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Localized In Vivo 'H NMR Detection of Neurotransmitter
Labeling in Rat Brain During Infusion of [1-13C] D-Glucose

Josef Pfeuffer, lvan Tkac, In-Young Choi, Hellmut Merkle, Kamil Ugurbil,

Michael Garwood, and Rolf Gruetter*

Resolved localized nuclear magnetic resonance (NMR) signals

of H bound to 13C label in the carbon positions of glutamate C4,
C3 and glutamine C4, C3, as well as in aspartate C3, lactate C3,
alanine C3, +y-aminobutyric acid C3, and glucose C1 were
simultaneously observed in spectra obtained from rat brain in
vivo. Time-resolved label incorporation was measured with a
new adiabatic carbon editing and decoupling (ACED) single-
voxel stimulated echo acquistion mode (STEAM) sequence.
Adiabatic carbon broadband decoupling of 12 kHz bandwidth
was achieved in vivo, which decoupled the entire 13C spectrum
at 9.4 T. Resonances from N-acetyl-aspartate and creatine were
also detected, consistent with natural-abundance 13C levels.
These results emphasize the potential of  *H NMR for following
complex biochemical pathways in  localized areas of resting rat
brain as well as during focal activation using infusions of
13C-labeled glucose. Magn Reson Med 41:1077-1083, 1999.
© 1999 Wiley-Liss, Inc.
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In vivo 13C NMR spectroscopy with localization is emerg-
ing as an important tool for studying intermediary metabo-
lism non-invasively in the brain. The high dispersion of
the chemical shift and high spectral resolution make 13C
NMR a powerful method for studying neurochemistry
(1,2). In brain, 13C NMR has been used for studying Krebs
cycle flux and carbon cycling between neurons and glia
(3,4). In animals in vivo, the measurement of 13C label has
been performed mostly unlocalized, detecting signal from
whole brain (4-7), whereas *C NMR combined with
localization is becoming a routine approach in human
brain (3,8,9). Localization methods for time-resolved, indi-
rect *H-detection of 3C label have often been used for
observing C4 glutamate, e.g., refs. 10-12, as well as label
accumulation in other molecules and positions (13-16).
Proton-detection of 13C label is most often performed in
conjunction with three-dimensional localization by invert-
ing the carbon-coupled proton magnetization on alternate
scans and using difference editing (11,12,17), or by using
heteronuclear single- or multiple-quantum editing tech-
niques (13,14,16,18). In this report, a modification of the
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stimulated echo acquisition mode (STEAM) localization
for the purpose of performing adiabatic carbon editing and
decoupling (ACED) is proposed using adiabatic pulses
requiring low peak radiofrequency (RF) power.

One major drawback of *H-detected 3C labeling in vivo
has been the difficulty of detecting 13C label in cerebral
glutamine. Observation of label incorporation into gluta-
mine is a direct manifestation of glial metabolism and may
reflect glutamatergic action due to the known mechanism
of glial uptake of neuronal glutamate, e.g., refs. 4,9, 19, and
20 and references therein. The purpose of this study was to
investigate whether the labeling of glutamine and other
metabolites can be observed in the 'H spectrum simulta-
neously with that of glutamate, provided sufficient spectral
resolution is present. This objective was achieved using
very high magnetic fields combined with higher order
shimming methods, i.e. FASTMAP (21). The demonstrated
sensitivity is expected to permit direct localized measure-
ments of many neurochemical reactions in resting rat brain
as well as during focal activation.

MATERIALS AND METHODS

Three male Sprague-Dawley rats (230—280 g) were anesthe-
tized with 2% isoflurane in 60%/40% O,/N,O and venti-
lated at physiological conditions. Oxygen saturation, main-
tained above 95%, was continuously monitored with an
infrared sensor clipped to the tail (Nonin Medical, Minne-
apolis, MN). A rectal thermosensor (Cole-Parmer, Vernon
Hills, IL) was used to verify that the body temperature was
at 310 K, which was maintained by placing the rats on a
heated water blanket. A femoral venous line was used for
infusion of [1-13C] D-glucose (Isotec, Miamisburg, OH),
prepared as 70% enriched, 20% weight/vol solution. In all
studies, a bolus of 200 mg glucose was given in the first 5
min, followed by a constant-rate glucose infusion of 16
mg/min, which typically led to modestly elevated plasma
glucose concentrations on the order of 16 mM, similar to
previous animal studies (15).

