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In this communication, a scheme is described whereby in vivo >C MRS can safely be performed in the
frontal lobe, a human brain region hitherto precluded on grounds of SAR, but important in being the seat
of impaired cognitive function in many neuropsychiatric and developmental disorders. By combining two
well known features of '*C NMR—the use of low power NOE and the focus on '>C carbon atoms which are
only minimally coupled to protons, we are able to overcome the obstacle of SAR and develop means of
monitoring the '3C fluxes of critically important metabolic pathways in frontal brain structures of normal
volunteers and patients.

Using a combination of low-power WALTZ decoupling, variants of random noise for nuclear overhauser
effect enhancement it was possible to reduce power deposition to 20% of the advised maximum specific
absorption rate (SAR). In model solutions '3C signal enhancement achieved with this scheme were com-
parable to that obtained with WALTZ-4. In human brain, the low power procedure effectively determined
glutamine, glutamate and bicarbonate in the posterior parietal brain after [1-'3C] glucose infusion. The
same '3C enriched metabolites were defined in frontal brain of human volunteers after administration
of [1-13C] acetate, a recognized probe of glial metabolism. Time courses of incorporation of 3C into cere-
bral glutamate, glutamine and bicarbonate were constructed. The results suggest efficacy for measure-
ment of in vivo cerebral metabolic rates of the glutamate-glutamine and tricarboxylic acid cycles in
20 min MR scans in previously inaccessible brain regions in humans at 1.5T. We predict these will be clin-

ically useful biomarkers in many human neuropsychiatric and genetic conditions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

In vivo '3C spectroscopy provides a unique way to study meta-
bolic fluxes in human brain [1-3]. Infusing highly enriched 13-car-
bon substrates such as glucose or acetate, together with complete
proton decoupling which removes the proton splitting, results in
carbon signal enhancement.

These studies have been in the past invariably performed with
WALTZ at 8 W or higher power proton decoupling schemes, on
the posterior brain [4-6]. Important new information concerning
control of the neuronal glial glutamate glutamine cycle has been
derived from such studies. However, most higher executive func-
tions are performed in frontal brain and many neuropsychiatric
disorders including schizophrenia, HIV, drug abuse and depression
are characterized by cognitive deficits involving the frontal lobes.
Existing schemes for decoupling protons of C2, C3 and C4 '3C res-
onances of Glu and Gln are prohibited in frontal structures, because
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of their potential to cause ocular damage. The lens of the human
eye has reduced capacities to dissipate heat, due to its poor vascu-
larization [7]. In an animal model, acute exposure of the eye to high
power radiofrequency radiation has been shown to be cataracto-
genic [8]. In order to perform >C MRS studies safely in the human
frontal lobe, therefore, a technique which involves very low or no
RF-power deposition is necessary. By combining two well known
features of >C NMR, we have been able to overcome these obsta-
cles and have developed a means of safely monitoring 3C fluxes
of crucial metabolic pathways in frontal lobe structures in human
volunteers and patients.

Specific enrichment and ready identification based upon differ-
ences in chemical shift of individual carbon atoms is one of the
defining features of '3C MRS [9,10] which makes it more informa-
tive than PET scanning.

Glutamate occurs in human brain at concentrations as high as
10 mM and has been the subject of intensive research since discov-
ery of the glial—neuronal glutamine-glutamate cycle in the 1960s
[11]. Glutamate has therefore been the most frequently studied
amino acid in human '3C neurospectroscopy studies.
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Fig. 1 illustrates the proton couplings of the five carbon neuro-
transmitter amino acid, glutamate. Carbons 2, 3 and 4 have one-
bond proton coupling from proton directly attached where Carbon
1 and 5 have no directly attached proton. The carbonyl carbon (C5)
is subject to dipolar interaction with surrounding water protons, a
property employed in the present application to human brain since
it renders C5 glutamate signal subject to enhancement via the low-
power nuclear Overhauser effect (NOE). Commonly applied human
and clinical '3C protocols employ [1-'3C] glucose (or [2-13C] ace-
tate). By replacing as these precursors, both of which '3C substrates
initially enrich cerebral metabolic pools in coupled 3C atoms, with
13C substrates which enriches '3C atoms not directly coupled to
protons, 3C label can be observed in a low power regime. '3C sig-
nal enhancements occur in C5 Glu, C5 Gln and in the final oxidation
products CO, and bicarbonate. The precursors [2-13C] glucose and
acetate provide these results, in contrast to the more commonly
employed substrates [1-!3C] glucose and [2-'3C] acetate, which
do not.

