FULL PAPERS

Magnetic Resonance in Medicine 52:33—40 (2004)

NMR Measurement of Brain Oxidative Metabolism in
Monkeys Using '°C-Labeled Glucose Without a **C

Radiofrequency Channel

Fawzi Boumezbeur,' Laurent Besret,? Julien Valette,” Francoise Vaufrey,’
Pierre-Gilles Henry,3 Velislav Slavov,* Eric Giacomini,’ Philippe Hantrayef'2

Gilles Bloch,! and Vincent Lebon'”

We detected glutamate C4 and C3 labeling in the monkey brain
during an infusion of [U-'3C¢]glucose, using a simple 'H PRESS
sequence without 3C editing or decoupling. Point-resolved spec-
troscopy (PRESS) spectra revealed decreases in '>C-bonded pro-
tons, and increases in '*C-bonded protons of glutamate. To take
full advantage of the simultaneous detection of '2C- and '3C-
bonded protons, we implemented a quantitation procedure to
properly measure both glutamate C4 and C3 enrichments. This
procedure relies on LCModel analysis with a basis set to account
for simultaneous signal changes of protons bound to '2C and '3C.
Signal changes were mainly attributed to '2C- and *C-bonded
protons of glutamate. As a result, we were able to measure the
tricarboxylic acid (TCA) cycle flux in a 3.9 cm?® voxel centered in the
monkey brain on a whole-body 3 Tesla system (V;c, = 0.55 +
0.04 pmol.g~'.min™", N = 4). This work demonstrates that oxida-
tive metabolism can be quantified in deep structures of the brain
on clinical MRI systems, without the need for a '*C radiofrequency
(RF) channel. Magn Reson Med 52:33-40, 2004. © 2004 Wiley-
Liss, Inc.
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NMR studies of metabolism with the use of "*C-labeled
glucose have considerably evolved over the past 25 years,
following pioneer work on cell suspensions (1,2). Since
the sensitivity of '*C spectroscopy is intrinsically low,
investigators performed the first in vivo brain studies us-
ing indirect {**C}-'H detection of amino-acid labeling, to
take advantage of the higher sensitivity of "H (3,4). Be-
cause of the overwhelming signal of *C-bonded protons,
and the strong peak overlapping on 'H spectra, **C-cou-
pled protons of glutamate (Glu) have been detected with
the use of such editing techniques as POCE (3). This ap-
proach has been implemented successfully in several re-
search units, leading to in vivo localized measurements of
brain metabolic fluxes, such as the TCA cycle flux Vi ga
(5—10). However, heteronuclear editing techniques require
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the use of both "H and *°C radiofrequency (RF) transmit-
ters and coils, as well as appropriate pulse sequences that
are not implemented on most clinical MR systems. RF
decoupling associated with heteronuclear editing is also
problematic in human studies, due to power deposition to
the tissue (11). Moreover, POCE-like sequences only detect
the increase in *C-coupled protons during the course of
13C enrichment. They ignore the corresponding decrease
in "*C-bonded protons, and thus miss half of the available
information. Since the mid 1980s, when the early POCE
measurements were obtained, hardware improvements
have led to higher spectrum quality and stability; thus, the
requirement for editing techniques is now questionable.

In this context, our first objective was to demonstrate
that '*C incorporation into glutamate inside deep struc-
tures of the monkey brain could be detected with the
sensitivity of "H without editing, using a 'H point-resolved
spectroscopy (PRESS) sequence on a whole-body 3 Tesla
system. Our second objective was to propose a **>C quan-
titation procedure based on LCModel analysis (12), which
takes full advantage of the simultaneous detection of the
decrease in '*C-bonded protons of glutamate and the in-
crease in '*C-coupled satellites. V., was assessed after it
was converted into glutamate '*C4 and '®C3 fractional
enrichments (FEs). The results demonstrate that one can
accurately measure brain oxidative metabolism without
editing and decoupling at 3 Tesla by using LCModel to
quantify both '*C- and **C-bonded protons of glutamate C3
and C4.

