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Abstract
Previously, we devised a novel strategy for in vivo 13C MRS using [2-13C]glucose infusion and
low-power proton decoupling, and proposed that this strategy could be used to acquire 13C MR
spectra from the frontal lobe of the human brain. Here, we demonstrate, for the first time, in
vivo 13C MRS of human frontal lobe acquired at 3 T. Because the primary metabolites of
[2-13C]glucose can be decoupled using very-low-radiofrequency power, we used a volume coil for
proton decoupling in this study. The homogeneous B1 field of the volume coil was found to
significantly enhance the decoupling efficiency of the stochastic decoupling sequence. Detailed
specific absorption rates inside the human head were analyzed using the finite difference time
domain method to ensure experimental safety. In vivo 13C spectra from the occipital and frontal
lobes of the human brain were obtained. At a decoupling power of 30 W (time-averaged power,
2.45 W), the spectra from the occipital lobe showed well-resolved spectral resolution and excellent
signal-to-noise ratio. Although frontal lobe 13C spectra were affected by local B0 field
inhomogeneity, we demonstrated that the spectral quality could be improved using post-
acquisition data processing. In particular, we showed that the frontal lobe glutamine C5 at 178.5
ppm and aspartate C4 at 178.3 ppm could be spectrally resolved with effective proton decoupling
and B0 field correction. Because of its large spatial coverage, volume coil decoupling provides the
potential to acquire 13C MRS from more than one brain region simultaneously.
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INTRODUCTION
One very powerful method for studying human brain metabolism is proton-decoupled 13C
spectroscopy (1–8). In human brain 13C spectroscopy studies, carbon-13 (13C)-enriched
substances are infused into human subjects and proton-decoupled 13C spectra are acquired
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using either direct 13C excitation (1,2) or proton–carbon polarization transfer techniques
(3,4). Enriched substances, such as [1-13C]glucose (1–5), [2-13C]acetate (6) and
[2-13C]glucose (7,8), have been used for intravenous or oral infusion protocols. The most
commonly used substance is [1-13C]glucose. Alkanyl carbons of major brain metabolites are
often detected in the 20–60 ppm range. However, one of the technical difficulties associated
with alkanyl carbons is the large 1H–13C scalar coupling (1JCH = 125–145 Hz). To obtain
effective decoupling, the radiofrequency (RF) field strength of the decoupling pulses (γB2)
must be much greater than 1JCH. Because chemical shift dispersion is proportional to the
static magnetic field strength, and because the γB2 required for broad-band decoupling
increases linearly with γB0, the RF power for broad-band decoupling increases as a function
of (γB0)2. To ensure patient safety during RF exposure, the US Food and Drug
Administration and the International Electrotechnical Commission defined safety guidelines
measured with average and local specific absorption ratios (SARs) (9,10). To achieve
necessary RF efficiency with acceptable RF power deposition, surface coil or half-volume
transceiver coils (11) have been used for proton decoupling. As a result, most in vivo 13C
spectroscopy studies of human brain have been acquired from the occipital lobe region,
whereas proton decoupling for studying the frontal lobe may cause safety concerns because
of poor perfusion of the eyes.

Although proton surface coils provide higher efficiency and sensitivity, their
inhomogeneous B1 field is a well-known technical issue. Under the inhomogeneous B1 field,
the spins within the region of interest do not experience the same decoupling RF field that
degrades decoupling efficiency. Composite decoupling sequences, such as WALTZ-4 or
WALTZ-16, are generally designed for high-resolution NMR spectroscopy with larger γB2
(≥1 kHz) and fast repetition of decoupling pulse cycles, and may therefore not perform well
with very weak coupling fields. Furthermore, the region of interest needs to be close to the
surface of half-volume coils, which does not allow the performance of multiregion
spectroscopy experiments (e.g. acquiring two spectra in one study, one from the occipital
lobe and another from the frontal lobe).

Volume coil decoupling has been used previously for human brain 13C spectroscopy studies
at 1.5 T (12) and 3 T (13,14). In the 1.5 T study, an unshielded birdcage coil was used and
the decoupling power was approximately 150 W. For RF power to remain within safety
guidelines, the acquisition time was only 85 ms, which significantly limited the spectral
resolution. A shielded birdcage coil was used in the 3 T studies, and a decoupling power of
70 W was applied with a relatively short acquisition time of 135 ms. Because proton
decoupling was applied for alkanyl carbons, further reductions in decoupling power were
limited.