To reduce the power deposition required for proton decoupling
we propose to replace the high power WALTZ decoupling sequence
by one which employs much lower power noise decoupling, to-
gether with nuclear Overhauser effect applied during acquisition.
The nuclear Overhauser effect (NOE) is a cross-relaxation phenom-
enon commonly used in protein structural determination [12,13].
It involves two magnetically active nuclei in close proximity; satu-
rating one nucleus for example, the proton will lead to an observa-
ble enhancement in the signal of the nuclei in close proximity, for
example, the carbon resonances. Signal enhancement via the NOE
mechanism can be realized using a low proton pulse power. NOE
together with a proton decoupling have been shown to signifi-
cantly enhance the signal-to-noise ratio and resolution in in vivo
31p and ¥C MRS with typically lower proton NOE pulse power
[14,15]. In this communication, we demonstrate the efficacy of this
combined approach on phantoms and on the human brain in vivo.
We confirm the potential for clinical application by in vivo acquisi-
tion of serial 13C spectra from the frontal lobe of human subjects.
(A preliminary account of these findings was presented as an Ab-
stract at ISMRM, Toronto, 2008).

2. Results
2.1. Power deposition

The local specific absorption rate (SAR) with the low power NOE
pulse sequence was 0.8 £0.1 (N=10) W/kg for the effected rele-
vant portion of the posterior brain and <0.8/0.6 = 1.25 W/kg for
frontal brain which is well below the FDA guideline of 3 W/kg aver-
aged over the head for 10 min [16-18]. Note that the higher SAR
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Fig. 1. Chemical structure of glutamate showing C2, C3 and C4 carbons with their
scalar couplings (J-coupling constant indicated) to protons whereas C5 and C1
carbons are not directly coupled to protons but may interact via dipolar coupling
with water molecule.

values from simulations by Wang et al. [19] were based upon a
whole head coil and do not apply to our data acquisition protocol.

2.2. Phantom studies

2.2.1. Noise schemes

Fig. 2 shows the decoupling efficiency of different low power
noise NOE schemes using dioxane. The proton frequency was set
100 Hz off resonance from water (4.7 ppm) for all experiments. It
can been seen in Fig. 2B that using low power noise with a Gauss-
ian filter gives comparable decoupling efficiency to that obtained
with a high power WALTZ-4 NOE and decoupling scheme, and
was superior to low power noise with sinc filter or that without
any filter.

2.2.2. RF-power

Using the preferred NOE scheme, low power noise with a
Gaussian filter, determined from Fig. 2, different decoupling power
levels were evaluated and shown in Fig. 3. An application of 0.5 W
of low power is sufficient to fully decouple the dioxane resonance
at 67 ppm, with negligible residual side bands.