MATERIALS AND METHODS

Animal Preparation and Glucose Infusion

MR studies were conducted on two healthy male macaque
monkeys (Macaca fascicularis; body weight = ~8 kg).
Each monkey was studied twice, resulting in four different
measurements. All of the experimental procedures were
performed in strict accordance with the recommendations
of the European Community (86/609) and the French Na-
tional Committee (87/848) regarding the care and use of
laboratory animals. The animals were fasted overnight to
reduce basal glycemia. An intramuscular ketamine-xyla-
zine injection (15-1.5 mg/kg) was used to induce primary
anesthesia. The right and left femoral veins were cannu-
lated for blood sampling, and glucose and anesthetic infu-
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sion. Anesthesia was then maintained by continuous i.v.
infusion of propofol (~200 pg/kg/min) to limit the down-
regulating effect of anesthesia on brain glucose metabolism
(13). The animals were intubated and ventilated with a
55:45 mixture of O, and air. They were monitored by an
MR-compatible Maglife system (Schiller Médical SA,
Wissembourg, France). Physiological parameters remained
within 36-37°C for body temperature, 50—60 mm Hg for
blood pressure, 90-110 min~" for cardiac frequency, 18—
23 min~" for respiratory frequency, and 35-40 mmHg for
expired CO,, saturation. The animal’s head was positioned
in a stereotaxic frame with a bite-bar and ear rods, and its
body was held in the sphinx position.

For TCA cycle flux measurements, a 3-min bolus of
[U-"3Cglglucose was infused intravenously (99% '°C en-
riched glucose) to rapidly achieve a threefold increase
in glycemia. A 2:1 mixture of [U-'*C4] and nonlabeled
glucose was then infused continuously at a lower rate
(~ 0.01 mlLkg *.min~", 20% wt/vol) for about 120 min.
During the first 15 min of infusion, glycemia was measured
every 5 min with the use of a Onetouch glucose meter
(Lifescan Inc., Milpitas, CA). Glycemia was then measured
every 20 min until the end of the protocol. The infusion
rate was adjusted so that the blood glucose concentration
remained two to three times greater than the basal glyce-
mia. We collected blood samples 5, 20, 40, 60, and 100 min
into the infusion protocol in order to measure glucose FE
using high-resolution NMR spectroscopy.

NMR Systems

We conducted the monkey experiments on a 3 Tesla
whole-body Medspec NMR system (Bruker Biospin, Ettlin-
gen, Germany) equipped with a gradient coil that could
reach 45 mT/m in 400 ps. An in-house-made surface "H
probe (5 X 8 cm elliptic coil) was placed on top of the
monkey’s head. Plasma samples were analyzed on a verti-
cal wide-bore 7 T NMR spectrometer (Bruker Biospin,
Ettlingen, Germany).

In Vivo MRI

Each study started with the acquisition of high-resolution
T,-weighted MR images (0.66 X 0.66 X 1.40 mm?®) by
means of an inversion-recovery gradient-echo sequence.
The acquisition parameters were TE/TI/TR = 12/800/
2800 ms, spectral width = 10 kHz, matrix = 96 X 192, and
FOV = 6.4 X 12.8 cm®. T,-weighted images were used to
properly position the spectroscopic voxel in the striatum,
and to calculate water content within the voxel based on
image segmentation.

In Vivo MR Spectroscopy

Spatial localization in the striatum (voxel size = 30 X 10 X
13 mm®) was achieved by means of a modified short-TE
PRESS sequence (TE/TR = 8/1000 ms, spectral width =
2000 Hz, 1024 data points, 512 transients, time resolu-
tion = 9 min). The TE was chosen as short as possible to
minimize glutamate J-modulation. To suppress extravoxel
signal contamination, we added outer-volume suppression
(OVS) modules to the TR period of the sequence. A B,-
insensitive selective train to obliterate signal (BISTRO)-

Boumezbeur et al.

type OVS (14), consisting of dual-band hyperbolic secant
pulses applied at seven different power levels, was used.
The hyperbolic secant pulse characteristics were as fol-
lows: duration = 4 ms, truncation = 0.75%, spectral
width = 8.7 kHz, and transition bandwidth = 0.87 kHz.
OVS was combined with VAPOR water suppression (15).

Following voxel positioning and RF power calibration,
shimming was performed by means of the FASTMAP al-
gorithm (16) for first- and second-order shim coils. The
typical linewidth for water was ~7 Hz within the voxel of
interest.