We developed a novel strategy for in vivo cerebral 13C MRS using [2-13C]glucose infusion
and detection of its primary metabolites in the carboxyl/amide region (15,16). We found that
proton decoupling for the carboxyl/amide region requires very low RF power. The 13C
resonances of glutamate, glutamine, γ-aminobutyric acid (GABA), aspartate and N-
acetylaspartate (NAA) from the carboxylic/amide spectral region were detected. Because the
carboxylic/amide carbons are only coupled to protons via very weak, long-range, 1H–13C
scalar couplings, these couplings can be effectively decoupled using very low RF power
with half-volume coils (15,16). An additional advantage of this approach is that the
resonances of major brain metabolites do not overlap with the 13C signal from the
carboxylic carbons of the subcutaneous lipids (centered at 172 ppm).

In this study, we conducted 13C spectroscopy in human brain using volume coil decoupling
at 3 T. Before the in vivo study, numerical simulations under our experimental conditions
were first applied to evaluate the average and local SARs inside the human head with
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volume coil decoupling. The reliability of the simulation method was also validated with
phantom experimental measurements. Following the numerical simulation, the efficiency of
volume coil decoupling was evaluated on a phantom that provided the spectrum features of
carboxylic/amide carbons from glutamine and aspartate. Finally, 13C spectroscopy in the
occipital and frontal lobes was performed with volume coil decoupling. As a result of the
weak coupling for carboxylic/amide carbons and the uniform B1 field of the volume coil, a
decoupling power of 30 W was found to be adequate. This decoupling power was much less
than the power predicted from the result using surface coil decoupling. Preliminary results
from this study were presented at the 16th and 17th Annual Meetings of the International
Society of Magnetic Resonance in Medicine (17–19).

EXPERIMENTAL DETAILS
Hardware

In vivo 13C MRS experiments were performed on a GE 3 T Excite clinical scanner (GE
Healthcare, Milwaukee, WI, USA). A homebuilt RF coil system was used that consisted of a
single-turn 13C coil and a short, unshielded quadrature, and high-pass birdcage coil. The 12-
leg birdcage coil was constructed using copper tape on the outside surface of a clear acrylic
tube with an outside diameter of 26.7 cm. The width of the legs and end-rings was 2.54 cm
and the inner length was 12.7 cm. The 13C coil for the occipital lobe was the same as that
used in the previous human study (16). The frontal lobe 13C coil was a rectangular loop
made with copper tape, 1.00 cm wide, mounted on a piece of plastic tube material (outside
diameter, 20.3 cm). The inner width and length of the coil were 5 and 9 cm, respectively. A
proton blocking tank circuit was inserted at the midpoint of the 13C loop. A stand-alone
proton decoupler was used to provide stochastic RF pulses for nuclear Overhauser effect
(NOE) and proton decoupling. Details regarding system configuration, stochastic pulses and
RF power calibration have been described previously (16).

Numerical analysis of SAR
Average and local SARs inside the human head were simulated under our experimental
conditions using a custom-designed finite difference in time domain/finite element method
(FDTD/FEM) program developed in-house (20,21). In FEM, the birdcage coil was modeled
according to the actual dimensions with unstructured tetrahedral meshes. The rest of the
space and the human head (based on the National Library of Medicine’s Visual Man
Project) were modeled using the FDTD method with a 2 × 2 × 2 mm3 spatial resolution.
Eighteen different bones and tissues and their electrical properties at 128 MHz were
assigned (22). A sagittal view of the computer model is shown in Fig. 1, where the proton
coil is centered for the occipital lobe. For the frontal lobe study, the proton coil was shifted
about 2 cm superiorly for better coverage. Two voltage sources were applied and the coil
was driven in quadrature. The circularly polarized component of the B1 field  and
electric fields were calculated at 128 MHz. Local SAR was computed by averaging the
absorbed electric power within a volume of 1 g mass around the center of each cell. The
results of  and local SAR distributions were normalized to 1 W of absorbed RF power
inside the head model with 100% duty cycle. Using the normalized results, the  intensity
and local SAR at different power levels and duty cycles were computed. In the calculation
of average SAR, a concept of effective mass (16) was used that contained the top 90% of
total electric energy absorbed inside the head model. For the head model used, the effective
masses were 3.5 and 3.0 kg when the proton coil was centered for the occipital and frontal
lobes, respectively. Average SAR was calculated by taking 90% of the total energy absorbed
inside the human model for each case and dividing it by the corresponding effective mass.
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Experimental validation of numerical simulation
Although RF power deposition inside a three-dimensional human head model has been
simulated previously (23–26), most of the simulations have not been validated
experimentally. A recent phantom study has shown the agreement between the measured
SAR using MRI phase maps and the calculated SAR using commercial software (XFDTD,
Remcom, State College, PA, USA) (27). To validate the simulation software developed in-
house, we performed a comparison study of numerical calculations and experimental
measurements of the RF power deposition inside three salty phantoms on a 4.7 T scanner.