The experiments were performed with a Varian INOVA
spectrometer (Varian, Palo Alto, CA) interfaced to a 31 cm
horizontal bore, 9.4 T magnet (Magnex, Abingdon, UK),
which was equipped with an 11 cm actively shielded
gradient insert capable of switching 300 mT/m in 500 psec
(Magnex). A quadrature 400 MHz H surface RF coil,
combined with a linearly polarized, three-turn 100 MHz
13C coil with a diameter of 12 mm, was used for transmit
and receive, built according to a previously described
design (22). The processing software, written with PV-

1077



1078

WAVE (Visual Numerics, Boulder, CO), allowed automated
frequency, phase correction, and peak integration of the
metabolite spectra.

To minimize effects of *H-'H coupling on signal inten-
sity, the localization method was based on a STEAM
sequence that is capable of operating at a TE of 1 msec,
combined with VAPOR water suppression and interleaved
outer volume suppression, as described elsewhere (23).
Briefly, asymmetric amplitude-modulated pulses of 500
psec duration were used for slice selection that generated a
900 pulse with a 13.5 kHz bandwidth at a yB,/2w of 3.3
kHz. The seven pulses of the variable pulse power and
optimized relaxation delay (VAPOR) water suppression
scheme (25 msec duration) did not affect the M, magnetiza-
tion by more than 5% outside a region of =150 Hz (+0.38
ppm) from the water resonance. Outer-volume suppression
was performed using six hyperbolic secant pulses of 1.2
msec duration (18.5 kHz bandwidth) for each spatial
dimension with different RF power settings.

Shimming of all first- and second-order shim coils was
done with FASTMAP (21,24), typically resulting in a
12-14 Hz linewidth of the water resonanceina7 X 2.8 X 7
mm?3 voxel (137 wl), which was located on the midline 2
mm posterior to bregma and 3 mm ventral. The correspond-
ing linewidth of the metabolite singlet resonances was
between 8 and 10 Hz (0.025 ppm).

The localized ACED-STEAM sequence is illustrated in
Fig. 1. Coherence pathways generated by the sequence can
be analyzed by product-operator formalism, when neglect-
ing homonuclear Jyy evolution and chemical shift evolu-
tion during the TE/2 period, which was set to the shortest
duration that edits the full 3C magnetization, namely,
1/2])cH (<4 msec). After the first slice-selective 1H RF pulse
and the first TE/2 delay, the 3C (S)-coupled H coherences
(1) evolve into an I,,S, coherence just before the second,
slice-selective H RF pulse is applied, converting half of
the dephased coherence into an 1,S, state that does not
further evolve during TM due to chemical shift or weak ]
coupling. Coherence selection in the STEAM sequence
dictates that the I;S, coherences are not refocused, analo-
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FIG. 1. ACED with single-voxel STEAM localization. TE was set to
1/Jch, and a 15 msec broadband adiabatic HS8 inversion pulse (25)
was applied during TM at 8;3c = 35 ppm. Toggling the power of the
AFP pulse on and off generated —I,S, and +1,S, spin states,
respectively. Adiabatic 13C broadband decoupling using an HS8
pulse with a five-step phase cycle and MLEV-4 (27) was applied
during acquisition, resulting in a 12 kHz decoupling bandwidth.
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gous to the I, coherences (*H) not coupled to 3C. A 15 msec
long adiabatic full passage (AFP) pulse of the HS8 type (25)
with a 12 kHz bandwidth for 99% inversion efficiency was
applied during TM on the carbon channel. Switching this
carbon inversion pulse on and off alternately resulted in
1,S, and +1,S,, respectively.