Three different PRESS spectra were acquired before the
glucose infusion was started: 1) a metabolite (METAB)
spectrum, 2) a macromolecule (MM) spectrum, and 3) a
water spectrum.

We acquired the METAB spectrum using a modified
PRESS sequence, as described above. We collected the
MM spectrum by adding an adiabatic inversion pulse to
the sequence, and taking advantage of that fact that MM T,
is much shorter than METAB T, (17). To minimize noise
propagation while subtracting MM from METAB spectra,
we acquired 1024 transients for the MM spectrum. For the
water spectrum, the TR was set to 5 s, the VAPOR module
was turned off, and eight transients were acquired.
METAB spectra were then acquired continuously during
the 120-min infusion protocol.

Image Processing

The MR images were zero-filled to a 256 X 512 matrix. The
cerebrospinal fluid (CSF)/gray matter (GM)/white matter
(WM) distribution inside the spectroscopic voxel was de-
rived from automatic image segmentation (18). We calcu-
lated the total water content assuming water concentra-
tions of 43 mol.l™" for GM, 36 mol.l" ' for WM, and 55
mol.l~* for CSF (19).

Processing of Baseline Spectra

We processed the baseline PRESS spectra (acquired before
glucose infusion) using Matlab (The MathWorks Inc.,
Natick, MA). The spectra were zero-filled to 8 k points, a
1 Hz Gaussian line-broadening was applied, the frequency
shift was corrected for (~4 Hz shift over 2 hr), and the MM
spectra were subtracted. Baseline spectra (METAB — MM)
were analyzed with the use of frequency domain LCModel
software (12) in the 1.0-3.7 ppm range, since signal above
3.7 ppm was partly affected by water suppression. The
basis set consisted of in vitro spectra collected from lac-
tate, N-acetyl aspartate (NAA), NAAG, GABA, glutamate,
glutamine, aspartate, creatine, choline, taurine, myo-ino-
sitol, and glucose. The total water content, as determined
by T, image segmentation, was used to scale the water
spectrum. A comparison of the baseline METAB spectrum
with the water spectrum then led to absolute quantitation
of the metabolites included in the basis set. A correction
for metabolite longitudinal relaxation was applied, based
on T, measurements performed in monkey striatum (data
not shown).

Processing of Difference Spectra Using Enrichment
Lineshapes

The METAB spectra collected under infusion of '*C-la-
beled glucose were subtracted from the baseline METAB
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spectrum in order to simplify the spectra by eliminating
unlabeled metabolites. A 1-Hz line-broadening was ap-
plied to all spectra. As a result of the subtraction, the
uprising "*C-coupled satellites of glutamate exhibited neg-
ative amplitudes on the difference spectra. Similarly, the
vanishing resonances of '?C-bonded protons exhibited in-
creasing amplitudes during glucose infusion. To take full
advantage of the simultaneous detection of '*C-coupled
satellites and "?C-bonded protons, we developed an orig-
inal procedure to quantify glutamate C4 and C3 FEs from
the difference spectra. We performed an automatic analy-
sis with LCModel, using the following simulated line-
shapes (which include both **C- and "*C-bonded protons):

1. A lineshape accounting for GluC4 enrichment, made
of ?C4-bonded protons (2.35 ppm) surrounded by
two antiphase '°C4 satellites (=65 Hz away from the
'2C4 resonance), the peak area of '>C4-bonded pro-
tons being the opposite of the total area of '>C4 sat-
ellites.

2. A lineshape accounting for GluC3 enrichment, made
of '?C3-bonded protons (2.11 ppm) with antiphase
13C3 satellites (+65 Hz away from the '>C3 reso-
nance), the peak area of >C3-bonded protons being
the opposite of the total area of '*C3 satellites.

The simulated lineshapes that account for the glutamate
C4 and C3 enrichments on PRESS difference spectra will
be referred to as C4 and C3 enrichment lineshapes in the
following sections.

We incorporated a [U-'*Cglglucose lineshape in the ba-
sis set to model the glucose concentration and enrichment
changes. We also included NAA and creatine peaks in
order to model possible subtraction errors during the 2-hr
glucose infusion. LCModel fitting was performed in the
1.0-3.7 ppm range, with the use of constrained baseline
correction and zero-order phasing.