A shielded, 12-rung, linear, high-pass birdcage coil was used (coil length, 16 cm; coil
diameter, 14.0 cm; shield diameter, 17.8 cm). The coil was tuned to 200.6 MHz. The
unloaded phantom was a small sphere (diameter, 3.5 cm) filled with distilled water only.
Three salty phantoms were prepared using spheres (diameter, 10.1 cm) filled with 25, 50 and
75 mM NaCl solution, respectively. The time-averaged RF power deposition inside each
phantom was measured using the method defined by the National Electrical Manufacturers
Association (28) or the International Electrotechnical Commission (10). All power levels
were measured at 180° flip angle with a rectangular pulse of 2 ms at the coil center.

The same FDTD/FEM was applied to build the coil and phantom models. The coil was
tuned to 200.6 MHz by adjusting end-ring capacitances for each loading phantom. The
conductivities of the three salty numerical phantoms at 200 MHz were 0.29, 0.59 and 0.84 S/
m, respectively (29). The calculated  intensity at the center of the phantoms was
normalized to 5.87 µT (180° flip angle with a rectangular pulse of 2 ms). The averaged RF
power in each phantom was computed by integrating the electrical power from all cells
inside the phantom space under normalized conditions.

Phantom and in vivo 13C spectroscopy
The efficiency of volume coil decoupling was tested on a phantom. Because the resonances
of glutamine C5 and C1 are 0.2 ppm apart from the aspartate C4 and C1 peaks, respectively,
they are most susceptible to imperfect decoupling. To mimic this chemical environment, we
prepared a phantom using a 3 L bottle filled with distilled water and 6 g NaCl. A 7 cm
sphere filled with 200 mM glutamine and 200 mM aspartate salt (pH 7.0) inside the 3 L bottle.
Natural abundance 13C phantom spectra (nominal flip angle, 45°; TR = 4 s; number of data,
2048; NS = 64) were acquired at different decoupling power levels.

The methods of recruitment of human subjects, glucose infusion, acquisition of proton
images for head position and acquisition of 13C MR spectra were identical to our previous
study (16). A bilevel stochastic waveform was used for NOE and proton decoupling. The
repetition unit of the stochastic noise was 1.2 ms. The RF power absorbed by the human
head was 1.0 W for NOE and 30 W for proton decoupling, which corresponds to an average
power deposition of 2.45 W (30 × 0.05 + 1 × 0.95). The proton carrier frequency for
decoupling was centered at the water signal. All in vivo spectra were processed with zero fill
of 16 K, Lorentzian broadening (LB) of −2.0 Hz and Gaussian broadening (GB) of 0.3.

Static magnetic field shimming was performed using the fast automatic shimming technique
by mapping along projections (FASTMAP) method (30) implemented on the GE 3.0 T
scanner which has high-order shims of the second-order spherical harmonics. A cubical
voxel of 5 × 5 × 5 cm3 was selected to perform high-order shim in the occipital lobe. After
the FASTMAP shim, the typical water linewidth from the 125 cm3 cubical voxel was 7–8
Hz in the occipital lobe. In the frontal lobe experiments, high-order shimming was
performed on a smaller cubical voxel of 64 or 91 cm3, which produced a water linewidth of
~10 or ~12 Hz, respectively. Cube size selection was dependent on the size of the frontal
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lobe. The substantial line broadening in the frontal lobe was caused by the susceptibility
effect from the nasal cavity, frontal and sphenoid sinus (31,32). Because the scanner was
equipped with second-order shim coils only, shim conditions in the frontal lobe were
limited.

