amide proto
Z can be selectively observed, with cancellation of all pro
ot coupled to15N (except water), in a 3D-localized spectr

rom a spontaneously breathing anesthetized rat, using a

horizontal andy along the vertical axis.Bottom:a coronal image withy along
the dotted line, circumscribes the brain and the surrounding skull, whi
the
by
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me probe with homogeneous1H and 15N fields, and a puls
equence that combines ISIS with phase-cycled1H–15N
MQC. The result demonstrates that breathing motion
ot interfere with localized selective observation based
ombination of two subtraction methods, ISIS and ph
ycled HMQC. The result is encouraging because suscep
ty to motion, resulting in imperfect cancellation of unwan
eaks and coaddition of desired signals, has been conside
e a major drawback of subtraction techniques (5, 38). In a
ormal 1H spectrum of cat brain obtained with a water s
ression scheme that optimizes the detection of exchang
rotons, Moriet al. (26) showed that the largest peaks dow
eld of water occur at 7.8–8.3 ppm (NAA1 nucleosides an
roteins). The complete absence of peaks in this region i
D-localizedin vivo spectrum (Fig. 4B) strongly suggests t
ancellation of non-15N-coupled protons in the low field regio
as complete. The signal recovery in the 3D-localized sp
f 72–82% in phantoms and 596 4% in vivo (Table 2) show

hat ISIS with sinc inversion pulses is an efficient localiza
echnique at1H frequency. The volume probe used in
resent study has the advantages of (a) homogeneous1H and

15N fields which ensure optimal zero- and double-quan
xcitation with conventional (rectangular)15N pulses and (b
ell-defined VOI. Whether better sensitivity can be achie
hen a volume probe for transmission is combined with
ctively gated surface coil for reception is a question for fu

nvestigation.
Water suppression in thein vivo spectrum is adequate a

hows that the jump–return sequence can be combined
SIS for water-suppressed observation of exchangeable pr
rom VOI in vivo. However, the following caveat is wor
oting. The jump–return sequence is preceded by sele

nversion pulses, and the number of inversion pulses in ea
he eight ISIS experiments is 0, 1, 2, or 3. Water magnetiz
n the slices that underwent zero or two inversion pulse

TABLE 2
Signal Recovery in Localization for 15N-Coupled Protons

in Phantoms and in Vivo

VOI (mm)

Signal recoverya

Phantom
In vivo

x y z ARG proton GLN amide HZ

Brain [5-15N]GLN
amide HZ

26 19 14 596 4 (3)
16 7 7 72
9 9 9 826 1.6 (2)
7 7 7 766 2 (3)
5 5 5 776 0.4 (3) 696 1.5 (3)

a Signal recovery, as defined under Experimental Procedures, is sho
he mean6 sem for the number of determinations (phantoms) or animain
ivo) given in parentheses.
es
a

e-
il-
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n
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eturned to the1z axis by the second1H pulse (Fig. 1). Thi
agnetization remains unperturbed during the subse
MQC sequence. However, water magnetization in the s

hat were subjected to one or three inversion pulses, is fli
o the 2z axis by the second1H pulse, and undergoesT1

elaxation. If TR is short relative to theT1 of water, partia
aturation may occur and be transferred to [5-15N]glutamine
mide proton if its exchange rate is fast relative to itsT1. To
xamine this possibility, signal recovery for [5-15N]glutamine
Z was measured with a TR of 19 s, which allows comp

elaxation of water, for comparison with that measured w
R of 1 s. The signal recovery was virtually the same (69
he result strongly suggests that attenuation of this a
roton signal does not occur under our experimental cond
pH 7.1, 20°C) because (a) exchange is very slow and/or (
ur sequence, the water magnetization that does not retu
quilibrium with a TR of 1 s represents only one-half of t

otal water population that supplies exchanging protons. W
uppression by our sequence in rat brain is comparable t
chieved by the OVS–PRESS–WATERGATE sequence
onselective observation of exchangeable protons in cat
26). Excellent water suppression has been demonstrated
radient-enhanced1H–15N double-quantum filterin vitro (39),
ut this method, with half the intrinsic sensitivity of the pha
ycled method, has not been used for selective observat

15N-coupled protonsin vivo.
For selective observation of1H coupled to13C, too, ISIS

ombined with the proton-observed13C-edited spin-ech
ethod, which is also a combination of two subtraction m
ds, has been among the most successful in studies of
olic flux in animal and human brainin vivo (1–3, 10–14).
aken together, the results strongly suggest that for loca
elective observation of protons coupled to15N or 13C, which
re often present at low concentrationsin vivo,a localization o
diting method based on an addition/subtraction scheme is
orth attempting if it predicts the highest sensitivity for

sotopically enriched metabolite of interest. The present s
hows that susceptibility to motion, often considered to
ajor drawback of ISIS and phase-cycled HMQC, can
vercome even for spontaneously breathing animals.
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