Blood Sample Processing

Immediately after collection, the blood samples were cen-
trifuged (4000 g, 25°C, 2 min) and plasma supernatants
were collected. After a second centrifugation (7500 g, 4°C,
35 min) for ultrafiltration of plasma proteins, with the use
of concentrator “buckets” (Vivaspin 0.5 mL, PES mem-
brane 10000 MWCO; Vivascience AG, Hanover, Germany),
the filtrates were lyophilized and resuspended in 500pnL
D,0. We acquired proton spectra on our vertical NMR
system using a simple pulse-acquire sequence (TR = 15 s,
spectral width = 3000 Hz, 8192 data points, and 128
transients). We calculated the **C1 glucose FE by compar-
ing the signal of the **C1-coupled protons to that of the
'2C1-bonded protons. The time-courses of glucose FE and
concentration were incorporated into the metabolic model
so that possible variations during the experiment could be
taken into account.

Metabolic Model

We implemented a mathematical model describing '*C
incorporation from glucose into neuron metabolites (5,9)
using Matlab (The MathWorks Inc., Natick, MA). The
model accounts for glucose transport through the blood-
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FIG. 1. Inversion-recovery scout image of the monkey brain, show-
ing the location of the 3.9 cm® spectroscopic voxel.

brain barrier according to reversible Michaelis-Menten ki-
netics. '®*C atoms are first incorporated into pyruvate/lac-
tate by glycolytic reactions and brought to a-ketoglutarate
by TCA cycle reactions at the rate V.. Eventually, '°C
becomes incorporated into glutamate through exchange
with a-ketoglutarate (exchange rate Vy). Exchange be-
tween oxaloacetate and aspartate was included in the
model at the same rate Vy (20). Glutamate/glutamine cy-
cling was modeled (rate Viyp ). Since astroglial oxidative
metabolism is much slower than neuronal metabolism
(21,22), and glutamate is mostly compartmented into neu-
rons (23,24), the *°C labeled glutamate detected by NMR
was assumed to be neuronal. Numerical values for the
model were measured in each monkey for glutamate, glu-
tamine, aspartate, and lactate concentrations, as described
above. Oxaloacetate concentration, a-ketoglutarate con-
centration, and glucose transport parameters were taken
from literature values for the human brain (20). Voyars
was set to 0.46 X V. c,, as derived from human studies
(25).

Placebo Experiment

In contrast to editing techniques, our experimental ap-
proach, which is based on the subtraction of conventional
PRESS spectra, is sensitive to spectra instabilities over the
infusion protocol. Therefore, it was essential to test the
stability of our MR system and make sure that a 2-hr
glucose infusion would not affect the brain biochemical
profile as detected on PRESS spectra. We conducted a
“placebo” experiment in one monkey, using the exact
same protocol as described above but infusing unlabeled
(**C) glucose instead of **C-labeled glucose.

RESULTS

Figure 1 shows an inversion-recovery scout image ac-
quired in one monkey. The voxel water concentration was
determined by segmentation of T,-weighted images.
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A A AR et A FIG. 2. Stacked plot of difference spectra
o st A b nion W\M\JM (spectra subtracted from the preinfusion
baseline) collected during the course of glu-
LV IR PV AR % cose infusion (9-min time resolution). a: A
il “placebo” experiment was conducted in
R ~Py one monkey with unlabeled glucose in order
T Pn s e to demonstrate signal stability upon glucose
e st P th infusion. b: During the infusion of
S b ot MM [U-'3Ce6]glucose, the excellent signal stabil-
A S ity allowed the detection of signal changes
Nﬂ:ww %%W of '2C4- and '2C3-bonded protons of gluta-
mate at 2.35 ppm and 2.11 ppm, respec-
Bt R ¥ e tively. The corresponding '3C-coupled pro-
Mt N henan T O tons appear as antiphase satellites sur-
rounding the resonances of '2C-bonded

a 3 2 1 " ppn b 3 2 j [— protons (Jgy ~ 130 Hz).

We measured metabolite concentrations relative to wa-
ter by LCModel analysis and converted them into absolute
concentrations using the voxel water concentration. The
absolute concentrations of glutamate, glutamine, aspartate,
and lactate were 10.8 = 1.7, 3.9 £ 0.6, 1.4 * 0.4, and 0.5 *
0.1 mmol.17", respectively (N = 4, mean * SD).