RESULTS
SAR simulation analysis

Figure 2 shows the sagittal view of the normalized  field distribution in the unit of µT for
both the occipital (Fig. 2a) and frontal (Fig. 2b) lobes. Compared with the  field of the
half-volume coil (16), the short-volume coil provided a uniform  field in the transverse
plane, and the space covered by the volume coil size was sufficiently large to cover the
frontal and occipital lobe regions. The short coil length reduced additional coil loading from
the tissue outside of the region of interest. As a result, the decoupling efficiency and spectral
signal-to-noise ratio (SNR) were considerably improved.

Figure 3a shows the normalized local SAR distribution in an axial slice for the occipital lobe
simulation. This plot contains the maximum local SAR of 1.23 W/kg under normalized
conditions (i.e. 1 W of deposited power). A logarithm scale in dB was used. In the frontal
lobe, the maximum local SAR was 1.02 W/kg for 1 W of deposited power (Fig. 3b). In the
occipital lobe simulation, the maximum local SAR was found within the temporal muscle,
which has higher conductivity than the rest of the tissues; in the frontal lobe simulation, the
maximum local SAR was observed in the skin and facial muscles near the nose and inferior
to the eye, which was primarily caused by the repositioning of the proton coil, where the
lower end-ring of the coil was shifted closer to the nose and eye.

In our in vivo experiments, the maximum RF power delivered to the human head was 30 W
for decoupling and 1.0 W for NOE. With the 5% duty cycle for proton decoupling, the
maximum local SAR was 3.0 W/kg [1.23 × (30 × 0.05 + 1.0 × 0.95)] in the occipital lobe
experiment, and 2.5 W/kg [1.02 × (30 × 0.05 + 1.0 × 0.95)] in the frontal lobe experiment.
In estimating the average SAR, 90% of the deposited power and an effective mass were
used. The average SAR was 0.63 W/kg {[0.90 × (30 × 0.05 + 1.0 × 0.95)]/3.5} for the
occipital lobe experiment, and 0.74 W/kg {[0.90 × (30 × 0.05 + 1.0 × 0.95)]/3.0} for the
frontal lobe experiment. These local and average SAR values are substantially below the
safety guidelines established by the US Food and Drug Administration (8 W/kg for local
SAR, 3 W/kg for average SAR) and International Electrotechnical Commission (10 W/kg
for local SAR and 3.2 W/kg for average SAR).

Experimental validation of numerical simulations
The calculated and experimentally measured average power levels deposited inside the three
different salt phantoms are shown in Table 1. The power levels given in Table 1 are those
required to produce a 180° flip angle with a rectangular pulse of 2 ms. The simulated results
are in good agreement with the experimentally measured data. Indeed, the sample with the
highest NaCl concentration (0.84 S/m) is closest to the conductivity of brain tissue in the
100–200 MHz range (33,34). Therefore, we believe that our numerical simulation is a valid
method for evaluating SAR inside the human head.

Decoupling evaluations in vitro
Figure 4 shows the natural abundance 13C spectra from the phantom containing 200 mM

glutamine and 200 mM aspartate with stochastic decoupling at a decoupling power ranging
from 0 to 40 W. Each spectrum was acquired with TR = 4 s, NS = 64 and an acquisition
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time of 4.5 min. The free induction decay data were zero-filled to 16 K and apodized with
LB = 1.0 Hz. Spectra contained resonances of glutamine C5 (178.5 ppm) and C1 (174.9
ppm), as well as aspartate C4 (178.3 ppm) and C1 (175.0 ppm). As the decoupling power
was reduced, the resonances with chemical shifts 0.2 ppm apart were still resolved, even at a
very low decoupling power of 45 W (equivalent to a time-averaged power of 1.18 W). An
undecoupled spectrum is shown at the bottom of Fig. 4; all resonances became indiscernible,
indicating that low-power decoupling was needed to achieve the necessary spectral
resolution in the carboxylic/amide region at 3 T. The resonances of glutamine C5 and C1
were more sensitive to decoupling power reduction, as indicated by the broader linewidth
and lower signal height when the power was reduced. This is caused by the fact that
glutamine protons have a much larger spectral span than aspartate protons (16). The
phantom results demonstrated that the decoupling power for carboxylic/amide carbons can
be reduced significantly (30 W or below) compared with the decoupling power for alkanyl
carbons (70 W or higher).