2.2.3. Decoupling vs. NOE

We next compared the combined effects of low power noise
decoupling and NOE on glutamate. Fig. 4 illustrates the signal-to-
noise gain for the non-protonated carbons C5 and C1 of glutamate
and bicarbonate resonances in an aqueous solution of 1 M natural
abundance glutamate and 1 M sodium bicarbonate, pH 7.2. Note
that based upon the equal natural abundance of 3C=1.1%, the
intensities of C5 and C1 glutamate are equivalent Despite the lack
of directly attached proton, some signal gain was achieved through
application of low power noise NOE alone (Fig. 4B), and through
lower power noise decoupling alone (Fig. 4C). It can be seen that
the increase in signal-to-noise ratio of C1 and C5 resonances of glu-
tamate achieved by combining low power noise NOE and decou-
pling is significant and equal to those from high power WALTZ-4
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Fig. 2. Proton decoupled '3C spectra of dioxane. Experiments were performed in a
1.5 T clinical MR scanner using dual tuned half-head coil previously described [2].
The various decoupling and NOE schemes described in Section 4 (Fig. 8), resulted in
collapse of the coupled spins with incremental signal enhancement of the resulting
13C singlet resonance. The greatest signal enhancement was obtained with low
power noise decoupling together with Gauss filter (Spectrum B). All spectra were
scaled relative to the highest peak (Spectrum A). (A) High power WALTZ-4 NOE
(0.6 W) and decoupling (6 W). (B) Low power noise NOE (0.5 W) and decoupling
(0.5 W) with Gaussian filter. (C) Low power noise (0.5 W) and decoupling (0.5 W)
with Sinc filter. (D) Low power noise NOE (0.5 W) and decoupling (0.5 W) without
filter.
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Fig. 3. Decoupling efficiency for 1,4 dioxane acquired using NOE and decoupling
scheme in Fig. 8D at different decoupling powers.
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Fig. 4. Impact of NOE and decoupling on carbon atoms of glutamate and
bicarbonate. Comparison of (A) no decoupling or NOE (Fig. 8A). (B) Low power
noise decoupling alone (Fig. 8C). (C) low power noise NOE alone (Fig. 8B). (D) low
power decoupling and NOE (LPND, Fig. 8D), and (E) high power WALTZ-4
decoupling and low power NOE (Fig. 8E) of 1 M glutamate and 1 M Bicarbonate
(HCO3) indicates that in natural abundance glutamate, signal is almost equally
enhanced by either high power proton decoupling or low power decoupling and
NOE.

(compare Fig. 4D with Fig. 4E). This demonstration confirms the
prediction, outlined in the introduction. Since there are only dipo-
lar interaction and no proton-carbon scalar couplings to benefit
from conventional proton decoupling, NOE is sufficient to achieve
the required signal enhancement in both C1 and C5 glutamate
and bicarbonate.

2.3. Human studies

Because many human brain spectra will necessarily include sig-
nal from scalp lipids, and because the critical C3, C4 of glutamate
and glutamine co-resonate with these lipids, we first tested the
low power noise decoupling and NOE sequence on the abundant
and anatomically superficial lipids of the skull and scalp which re-
quire no '3C enrichment for detection in only a few scans. Fig. 5
compares natural abundance non-localized '3C spectra from the
posterior region of head and brain of a healthy volunteer. With
WALTZ-4 decoupling using proton decoupling power of 8W over
a bandwidth of 1000 Hz (B), the strongly coupled methylene,
CH=CH resonances observed in the non-decoupled lipid spectrum
(A) appear as singlets with higher signal intensity. When low
power noise decoupling with Gaussian filter and proton decou-
pling power of 0.9 W, and bandwidth 250 Hz was applied, the
spectrum showed comparable decoupling efficiency in the glycerol
and lipid -CH=CH- regions (C), results which confirm the effec-
tiveness of NOE low power decoupling in vivo. Indeed the carbonyl
resonance at 172 ppm in the low power NOE spectrum significant
exceeded that obtained with WALTZ. Note however, that using the
low power noise scheme substantial residual scalar proton cou-
pling is still apparent in the methylene (-CH>) region. This is most
probably the result of a much narrower bandwidth of 250 Hz em-
ployed for noise decoupling compared to that applied with WALTZ-
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Fig. 5. Natural abundance '>C MRS lipid spectra from the human head in vivo. (A)
No decoupling or NOE, (B) high power proton decoupling and NOE (WALTZ-4 at
8 W, Fig. 8E), (C) low power NOE (Fig. 8D) (0.9 W). Proton frequency for both (B) and
(C) was set to 100 Hz from water (approximately 3 ppm). Note that Spectrums B
and C are scaled to each other; peak intensities can be directly compared. Spectrum
A has not been scaled and is provided as a chemical shift reference.
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4 (1000 Hz in this study). However, while this residual coupling in
the '3C spectrum between 10-40 ppm can obscure C3, C4 of gluta-
mate and glutamine; they are of little consequence for observation
of the glutamate and glutamine C5 and bicarbonate resonances
which occur in the well-decoupled spectral region above 100 ppm.