Figure 2a presents a stacked plot of difference spectra
acquired during the “placebo” glucose infusion. The ex-
cellent signal stability over the 2-hr infusion resulted in an
almost flat subtraction spectrum under infusion of unla-
beled glucose. The only significant signal change was de-
tected in the 3.2-3.5 ppm area, corresponding to an in-
crease in brain glucose concentration. The stacked plot of
spectra acquired during an infusion of **C-labeled glucose
(Fig. 2b) demonstrates that '>C was incorporated into the
C3 and C4 positions of glutamate. Figure 3 shows an ex-
ample of raw PRESS spectra collected before the infusion
of "?C-labeled glucose was started, and at the end of the
infusion protocol. The corresponding difference spectrum
is presented in Fig. 3c.

We obtained Fig. 4a by subtracting the last spectrum
collected under glucose infusion (9-min time resolution)
from the baseline spectrum. Changes in '*C- and *°C-
bonded resonances of glutamate appear for both the C3
and C4 positions. Difference spectra were quantified by
LCModel with a basis set that included the lineshapes that
accounted for the glutamate C4 and C3 enrichments. The
superimposition of a PRESS difference spectrum acquired
at the end of glucose infusion to the best fit by LCModel is
shown in Fig. 4b. The individual contributions of the
enrichment lineshapes to the best fit appear in Fig. 4d and
4e. As shown in Fig. 4b, the simulated lineshapes allow for
a good modeling of the difference spectrum.

At the end of glucose infusion, the FEs of glutamate C4
and C3 were 34% = 9% and 23% = 6%, respectively.

Blood glucose concentration was 0.51 = 0.15 g.1™" be-
fore glucose infusion, 1.48 * 0.45 g1 ' after 5 min of
infusion, and 1.17 * 0.26 gl ' at the end of glucose
infusion. Plasma glucose FE reached a maximum value of
63% = 7% after 5 min of infusion, and slowly decreased to
56% = 4% at the end of infusion.

Time-courses of glutamate C3 and C4 FE were derived
from LCModel analysis and fitted by the metabolic model,
with blood glucose concentration and FE used as input
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FIG. 3. Raw PRESS spectra acquired in one monkey. a: Spectrum
collected before the infusion of '®C-labeled glucose. b: Spectrum
collected at the end of the 2-hr infusion protocol. c: Difference
spectrum (a — b) exhibiting signal changes at ~2.11 ppm ('2C3-
bonded protons of glutamate) and ~2.35 ppm ('2C4-bonded pro-
tons of glutamate).
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FIG. 4. a: Difference PRESS spectrum obtained in one monkey at
the end of glucose infusion (9-min acquisition time). Glutamate C4
and C3 resonances dominate the difference spectrum. A glucose
contribution (*) appears at ~3.3 ppm. b: Superimposition of the best
fit by LCModel. c: Residuals. d: Contribution of the lineshape ac-
counting for glutamate C4 enrichment. e: Contribution of the line-
shape accounting for glutamate C3 enrichment.

functions for the model. The experimental data were ana-
lyzed two different ways: First, the four individual time-
courses were analyzed separately, which resulted in
Vica = 0.56 = 0.15 pmol.g”".min~" and Vx = 0.79 *
0.46 pmol.g” " .min~" (N = 4, mean = SD). As shown by
Henry et al. (9), fitting the average time-course mini-
mizes numerical instabilities associated with the fit of
noisy datasets. Therefore, the time-courses collected
from the four studies (blood glucose concentration and
FE, and glutamate C3 and C4 FE time-courses) were
averaged. The pool sizes (glutamate, glutamine, aspar-
tate, and lactate concentrations) were also averaged. The
average dataset was analyzed with the use of the same
metabolic model. We performed a Monte Carlo simula-
tion (50 events) to assess the standard deviation (SD) of
the iterated parameters (5), which yielded Vi g. =
0.55 * 0.04 pmol.g”'min™" and Vyx = 1.01 =*
0.42 pmol.g”*.min~"'. The V¢, and V, values obtained
from the average dataset are both very close to the mean
of individual values. As expected from data averaging,
the SD of V¢4 is strongly reduced. V, SD remains high,
illustrating the higher dispersion of V, values resulting
from fitting procedures (9). The superimposition of the
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model best fit to the average time-course (Fig. 5) dem-
onstrates a good agreement of the metabolic model with
the experimental data.