The third, slice-selective 'H pulse converts the =I,S,
state into, e.g., =I,S,, which is detectable as *I, after the
second TE/2 period, resulting in two spectra that are
recorded separately, denoted S,, and S, respectively. The
relationship S,, = Sy holds for protons that are not
coupled to 13C (l,), and Sy, = -So for the 13C-coupled
protons (-ly). Subtraction (Sef - Son) filters the signal from
protons bound to 13C. Inherently, the 13C-decoupled spec-
trum obtained in the absence of the editing pulse, Sy,
contains the total 'H signals bound to 2C and 3C. The
theoretical signal dependence with respect to Jcy was
determined from the product-operator analysis (not shown)
to be proportional to cos(wTE/Jcy). Optimal sensitivity for
the editing process with respect to TE is therefore achieved
when TE = 1/Jcy. We used the TE appropriate for Joy ~ 127
Hz of aspartate (Asp), creatine (Cr), glutamine (GIn), gluta-
mate (Glu), lactate (Lac), and N-acetyl-aspartate (NAA) or
for Joy ~ 167 Hz of glucose (Glc), respectively. Using a
32-step phase cycling scheme and a TR of 4 sec resulted in
a temporal resolution of approximately 5 min. From line-
broadened phantom spectra acquired with the same experi-
mental conditions as in vivo, homonuclear coupling due to
Jun reduced the intensity of the strongly coupled spins
systems of glutamate and glutamine by at most 5% (not
shown). At longer echo times, such as a TE of 20 msec,
substantial reduction in signal intensity has been reported
(23).

Adiabatic decoupling in the carbon channel was applied
during the entire acquisition time of 400 msec. Two
different AFP pulses were used: a 1.8 msec long tanh/tan
pulse with R = 54 (26) and a 1.5 msec long HS8 with R = 20
(25). In both decoupling patterns, a five-step phase cycle
combined with MLEV-4 was used, as described previously
(27). With the tanh/tan shape, a 13C decoupling bandwidth
of 4 kHz (corresponding to 40 ppm at 9.4 T) was achieved.
With the HS8 pulse, the decoupling bandwidth was 12 kHz
(corresponding to 120 ppm). The peak decoupler yB,/2mw
was approximately 1 kHz, and peak decoupling power was
below 2 W. No heating effects were observed in phantoms.

Phantom studies were performed on 5 M natural-
abundance acetate and [1-13C] D-glucose. The performance
of the 13C-editing/inversion pulse applied during TM was
verified to produce a 99% inversion of 13C satellites over
more than 12 kHz, resulting in a 120 ppm editing band-
width (not shown).

RESULTS

A carbon-edited spectrum of the rat brain in vivo obtained
during 200 min of 13C-labeled glucose infusion is shown in
Fig. 2a. Adiabatic carbon decoupling using the tanh/tan
pulse was applied at 35 ppm in the 13C channel (813c =
35ppm). In the 3C-edited *H spectrum, only protons bound
to 13C in different metabolites were thus observed. The two
interleaved recorded spectra, Sy, and Sy, Were subtracted
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FIG. 2. 13C-edited and broadband-decoupled ACED-STEAM spectrum obtained with the sequence in Fig. 1 from a 137 pl volume in rat brain
in vivo during infusion of [1-13C] glucose (TE 7.9 msec, TM 20 msec, TR 4 sec). a: 13C-edited 'H spectrum obtained by subtracting spectra
acquired with the inversion pulse of ACED-STEAM on and off, respectively (S - Son, 2560 transients). Only signals from protons bound to 13C
are detected. Peak assignments were based on resonance position, line width, and relative intensity, being consistent with total concentration
and fractional enrichment of glutamate. The inset illustrates the ability to distinguish 13C label between glutamate C3 and glutamine C3 by
comparing the in vivo spectrum (solid line) to line-broadened solution spectra of Glu, GIn, and NAA (thin lines). The spectrum was processed
with 5.3 Hz Gaussian linebroadening. b: The reference 'H spectrum gained from the same data set as in a, averaging only the scans when the
editing pulse was off (Sqf, 1280 transients). No apodization was applied (fast Fourier transform only). The normalized vertical scale in a is
30-fold expanded compared with b. No baseline correction was applied.
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and yielded the *H-13C resonances, edited for Joy = 127 Hz
(Fig. 2a, 2560 excitations). The non-edited 'H spectrum
(Sof) In Fig. 2b (1280 excitations) is equivalent to a
standard 'H spectrum acquired in the absence of 13C label
in the infusate. For comparison, the vertical scale was
normalized by the number of transients and increased by a
factor of 30 in Fig. 2a. The peak labels of the *H-detected
carbon positions were abbreviated, e.g., Glu C4 represents
all glutamate isotopomers containing a 13C at position C4.
Chemical shifts were referenced to NAA at 2.009 ppm.