To directly observe cerebral C5 glutamate and C5 glutamine and
bicarbonate in vivo in an acceptable acquisition time, human sub-
jects received i-v infusions of 99% '3C enriched [1-'3C] glucose or
[1-13C] acetate. We have previously shown [1-13C] glucose to en-
rich all five carbons of glutamate and glutamine as well as some
metabolites of the TCA cycle, bicarbonate, and other amino acids
in the human brain [20]. Using the standard high power proton
decoupling scheme, enrichment of the C2, C3 and C4 pools of glu-
tamate with '3C was confirmed (results not shown). The efficacy of
the proton low power noise scheme is demonstrated in Fig. 6. A
20 min carbon MRS spectrum acquired during WALTZ-4 decou-
pling (Fig. 6A) and a spectrum acquired during low power noise
decoupling and NOE (Fig. 6B), from the posterior parietal brain re-
gion of the subject during the same [1-!3C] glucose infusion proto-
col, showed comparable signal to noise for the enriched '>C brain
C5 carbons of glutamate and glutamine and for '3C bicarbonate.
Thus, despite the fact that 3C glucose enriches C5 glutamate, glu-
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Fig. 6. Comparison of NOE + DC (Fig. 8E scheme) (A) and low power NOE (LPND,
Fig. 8D scheme) (B) of the posterior parietal human brain in an [1-3C] glucose
infusion protocol. The enrichment of 3C in glutamate, glutamine and bicarbonate
region is shown.

tamine and bicarbonate only after three turns of TCA cycle [21],
using low power proton NOE yielded a signal-to-noise sufficient
to provide diagnostic metabolic information from the posterior
brain.

Representative spectra of the non-protonated carbon atoms of
glutamate and bicarbonate were acquired from the parietal region
of a patient. Twenty minute summed '3C spectra with WALTZ-4
decoupling acquired 60-80 min after infusion commenced and
20 min summed '3C spectrum with low power NOE acquired in
same subject, after 100-120 min are shown (Fig. 6). Note that sig-
nal to noise were comparable, even though the spectra A and B
were acquired 60 min apart, when fractional enrichment has be-
gun to decline. The relatively weak enrichment in both spectra is
accounted for by the use of precursor [1-'3C] glucose which pri-
marily enters the C2, 3 and 4 resonances of glutamate and gluta-
mine, and only later enriches C5 (and C1) glutamate, glutamine
and bicarbonate.

To reduce the duration of the experiment, optimize enrichment
of the selected glutamate and glutamine carbon atoms and test the
low power decoupling and NOE sequence for its performance in
the frontal brain, we next examined a subject during and after infu-
sion of [1-13C] acetate. We have previously shown this substrate to
directly enrich C5 glutamate and glutamine during the first turn of
the (glial) TCA cycle, and to release '>CO, immediately [22]. Using
only the low power noise technique, C5 glutamine, C5 glutamate
and '3C bicarbonate were readily detected in 5 min. The brain
structures examined are illustrated in the inset of Fig. 8.

Consistent with the role of acetate as a fuel metabolized first in
the cerebral glial compartment to glutamine, note the enrichment
of 3C5 glutamine in the frontal cortex and the enrichment of '*C5
glutamate [22]. 3C bicarbonate also appears in the frontal brain
early in the time course of metabolism of [1-'3C] acetate.