DISCUSSION
NMR Detection of '*C Label on Human Systems

NMR can be used to measure brain oxidative metabolism
based on '°C labeled precursors with the use of either
direct "*C or indirect {**C}-'H detection of amino-acid
labeling. On human NMR systems, direct detection allows
one to measure "°C incorporation into glutamate and glu-
tamine C4 and C3 under '*C-glucose or '*C-acetate infu-
sions (20,22,25-29) leading to absolute metabolic fluxes,
such as neuronal and astroglial TCA cycle fluxes and the
glutamate/glutamine cycle flux (20,22,25,28). Because of
the low sensitivity of "*C detection, direct detection is
either nonlocalized (27-29) or localized over large brain
volumes (20,22,25,26), even at field strengths as high as 4
Tesla.

In contrast, indirect detection has a higher intrinsic sen-
sitivity. In the case of glutamate'®C4, indirect {*C}-'H
detection has been shown to provide a sixfold signal-to-
noise ratio (SNR) enhancement in the rat brain in vivo (3).
The sensitivity gain can be used to proportionally reduce
the voxel size. In this study, we were able to detect '*C
incorporation into glutamate within a 3.9 ¢cm® voxel cen-
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tered in the monkey brain. However, 'H spectral resolu-
tion on whole-body NMR systems does not allow for the
detection of glutamine labeling. In practice, the restriction
of detected signals to glutamate C3 and C4 labeling makes
it possible to measure the brain TCA cycle flux that is
dominated by neuronal glucose oxidation and '*C label
accumulation in the large neuronal glutamate pool. There-
fore, for human NMR systems, indirect {**C}-"H detection
is particularly appropriate for studies focusing on neuro-
nal oxidative metabolism.

In contrast to other indirect techniques, such as POCE,
the approach proposed here allows for the simultaneous
detection of changes in ">C-bonded and "*C-coupled reso-
nances. The ability to detect both '*C-bonded and '*C-
coupled protons of glutamate C3 and C4 with a non-edit-
ing sequence varies with the field strength B,. Indeed, the
frequency difference between Glu'*C3 and Glu'?C4 pro-
tons (Avy) increases with B,, whereas the heteronuclear
scalar coupling J;; does not change with B,. As shown on
Fig. 4a, chemical shifts of "?>C-bonded protons and '*C
satellites of glutamate C3 and C4 are evenly separated from
each other by ~0.25 ppm at 3 Tesla, in the absence of *C
decoupling. This favorable distribution of resonance fre-
quencies is due to Joy ~ 4 + Avyy at 3 Tesla, which mini-
mizes potential overlap between the six peaks of interest
(one '?C peak, and two '°C satellites each for C3 and C4).
Below 3 Tesla, '?C4- and '?C3-bonded protons of gluta-
mate become unresolved. At higher field strength, '*C
resonances and '°C satellites may partly overlap (there is a
complete overlap at 6.1 T, where Jo; = 2 - Avyy).

Another key issue for human studies is the RF power
deposition within the subject. Both direct '*C and indirect
editing techniques ideally require RF decoupling during
signal sampling. In the case of indirect detection, **C de-
coupling may alter spectrum quality due to noise injection
in the 'H spectrum. Indeed, the frequency of the fourth
harmonic of "*C waves is very close to 'H Larmor fre-
quency (v ~ 4 * vg), which makes it difficult to properly
filter the "*C harmonics. However, aside from possible
noise injection, the major problem associated with decou-
pling in humans is power deposition. Because of the low
intrinsic sensitivity of NMR spectroscopy, the use of sur-
face RF coils makes decoupling more problematic, since
surface coils lead to elevated local absorption rates. For a
given RF coil, the required decoupling power is governed
by the frequency v and the bandwidth Av. Indirect detec-
tion with editing requires '*C decoupling, i.e., low-fre-
quency but broadband decoupling (Av/v ~ 40 ppm for the
decoupling of glutamate and glutamine C2, C3, and C4). In
contrast, direct detection requires 'H decoupling, i.e.,
high-frequency but narrowband decoupling (Av/v ~
2 ppm). Both direct and indirect approaches are con-
fronted to specific absorption rates approaching the FDA
guidelines, even when quadrature half-volume coils are
used for decoupling (8,11,25,30), as discussed by Adriany
and Gruetter (11). In this regard, it is advantageous to
perform indirect detection without decoupling using a 'H
PRESS sequence.