In addition to the dominant proton C4 resonance of
glutamate (Glu) at 2.34 ppm, a resolved peak from the C4 of
glutamine (GIn) was observed at 2.44 ppm in the spectrum
shown in Fig. 2a, which was obtained after subtracting Sy,
from S.s. Other 13C-edited H resonances from less concen-
trated metabolites were observed for protons coupled to
the C3 of lactate (Lac) at 1.32 ppm and C3 of alanine (Ala) at
1.47 ppm. The relative intensities of Ala and Lac observed
in the edited spectrum (Fig. 2b) are approximately propor-
tional to the relative signals in Sy (Fig. 2a). Protons
coupled to the C3 of aspartate (Asp) at 2.80 and 2.65 ppm
were also clearly detected, whereas the linewidth of the
peak at 3.90 ppm in Fig. 2b was much narrower than
expected for aspartate from line-broadened solution spec-
tra (not shown), suggesting signal contributions from natu-
ral-abundance creatine and phosphocreatine (Cry; = Cr +
PCr). Likewise, the linewidth of the peak at 3.02 ppm (Fig.
2b) was much narrower than expected for the C4 of
y-aminobutyric acid (GABA), and the intensity was consis-
tent with a significant contribution from natural-abun-
dance creatine plus phosphocreatine at 3.02 ppm. GABA
C3, however, was observed as a resolved peak at 1.89 ppm
in the 13C—edited spectrum. An upfield shoulder was
observed at the C4 glutamate resonance consistent with
label being incorporated into the C2 of GABA at 2.30 ppm.
Two peaks were observed at 3.41 and at 3.24 ppm, tenta-
tively consistent with natural-abundance taurine (Tau)
resonances.

Furthermore, the inset in Fig. 2a shows the spectral
region corresponding to the C3 resonances of glutamate
and glutamine. The measured spectral pattern (solid line)
was inconsistent with either glutamate, glutamine or NAA
alone, but could be explained as a superposition of all three
resonances. The different spectral pattern of C3 glutamine
and C3 glutamate implies that these resonances can be
separated in our setting using peak deconvolution meth-
ods.

To verify the 13C broadband decoupling performance in
vivo, edited spectra were recorded interleaved with and
without HS8 decoupling applied at 8;3c = 35 ppm. As
shown in Fig. 3a, the [1-13C] a-D-glucose (8:4 = 5.23 ppm,
d13c = 93 ppm) and the lactate methyl (8,4 = 1.32 ppm,
d13c = 21 ppm) were simultaneously decoupled. The peak
area of the decoupled glucose peak was at least 70% of that
of the corresponding doublet peaks (dashed lines) in the
coupled spectrum (Fig. 3b), reflecting some signal loss into
cycling sidebands. Considering that the [1-13C] glucose
resonance is near the edge of the decoupling bandwidth
since the decoupling frequency was applied at 35 ppm,
this performance is still impressive and implies a decou-
pling bandwidth in vivo of approximately 12 kHz. Note the
detection of the coupled lactate doublet despite a low
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FIG. 3. Adiabatic carbon-edited *H NMR spectrum (ACED-STEAM)
in rat brain demonstrating the feasibility of adiabatic broadband
decoupling in vivo, (a) acquired with the HS8 decoupling scheme and
(b) acquired without decoupling. (TE 6 msec, TM 20 msec, TR 4 sec).
The 13C decoupler frequency was at 8;3c = 35 ppm. Note that Jcy for
glucose C1 is distinctly larger than that for most other peaks. The
dotted lines indicate the Jcy couplings. To minimize effects due to
small frequency drifts, a and b were acquired in an interleaved
fashion at t = 190-220 min from the same animal used for Fig. 4.
Spectra were processed with 6.4 Hz Gaussian linebroadening. No
baseline correction was applied.

cerebral lactate concentration in resting normal rat brain
(Fig. 2b).