3. Discussion and conclusion

We demonstrate in this study that low power noise for NOE
enhancement in carbon MRS examinations renders carbon sites
in the C5 of glutamate, glutamine and bicarbonate region visible.
Sufficient signal-to-noise was achieved when labeled with en-
riched substrates at 1.5 T to enable a number of critical tests of
the new method. Notwithstanding the absence of directly attached
protons, the '*C5 resonance can still benefit from proton excitation
through NOE enhancement. Because the power deposited is within
FDA guidelines for SAR in optic lens (4), this technique can now be
routinely applied to the frontal lobe in common neuropsychiatric
disorders, such as schizophrenia, HIV and those resulting from
drug abuse, that are known to impact higher executive functions
of the frontal lobe. It is expected to be a safe alternative to PET
scanning, the only metabolic imaging technique currently applica-
ble to all brain regions, including the frontal cortex and a comple-
ment to dynamic functional MRI studies, from which the metabolic
substrate of brain activation is entirely lacking. Furthermore, be-
cause of radioactivity concerns, and because PET has only a limited
role in the study of metabolic fluxes, the specific metabolic infor-
mation contained in !3C brain spectra promises an elegant tech-
nique to study brain metabolism in the frontal structures of the
normal brain. Work is in progress in this Laboratory to explore
abnormalities in cerebral glutamate metabolism hypothesized to
be associated in many human neuropsychiatric and genetic condi-
tions which primarily impact higher executive functions and other
processes predominantly localized to frontal cortex. The precise
neuropsychological functions which might thereby become acces-
sible are determined to a large extent by the volume of interest
(field of view; FOV) of the carbon 13 coil employed. The present
prototype coil covers Brodmann areas 9-11, 46 and possibly 47,
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anatomically included in the dorsolateral prefrontal cortex, ante-
rior prefrontal cortex, orbitofrontal area and inferior prefrontal
gyrus. Now that feasibility has been established, it should be rela-
tively straightforward to design superior dual tuned RF coils which
will increase available '3C SNR. Alternative strategies for amplify-
ing 13C signal in vivo include inverse detection and direct detection
of labeled metabolites via proton MR spectroscopy [23] have been
reported. We are optimistic that the new method of low power
noise NOE will be applicable at 3 T without exceeding SAR. Proton
decoupling with WALTZ however, scales fourfold higher with
increasing magnetic field and will therefore continue to present
problems for human use in the frontal lobe. We are currently
undertaking tests at 1.5, 3 and 4.7 T to determine directly the RF
power deposition and tissue temperature for each of the protocols
introduced in this paper and will report the results separately.

Using dynamic nuclear polarization [24], PASADENA [25], xe-
non-'3C transfer [26] or Brute-force techniques collectively termed
high-definition MRI (HD-MRI) currently being explored in several
Laboratories, may avoid the problems of SAR since proton decou-
pling is not employed with these methods. To date none of these
methods has shown even pre-clinical results in the brain beyond
angiography and the path to clinical utility and *C neurochemistry
remains problematical. Nevertheless, if successful, HD-MRI with
carbon 13 (and nitrogen 15) which will be performed without
added RF-power deposition and by providing enormous signal gain
(10,000- to 100,000-fold according to recent accounts) will encour-
age in vivo '3C neurospectroscopy studies on the time scale and
anatomic scale of milliseconds and millimeters, in contrast to the
present report which achieves 5-20 min time resolution over 10s
of cubic centimeters of brain.

For the time being, however we believe that the present tech-
nique of low power direct detection of 'C enriched glutamate, glu-
tamine and bicarbonate, offers the best means of exploring human
frontal brain disorders of glutamate neurotransmission and oxida-
tive metabolism. Furthermore, since signal enhancement is due to
long-range coupling to exchangeable water, it is highly likely to de-
pend on brain physiology and might thereby, itself provide physi-
ological information.

4. Methods

All proton decoupled '3C MRS experiments were performed
with approval of the Institutional Review Board (IRB) of Hunting-
ton Memorial Hospital and the Food and Drug Administration
(FDA) Investigational New Drug (IND) 56510 ([1-!3C] glucose)
and IND 59950 ([1-'3C] acetate) on a 1.5 T Signa scanner equipped
with broad-band exciter, a dual tuned half head (surface) 1TH-'3C
radiofrequency coil, a stand alone proton decoupler and a vector
signal generator (Agilent E4433B). The RF head coil which could
readily be dismounted from the MR scanner was applied either
to the posterior parietal (occipital) region of the head or to the
forehead, where the anterior portions of the frontal lobe were in-
cluded in the field of view (see Insets to Figs. 6 and 7 for details
of brain regions examined in the present study).

The RF-pulse sequences to be investigated included a variety of
proton decoupling and NOE schemes and are illustrated in Fig. 8,
where NOE (LPND) (Fig. 8D) refers to uninterrupted irradiation of
low-power RF throughout the recovery time and the data acquisi-
tion window, and NOE+DC (Fig. 8E) refers to irradiation of low
power RF during the recovery period and irradiation of high power
RF during the acquisition window.