Detectable Labeling on {'®C}-'H Spectra

In this study, signal changes in the 1.0-3.7 ppm range
were mostly ascribed to glutamate and glucose; therefore,
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possible labeling of other metabolites was neglected. As
shown by de Graaf et al. (10) and Pfeuffer et al. (31),
indirect detection of '?C labeling in the rat brain at high
field (7-9.4 T) reveals label incorporation into glutamate,
glutamine, alanine, aspartate, GABA, and lactate. At 9.4 T,
'3C incorporation into alanine, aspartate, GABA, and lac-
tate can be measured with a ~15-min time resolution (31).
However, the peak intensities corresponding to these four
metabolites are five to 10 times as small as the glutamate
C4 and C3 peaks. On the basis of these high-field studies,
it can be predicted that the lower SNR and spectral reso-
lution at 3 T are not compatible with the localized detec-
tion of **C labeling of alanine, aspartate, GABA, and lac-
tate with a 9-min time resolution.

As regards glutamine, the high-field studies mentioned
above have shown that steady-state glutamine peaks are
typically three times as small as glutamate peaks on
{*3C}-'H spectra. In terms of SNR, glutamine labeling could
therefore be considered to be detectable at 3 T. However,
spectral resolution at 3 T does not allow glutamate and
glutamine labeling to be resolved. The chemical shift dif-
ference between glutamate and glutamine C4 protons is
only 0.10 ppm. For glutamate and glutamine C3 protons,
this difference does not exceed 0.03 ppm. Although we
were able to measure total glutamine concentration from
our baseline PRESS spectra at 3 Tesla, the FE of glutamine
C3 and C4 under glucose infusion could not be detected.
Signal intensities measured at ~2.35 ppm and 2.11 ppm
were ascribed to glutamate, which was assumed to
strongly dominate the glutamine signal. This assumption
was supported by the facts that 1) glutamine concentration
was much lower than glutamate in the voxel of interest
(3.9 = 0.6 pmol.g™ ' vs. 10.8 = 1.7 pmol.g™* for glutamate),
and 2) glutamine labeling was significantly delayed and
lower than glutamate labeling under glucose infusion
(20,25). As shown in Fig. 4a, the enrichment lineshapes
that describe GluC4 and GluC3 labeling provide a good
modeling of the difference PRESS spectra, which argues in
favor of the notion that glutamine brings a minor contri-
bution to the detected *°C label in the monkey striatum.
Moreover, in the case of a partial contamination of gluta-
mate enrichment by glutamine, it has been shown that the
effect on the V., value assessed by our model could be
considered negligible (9).

Spectra Quantitation Using Enrichment Lineshapes

Quantitation of in vivo PRESS spectra is hampered by the
low spectral resolution in the "H domain, which results in
strong peak overlapping. POCE spectra or difference "H
PRESS spectra acquired during '*C-glucose infusion are
somehow simplified by the suppression of unlabeled me-
tabolites. However, the proper quantitation of such spectra
requires LCModel analysis (12), as proposed for spectra
collected on high-field animal systems (10,31). As men-
tioned above, one interest of collecting PRESS spectra
consists in the simultaneous detection of signal changes
from '*C- and "*C-bonded protons. Indeed, **C enrichment
of glutamate leads to an increase in "*C-coupled protons
accompanied by a decrease in "*C-bonded protons. Under
the assumption that the glutamate concentration is con-
stant, the integral of total signal change is null. The PRESS
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spectra acquired for this study were collected in the ab-
sence of '*C decoupling, where '*C-coupled protons of
glutamate C3 and C4 resonate *65 Hz from '?C-bonded
protons. Although spectra subtraction increases the noise
in the spectrum, the simultaneous detection of **C- and
'3C-bonded protons increases the measurement accuracy
by information redundancy. However, the PRESS differ-
ence spectra exhibit intricate lineshapes made of '*C-
bonded resonances surrounded by two antiphase satel-
lites. To properly quantify the PRESS difference spectra,
we simulated appropriate lineshapes accounting for **C-
and "*C-bonded protons using NMR-Sim 2.8 (Bruker Ana-
lytik GmbH, Ettlingen, Germany). The enrichment line-
shapes that accounted for glutamate C3 and C4 were in-
cluded in the basis set for LCModel. Indeed, LCModel can
be fed with any lineshape—even lineshapes that present
antiphase peaks. The accuracy of the LCModel analysis of
the PRESS difference spectra was assessed by the lower
bounds of the experimental variance: at the end of glucose
infusion, the Cramér-Rao lower bounds were typically 5%
and 10% for the glutamate C4 and C3 enrichment line-
shapes, respectively.