In vivo 13C spectra with [2-13C]glucose infusion
The time course spectra of glutamate, glutamine, aspartate and NAA turnover, obtained
from the occipital lobe of human brain with intravenously infused [2-13C]glucose, are
shown in Fig. 5. The time-averaged decoupling power was 2.45 W. Each spectrum was
acquired in 8.5 min with NS = 128. In the spectra, 13C-labeled glutamate C5 (182.0 ppm)
and C1 (175.4 ppm), glutamine C5 (178.5 ppm) and C1 (174.9 ppm), aspartate C4 (178.3
ppm) and C1 (175.0 ppm), and NAA C5 (174.3 ppm) are shown. Glutamine C5 and
aspartate C4 were spectrally resolved. The spectral characteristics from the occipital lobe
using 30 W volume coil decoupling were in excellent agreement with the spectra from the
same region obtained using the half-volume coil at 15 W (16). The signal of natural
abundance lipid carboxylic carbons at 172.5 ppm was also enhanced by the low-power
decoupling, as demonstrated previously (16).

Spectra from the occipital lobe of two subjects accumulated in 25.5 min at the end of
infusion are shown in Fig. 6. The spectrum in Fig. 6a is the sum of the last two spectra in
Fig. 5 from 56 to 84 min after the infusion started. The spectrum in Fig. 6b is a 25.5 min
spectrum from a different subject accumulated from 101 to 127 min after the infusion
started. The extended infusion time for the spectrum in Fig. 6b was caused by a urination
break. The consistency of the two spectra with our previous results obtained using
quadrature surface coils (16) demonstrates that the occipital lobe studies are highly
reproducible.

Figure 7 shows frontal lobe 13C spectra in the carboxylic/amide region from three subjects at
the steady state of glucose infusion. All spectra were acquired using volume coil decoupling
at a time-averaged power of 2.45 W (LB = −2.0 Hz, GB = 0.3, NS = 384). The spectra in
Figs. 7a–c were acquired during the 74th to 101st, 80th to 110th, and 67th to 97th minute
intervals, respectively, after the initiation of intravenous [2-13C]glucose infusion. Similar to
the occipital lobe spectra, the resonances of glutamate C5 (182.0 ppm) and C1 (175.4 ppm),
glutamine C5 (178.5 ppm) and C1 (174.9 ppm), aspartate C4 (178.3 ppm) and C1 (175.0
ppm), and NAA C5 (174.3 ppm) were all observed. The glutamine C5 and aspartate C4
peaks are more resolved in the spectra in Figs. 7b and 7c than in the spectrum in Fig. 7a.
Because of the stronger distortion of the static magnetic field in the frontal lobe region, the
spectral resolution of the frontal lobe spectra was reduced compared with that of the
occipital lobe spectra. Figure 7 clearly shows that the frontal lobe 13C spectra in the
carboxylic/amide region are very similar to those acquired from the occipital lobe (Figs. 5
and 6). In particular, the 13C frontal lobe signal centered at 178.4 ppm contains two peaks
originating from glutamine C5 (178.5 ppm) and aspartate C4 (178.3 ppm). With poor

Li et al. Page 6

NMR Biomed. Author manuscript; available in PMC 2011 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



correction of B0 field inhomogeneity and/or insufficient proton decoupling (Fig. 4), this
signal could easily be misinterpreted to be a single peak.

DISCUSSION
Previously, we have compared the B1 field efficiency of the quadrature surface coil and the
volume coil using a numerical simulation method (19). Under normalized conditions (1 W
of absorbed RF power inside the human head model), the  intensity of the volume coil is
approximately 50% of that of the quadrature surface coil at the same location centered inside
the spectral voxel. Theoretically, four times the RF power is needed for the volume coil to
generate the same  field intensity as produced by the quadrature surface coil. However,
the volume coil provides more uniformed decoupling throughout the active coil volume,
which translates into enhanced decoupling efficiency; the actual increase in the required
decoupling power should be substantially less than fourfold. As shown in the present study,
the peak power of the volume coil (30 W) was only twice that used with quadrature surface
coil decoupling (15 W). Because of the uniform decoupling, the SNR of the glutamate C5
peak in the occipital lobe spectrum with volume coil decoupling was essentially the same as
that acquired with quadrature surface coil decoupling (16). This result demonstrates that the
lesser RF field efficiency of the volume coil can be partially compensated for by its uniform
B1 field distribution, and that the same quality of proton-decoupled 13C spectra can be
obtained.