To demonstrate the ability of ACED-STEAM to measure
time-resolved incorporation of label into different pools,
spectra summed over 15 min are shown in Fig. 4 (192
excitations). The turnover of 13C label in rat brain in vivo
was followed during infusion of [1-13C] glucose. Note that
label accumulation in metabolites with low concentration
such as lactate was observable.

The 13C label incorporation into the C4 of glutamate and
glutamine was assessed by integration of the correspond-
ing peaks in the edited *H spectra averaged over 5 min (Fig.
5a, 64 excitations). Spectra averaged over 15 min (Fig. 5b,
192 excitations) were integrated for the other peaks such as
glucose, lactate, aspartate, and GABA. The signal intensi-
ties in Fig. 5 were derived from Sy - So estimated at t >120
min relative to the total creatine methyl resonance Cry at
3.0 ppm integrated in Sy, assuming a concentration of
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FIG. 4. Carbon 13C turnover in rat brain in vivo during infusion of
[1-13C] glucose as detected by ACED-STEAM (TE 7.9 msec, TM 20
msec, TR 4 sec). The transients were averaged over 15 min (192
excitations) and are shown after 4.5 Hz Gaussian linebroadening. No
baseline correction was applied. The data are from the same animal
used for Fig. 2.

8.5umol/g and taking into account the number of protons
contributing to the respective resonances. 'H detection of
13C label of C4 of glutamate and glutamine yielded a
root-mean-square deviation estimated at 0.08 wmol/g (aver-
aged over 5 min) from the residuals of a linear regression
performed at t >120 min in Fig. 5. Likewise, for lactate,
aspartate, and GABA the root-mean-square deviation was
estimated to be on the order of 0.1 wmol/g wet weight
(averaged over 15 min).

DISCUSSION

The potentially higher sensitivity of *H NMR for detecting
13C label has been previously exploited for the 'H-detection
of label in glutamate C4 (11,12,28,29), in elevated lactate in
tumors (18,29,30), and in [1-13C] glucose during hypergly-
cemia (15). The present study demonstrates the ability of
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IH NMR to detect label in many additional metabolites,
such as glutamine, aspartate, GABA, and alanine. In addi-
tion, detection of label incorporation into resting lactate,
GABA, and alanine in normal rat brain is reported for the
first time. Although adiabatic decoupling was first applied
in vivo for *H-decoupled 3P MRS (31), this study demon-
strates the ability of adiabatic pulses to decouple effi-
ciently almost the entire 13C chemical shift range in vivo.
Time-resolved lactate labeling was readily detected in 15
min localized spectra (Fig. 3), despite a low resting lactate
concentration. The scatter due to noise was estimated to be
on the order of 0.1umol/g, suggesting adequate sensitivity
for measuring metabolic fluxes.

A STEAM sequence designed for echo times of 1 msec
(23) was used for localization, which allowed the shortest
possible editing time and thus minimized homonuclear
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FIG. 5. Temporal evolution of 13C-labeled metabolite concentrations
during infusion of [1-13C] glucose acquired from a different animal. a:
The time course of 13C incorporation into glutamate C4 (M) and
glutamine C4 (OJ) is shown over a 165 min period during which a
constant-rate infusion of 70% enriched glucose was applied. b: The
label incorporation into low-concentration metabolites (left scale) for
the lactate C3 (LJ), aspartate C3 (A), and y-aminobutyric acid C3 (<)
is shown. The fractional enrichment of brain glucose (@, right scale)
was calculated from the 13C glucose satellite intensity compared with
the total glucose signal at the H1 « position. Multi-exponential curves
were fitted for better visualization.
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proton-proton Jyy evolution and T, loss (TE = 1/Jcy < 8
msec). Highly efficient VAPOR water suppression (23) and
outer-volume suppression led to a high signal stability,
which made the incorporation of an add-subtract scheme
feasible for 13C editing. This was achieved by applying an
adiabatic full-passage pulse of the HS8 type (25) in the TM
period, which is a rather simple modification of the
STEAM sequence. The long sweep duration of 15 msec
over 12 kHz resulted in low peak B, demands for inversion.
Simulations of this pulse shape showed that 99% of the
magnetization is inverted at yB;/2mw above 0.7 kHz, thus
allowing much of the sensitive volume of the small 13C coil
to be fully inverted.