As mentioned above, proper spectrum modeling by the
enrichment lineshapes relies on the assumption that glu-
tamate concentration in the voxel is unchanged during the
course of the glucose infusion. Since our approach relies
on difference spectra without **C editing, changes in glu-
tamate concentration upon glucose infusion would
strongly impair the quantitation of glutamate FE. As
shown on Fig. 2a, we detected no signal change at the
chemical shift of glutamate during a 2-hr infusion of un-
labeled "*C glucose. This experiment demonstrates that a
threefold increase in glycemia does not significantly affect
glutamate concentration in subcortical regions of the pri-
mate brain, and thus it validates a major hypothesis of the
metabolic model. Moreover, it must be noted that, in con-
trast to direct **C or {*°C}-'H editing techniques, PRESS
acquisitions without editing allow for the detection of
potential changes in total glutamate concentration during
glucose infusion. The simultaneous detection of '?>C- and
13C-bonded protons provides a simple way to validate this
hypothesis. In the case of total glutamate change, the line-
shapes used for the LCModel basis set would not allow for
proper spectrum modeling, because of unbalanced '*C
decrease and "°C increase signals. During our '°C infusion
experiments, we detected no significant imbalance be-
tween the '?C decrease and the '°C increase during the
2-hr glucose infusion.

Oxidative Metabolism

Although the in vivo detection of glutamate **C labeling in
the monkey brain has already been reported (32), the TCA
cycle flux assessed in this study is the first NMR measure-
ment of oxidative metabolism obtained in the monkey
brain. Any comparison with human NMR studies must
take into account the tissue distribution within the voxel
of interest. On average, the brain tissue observed in our
study was made of 54% GM and 46% WM. The high
contribution of WM explains the low TCA cycle flux that
was measured in this study (0.55 pmol.g”'.min~"). In-
deed, TCA cycle fluxes in human GM and WM are 0.80
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and 0.17 pmol.g”".min~", respectively (33). Based on
these values, a linear interpolation would lead to Vg, ~
0.5 pmol.g"".min"" for a 54—46% GM/WM distribution.
This calculation should be considered carefully, since
Vica is unlikely to be a simple linear function of GM
content (33). However, this interpolation shows that WM
contribution drives the expected Vs, to a lower value,
which is compatible with our experimental results.

Theoretically, a WM contribution could be detected
from the time-course of glutamate enrichment. Since GM
and WM have their own metabolic rates, enrichment time-
courses should reflect a two-step labeling process. How-
ever, the WM contribution to the glutamate C4 and C3
time-courses is dominated by GM, mostly because WM has
a low metabolic rate compared to GM (33). Future inves-
tigations could address this question by averaging spectra
collected in a large number of experiments, and analyzing
the average time-course with a two-compartment model
including GM and WM.

CONCLUSIONS

This work demonstrates that the proposed approach is
able to measure oxidative metabolism in deep-brain struc-
tures on clinical MR systems (whole-body 3 T using a 'H
PRESS sequence) without the need for a '*C RF channel.
The use of a PRESS sequence makes the approach straight-
forward in terms of acquisition methodology. The fully
automatic data processing, based on LCModel analysis
with “enrichment lineshapes,” takes full advantage of the
simultaneous detection of **C- and **C-bonded protons of
glutamate. This provides accurate user-independent en-
richment time-courses for glutamate C4 and C3. The de-
creasing cost of '*C-labeled glucose combined with the
increasing use of 3 T systems for clinical investigations
could make [U-'*Cglglucose a competitive substrate for
metabolic studies in patients.
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