The frontal lobe is involved in memory, emotion and higher mental functions. Most
psychiatric disorders are believed to be related to dysfunction in the frontal lobe. Frontal
lobe MRS, however, has traditionally been quite challenging because of several technical
hurdles. The space inferior to the 13C coil (below the frontal lobe) is largely occupied by the
frontal sinus, nasal cavity and sphenoid sinus. The inhomogeneous B0 field in the frontal
lobe region thus creates significant line broadening and SNR reduction, a negative effect
which has been studied using numerical simulations and experimental field mapping
(31,32). In these studies, B0 field histograms were used to evaluate the frequency shift and
lineshape distortion caused by the susceptibility effect. The resonance frequency at the
orbital frontal area could be up to 2–3 ppm higher than that in the dorsolateral and superior
frontal areas. For the brain region close to the orbital frontal area, the field histogram shows
an asymmetric line broadening in the downfield direction. In the present study, this
downfield line broadening was observed in the frontal lobe spectra, as clearly evidenced by
the glutamate C5 singlet resonance (Fig. 7). Although the FASTMAP technique can
measure first- and second-order field inhomogeneity, the distortion from the strong third (or
higher) order components remains problematic because of the lack of higher order shim
coils in the clinical scanner. The shimming results were also limited by the available second-
order shim current strength.

One of the most commonly used methods for correcting lineshape distortion caused by the
susceptibility effect is time domain deconvolution, performed using an NMR reference
signal (35–37). A singlet peak with relatively high intensity is preferred for the reference
signal. In proton spectroscopy, a water signal is often used as a reference. In
conventional 13C spectroscopy, however, it is difficult to select an internal reference because
of the nearby chemical shifts of the metabolic peaks and contamination from lipid signals.
Another approach – using self-deconvolution without a reference (38) – requires the prior
knowledge of all resonances in the spectrum. Therefore, because the residual of the lipid
signal is not well defined, self-deconvolution cannot be easily applied in 13C spectroscopy.
Fortunately, the 13C spectra acquired in the carboxylic/amide carbon region (as shown in
Figs. 5–7) have an advantage, in that the glutamate C5 peak at 182.0 ppm is a singlet, well
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separated from other peaks, and has a relatively high signal intensity. Thus, it can be used as
an internal reference for deconvolution in order to restore lineshape and enhance spectral
resolution. The data of this peak in the frequency domain can be clearly cut out and then
transformed back into the time domain by Fourier transformation. The curve of its amplitude
mode then serves as an internal reference for lineshape deconvolution. One frontal lobe
spectrum (see Fig. 7c) was reprocessed with the deconvolution; the deconvolved spectrum is
displayed in Fig. 7d with the same Lorentzian–Gaussian transformation parameters (LB =
−2.0Hz, GB = 0.3). In the deconvolved spectrum, the broad base of the glutamate C5 peak
was significantly reduced, and a narrower, more symmetric lineshape was obtained. In the
deconvolved spectra shown in Fig. 7d, the two partially overlapping peaks of glutamine C5
and aspartate C4 (see Fig. 7c) become more resolved.

Many brain disorders present spatially extensive abnormalities in the metabolism of
glutamate and other amino acids. As a result, many important clinical and functional
discoveries have been made using the same surface-coil localization method as in the current
study (39–42). A better defined volume can be obtained by adding proton-based localization
with proton-to-carbon polarization transfer schemes to localize a relatively large
spectroscopy voxel (5). The primitive second channel on our 3 T scanner prevented us from
implementing such a localization method. We would like to emphasize that, as lipids do not
interfere with metabolites in the carboxylic/amide region, alternative localization methods
(for example, methods based on the sensitivity heterogeneity of receive coils) can be used to
localize an arbitrarily shaped region of interest. Work in this direction is currently in
progress.

In summary, the present study has shown that the short-volume coil can be safely used for
proton decoupling in acquiring 13C spectra of carboxylic/amide carbons in both human
frontal and occipital lobes with [2-13C]glucose infusion. Because of the weak coupling
between carboxylic/amide carbons and remote protons, 30 W was sufficient for volume coil
decoupling. Spectra with high SNR and resolution were consistently obtained from the
occipital lobe region. The quality of the frontal lobe spectra was comparatively limited by
the lack of high-order, room temperature shim coils. The deconvolution technique was
applied to the frontal lobe spectra, which improved the lineshape and spectral resolution.
The potential application for volume coil decoupling is to acquire two localized 13C spectra
in the same human brain with dynamic shimming. Because most psychiatric disorders are
related to dysfunction in the frontal lobe, the simultaneous acquisition of localized 13C
spectra, one in the frontal lobe and one in the occipital lobe, would provide a direct
comparison of the dysfunctional (frontal) and normal (occipital) regions of the brain in the
same subject.