Broadband decoupling was achieved by turning on
pattern decoupling during acquisition using phase-cycled
adiabatic HS8 pulses. The advantages of such an adiabatic
decoupling scheme were the much-increased bandwidth
of 12 kHz covered at a low peak B, when using HS8 pulses
and the B; insensitivity of the scheme used. Overall, the
two simple modifications to the STEAM sequence were
made with minimal pulse programming effort.

The sensitivity achieved from 137 pl volumes (Fig. 5)
suggested that the determination of metabolic fluxes using
complex two-compartment models of cerebral metabolism
is feasible in animal brain, similar to those recently pro-
posed for human brain (9). This modified STEAM se-
quence may be an alternative to some of the more compli-
cated editing sequences when spatial resolution is not
critical and pulse programming capabilities are limited.

Compared with some localization methods, the signal of
STEAM is reduced by 50%. To make up for the loss in
sensitivity, each of the three dimensions of a cubic volume
can be increased by 26%, which in many cases may still
provide sufficient spatial resolution. The reduction in
sensitivity or spatial resolution, however, may be more
than offset by the ease of achieving broadband editing.
Furthermore, a well-defined voxel definition is easily
achievable with STEAM, which has reduced demands on
peak RF power, allows minimal signal contamination from
the outer volume, and provides a wealth of metabolic
information. Whether other, potentially more sensitive
techniques can recover the full sensitivity improvements
for the given B; inhomogeneity and bandwidth with the
same advantages of short TE remains to be shown. An
important experimental factor for the high spectral quality
was certainly the higher-order shimming based on FAST-
MAP (21,24). Further sensitivity improvements are pos-
sible when the fractional enrichment of pyruvate is doubled
by using [1,6-12C,] instead of [1-13C] glucose for infusion
and are expected to lead to an improved measurement of
GABA and lactate labeling.

The demonstrated information gain for H NMR detec-
tion of 13C labeling with an add-subtract editing scheme
can be naturally combined with the measurement of many
metabolites in the *H spectrum, Sq, (Fig. 2b). It has been
well established that metabolite concentrations do not
change during hyperglycemia much higher than what was
achieved here, in agreement with the low K, of hexokinase
(see ref. 32 and references therein). The resolution achieved
at 9.4 T allowed the detection of total tissue glucose, lactate
as well as the partially resolved peak from the CH,
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resonance of PCr (21,23). Thus, a comprehensive evalua-
tion of cerebral energy metabolism using 13C infusions with
simultaneous measurement of lactate, glucose, and phos-
phocreatine content is now feasible. Previous studies
reported measurements of lactate and glucose content
without concomitant 13C turnover data. The results also
show that 13C label in glutamate C3 and glutamine C3 can
be distinguished in 'H NMR spectra.

CONCLUSIONS

The localized, simultaneous 'H NMR detection of gluta-
mate and glutamine 12C labeling at the C4 as well as at the
C3 position is feasible; such detection is also feasible in
lactate, aspartate, GABA, and glucose. The spectral resolu-
tion achieved in the subspectra of the editing process
suggests that the tissue levels of phosphocreatine, lactate,
and glucose can be monitored simultaneously. These capa-
bilities further suggest that the number of metabolic reac-
tions that can be assessed in localized areas of the rat brain
can be substantially increased over what has been achieved
previously from measuring glutamate and glutamine C4
alone. Such measurements have the potential to further the
understanding of the relationship of brain energy metabo-
lism and neurotransmission during focal activation in
normal and diseased brain. Considering the ongoing instal-
lation of ultra-high-field human MR systems (7-8 T),
extensions to the human brain with similar information
content are conceivable.
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