Random noise amplitudes and phases were created in Excel
with three different filter schemes; Scheme 1: normal random
numbers with mean of 10 and standard deviation (SD) of 25 with
pass-through filter, Scheme 2: normal random numbers with mean
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Fig. 7. Enrichment of '3C in glutamate and glutamine in the anterior (frontal) brain
during 1-'3C acetate infusion. (A) Sequentially acquired 'C spectra are shown for
20 min increments from the start of the infusion, with the appearance of '>C5
glutamate and '3C5 glutamine and bicarbonate resonances (Fig. 7A). (B) The
complete time course of accumulation of enriched metabolites over time are shown
at 5 min intervals. (Note: Signal amplitudes for Glns, Glus and HCO; are not to scale)
Inserts are axial and sagittal images showing that Broadmann areas 9-11, 46 and
possibly 47 of frontal cortex are included in the MRS field of view.

of 10 and standard deviation (SD) of 25 with Sinc filter, and Scheme
3: pseudo random noise generation using the Box-Muller method
[27] with mean of zero and SD of one with Gaussian filter. These
schemes were downloaded onto the vector signal generator and
executed at 8 KHz repetition rate. The effective bandwidths of
these random noise schemes were chosen at 250 Hz, for compari-
son with the high power WALTZ-4 scheme of the 1000 Hz band-
width. A conventional rectangular 90-degree radio-frequency
pulse and acquire data acquisition scheme was used with pulse
width of 252 ps (Fig. 8A). Spectra were recorded using a spectral
width of 5000 Hz, 1024 data points and TR of 1.5 s. Proton pulse
power for decoupling and NOE were the actual power measured
in Watts (calibrated for cable loss), using an external power meter
(Agilent E4418B), at the point prior to the RF coil transmit port and
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E 0.5-0.9 Watts

252 usec
RF] 5-9 Watts

D 0.5-1.0 Watts
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bulse 0.5-1.0 Watts
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Fig. 8. Different proton decoupling and NOE schemes employed in this study. (A) No decoupling and NOE. (B) Low power noise (1.0-0.5 W) NOE only. (C) Low power noise
(1.0-0.4 W) decoupling only. (D) Low power noise (1.0-0.5 W) for NOE and for decoupling (LPND). (E) Low power WALTZ-4 NOE (0.9-0.5 W) and decoupling (5-9 W).

Bandwidth of NOE applied was 250 Hz and of Waltz-4, 1000 Hz.

continuously displayed during phantoms and in vivo human stud-
ies. A 100% solution of dioxane was used to characterize the effi-
ciency of proton decoupling in a coupled model system. A second
phantom comprising 1 M glutamate and 1 M sodium bicarbonate
was used to test sequences on coupled proton-carbon resonances
relevant to human brain studies. To evaluate the efficacy of the low
power noise decoupling and NOE (LPND, Fig. 8D) in vivo, we com-
pared the '>C MRS spectra from the parietal brain region using
WALTZ-4 decoupling with those acquired by low power noise
NOE during an established '3C substrate infusion protocol [2], per-
formed at a later time point during the same [1-!3C] glucose infu-
sion. In a second experiment, the RF-head coil was repositioned
over the forehead of a different volunteer and a complete
[1-13C]-acetate infusion using a low dose of 0.15 g/kg body weight
(3.3% w/v) of 99% enriched [1-'3C]-acetate protocol was performed.
13C MRS was performed with 3C low power proton noise NOE
(LPND) acquisition from the frontal lobe. The [1-!3C] acetate from
Cambridge Isotope Laboratories was prepared as a pyrogen free
solution by Fairview Pharmacy, Minneapolis, Mn. (Ms. Darlette
Luke) and infused through the antecubital vein over 60 min [22].
Written informed consent was obtained. Axial T1-weighted MR
images were acquired and used as a guide for homogeneity adjust-
ment prior to '3C MRS acquisition using a simple pulse-acquire
data acquisition sequence (LPND, Fig. 8D), together with low power
pulses of 0.9 W. 13C data acquisition commenced at the start of the
infusion and was continued in 5 min blocks for 120 min.
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