Acknowledgments
The authors are grateful to Ms Renee Hill for technological assistance in patient handling, safety supervision and
acquisition of clinical MRI scans. The authors also thank Ms Ioline Henter for editing the manuscript.

This work was supported by the Intramural Research Program of the National Institute of Mental Health, National
Institutes of Health (NIMH-NIH).

Abbreviations used

FASTMAP fast automatic shimming technique by mapping along projections
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GABA γ-aminobutyric acid

GB Gaussian broadening

LB Lorentzian broadening

NAA N-acetylaspartate

NOE nuclear Overhauser effect

RF radiofrequency

SAR specific absorption ratio

SNR signal-to-noise ratio
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Figure 1.
A sagittal view of the computer model of the human head and the short birdcage coil for the
finite difference in time domain/finite element method (FDTD/FEM) simulations. The coil
was modeled with unstructured tetrahedral meshes in FEM. The rest of the space and the
human head were modeled using the FDTD method. The coil in this figure was positioned
for the occipital lobe study. It was 2 cm higher in the frontal lobe simulation.
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Figure 2.
The normalized  field distribution in the mid-sagittal plane of the head model with the
short birdcage coil positioned for the occipital lobe study (a) and the frontal lobe study (b).
Because the coil was centered differently in the two situations, the  pattern was shifted
accordingly.
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Figure 3.
Normalized local specific absorption ratio (SAR) distribution in the plane that contains the
maximum local SAR of 1.23 W/kg in the occipital lobe study (a) and 1.02 W/kg in the
frontal lobe study (b). The plot is given in dB scale.
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Figure 4.
Phantom 13C spectra (Lorentzian broadening, 1.0 Hz) of glutamine and aspartate decoupled
using stochastic waveform with a unit repetition time of 1.2 ms. The decoupling power and
time-averaged power are shown for each spectrum. An undecoupled spectrum is shown at
the bottom. Asp, aspartate; Gln, glutamine.
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Figure 5.
Time course spectra of glutamate (Glu), glutamine (Gln) and aspartate (Asp) turnover
detected in the occipital lobe during intravenous infusion of [2-13C]glucose. Lorentzian–
Gaussian transformation (Lorentzian broadening, −2.0 Hz; Gaussian broadening, 0.3) was
applied. The decoupling power was 30 W (time-averaged decoupling power, 2.45 W). Each
spectrum corresponds to an 8.5 min signal averaging with NS = 128. Glu C5 (182.0 ppm)
and C1 (175.4 ppm), Gln C5 (178.5 ppm) and C1 (174.9 ppm), Asp C4 (178.3 ppm) and C1
(175.0 ppm) were detected. No baseline corrections were made.
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Figure 6.
Spectra obtained from the occipital lobe of two healthy volunteers (a and b). Each spectrum
is summed from the last 25.5 min of data acquisition with NS = 384 scans, Lorentzian
broadening, −2.0 Hz; Gaussian broadening, 0.3. In addition to Glu C5 and C1, Gln C5 and
C1, and Asp C4 and C1, NAA C5 (174.3 ppm) was detected. Asp, aspartate; Gln, glutamine;
Glu, glutamate; NAA, N-acetylaspartate.
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Figure 7.
Spectra obtained from the frontal lobe of three healthy volunteers (a, b and c). Each
spectrum was summed from the last 25.5 min of data acquisition with NS = 384, Lorentzian
broadening (LB) = −2.0 Hz and Gaussian broadening (GB) = 0.3. Spectrum (c) was
reprocessed using spectral deconvolution. The deconvolved spectrum is shown in (d) (LB =
−2.0 Hz, GB = 0.3). Compared with the spectrum in (c), improved lineshape (represented by
the lineshape of Glu C5) and spectral resolution (represented by the peak separation of Gln
C5 and Asp C4) were observed. Asp, aspartate; Gln, glutamine; Glu, glutamate; NAA, N-
acetylaspartate.
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Table 1

Material properties of the phantoms and the calculated and measured radiofrequency (RF) power deposition in
the phantoms.

Salt phantom number 1 2 3

NaCl concentration (mM) 25 50 75

Conductivity (S/m) 0.29 0.57 0.84

Measured power (W) 2.3 4.5 6.6

Simulated power (W) 2.2 4.4 6.6
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