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1. INTRODUCTION

Increased magnetic fields in principle provide increased sensitivity and speci-
ficity. In vivo, however, the increase in magnetic field alone does not automatically
result in obvious improvements. Among the factors that are set to impede the im-
provements in sensitivity for in-vivo NMR spectroscopy are the increased chal-
lenges in eliminating the maérosc0pi'c inhomogeneities caused by mainly the air—
tissue interface and increased RF power requirements. Changes in relaxation times
may in addition adversely affect the increases in sensitivity, as 7; tends to increase
and T tends to decrease with higher magnetic field. In the past 10 years at field
strengths of 4 Tesla and higher, we have delineated technical advances that have
permitted garnering the advantages of higher field, resulting in substantial gains for
'H and *C NMR spectroscopy. The improvements can be broadly classified into
increased sensitivity, leading to smaller volumes and shorter acquisition times and
increased specificity, leading to the detection of many novel compounds. In dy-
namic '*C NMR it was shown that, in addition to measuring the label incorporation
into several positions of many compounds, the time-resolved measurement of iso-
topomers was possible in the brain in vivo, leading to dynamic isotopomer analysis,
a fusion of previously existing techniques. Improvements in sensitivity further ad-
vanced the use of localization in >C NMR spectroscopy, which was critical in de-
tection of brain glycogen metabolism in humans and rodents. Advances in 'H
NMR spectroscopy permitted the precise measurement of an array of neurochemi-
cals, ranging from Vitamin C, to glutathione, to glutamine, resulting in an exten-
sive neurochemical profile of different extent that can be measured, e.g., in the
unilateral mouse hippocampus, and human substantia nigra. In addition, at high
field the simultaneous but separate measurement of PCr and Cr was shown to be
possible. Sensitivity gains allowed minimization of the detrimental effects of mo-
tion by single-scan phase and frequency correction, as well as measurement of the
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neurochemical profile in individuals. In summary, high field ultimately provides
NMR spectroscopy with the power to measure highly specific changes in unilateral
regions in individual subjects, making it a powerful investigative tool, ideally
suited to study pathogenesis and therapy monitoring of disease in humans and ani-
mal models, as well as normal brain function. The high specificity of NMR spec-
troscopy at high fields is likely to result in new insights and improved treatment of
human disease. ’

This chapter first reviews the solutions to some technological challenges at
high By, then reviews the methodologies of *C and 'H NMR spectroscopy at high
field, and then briefly reviews some of the biomedical problems uniquely ad-
dressed at high field. Current applications that will be reviewed include neuro-
degenerative diseases, diabetes, and mice.

2. GENERAL SENSITIVITY CONSIDERATIONS

It is well known that increasing the static field By increases the sensitivity of
NMR detection [1]. The increase in sensitivity for non-loading samples has been
reported as being an exponential function of By, which can be written as

S/N oc BQB

From theoretical considerations, it is clear that the signal S increases with By,
hence B must be 2 or lower, amounting to an upper limit for the gains in sensitivity
achievable due to increases in B, alone. Even when the noise present in the RF coil |
is the dominant source of noise, its root-mean-square amplitude may increase with
frequency (Bo), and it is generally accepted that in this case B = 1.75. For in-vivo
spectroscopy, however, the sample is the most dominant source of noise, and thus
the noise detection efficiency increases with frequency, and thus the sensitivity
increase with By is closer to linearity with § ~ 1. Because the sample may not be a
completely dominant source of noise, it is plausible that in vivo p may lie some-
where between 1 and 1.75. In practice § is probably closer to the former. In this
discussion it was assumed that resonance linewidths and relaxation times are very
similar between the different field strengths. An increase in resonance linewidth
can offset some of the sensitivity gains, as can an increase in longitudinal relaxa-
tion time, although both effects influence sensitivity only with the square root of T
or T>*. Given that the sensitivity decreases only with T,"' and that T; appears to
increase at most modestly with By, T relaxation is unlikely to substantially affect
the sensitivity. In contrast, proton T, decreases with By quite markedly, which will
diminish the sensitivity advantage at long echo times [2].

Lastly, increased spectral resolution can result in increased sensitivity due to
decreased signal overlap. Although spectral overlap may in general not be a prob-
lem for direct-detected *C NMR spectroscopy, the spectral region of the C2 of
amino acids and the overlap between GABA C2 and glutamate C4 stand to gain
from increased spectral resolution.
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For 'H NMR spectroscopy, spectral overlap is a much more prevalent problem,
and increases in spectral resolution, expressed in ppm, may very well offset de-
facto increases in intrinsic linewidth, expressed in Hz. For example, in the adult
human brain (gray matter) the singlet linewidths are at 1.5 Tesla, typically ~3 Hz
(0.05 ppm), and at 4 Tesla 7 Hz (0.04 ppm), whereas at 7 T singlet linewidths are
approximately 10 Hz (0.03 ppm). The novel ability of 'H NMR to resolve PCr
from Cr at 9.4 T [3-6] illustrates the ability of increased spectral resolution to help
detect new resonances. Furthermore, substantial gains in sensitivity are expected
for quantification of signals from more weakly represented metabolites, of which
almost all are J-coupled. For most resonances, J-coupling increasingly approaches
the weak coupling limit, in which case the linewidth of a peak in vivo is typically
dominated by the homonuclear coupling, as can be illustrated with the example of
the apparent Glu H4 triplet at 2.35 ppm. Due to the homonuclear J-coupling the
resonance spreads over an apparent linewidth of about 20 Hz at almost any field
measured from 1.5 Tesla on upwards, and the linewidth is thus dominated by hy-
perfine splitting of the resonance. Even if the intrinsic linewidth (as measured, e.g.,
from the singlet resonances) increases by a few Hz with By, this will have minimal
impact on the apparent linewidth of the multiplet. This is illustrated in Figure 1,
where the Glu H4 resonance is almost twofold narrower at 7 than at 4 Tesla, which
enables separation of the H4 resonance of glutamate from the H4 of glutamine at 7
Tesla.

 Vol=2x2x2cm?

VOI=2x2x2cm’

residual
water

Figure 1. Increased spectral resolution in 'H NMR spectra from the human brain at 7 Tesla
(bottom) compared to 4 Tesla (top). Note the apparent and profound reduction in linewidth
for the Glu H4 resonance at 2.35 ppm and the improved resolution even for singlets, as
judged from the region separating the Cho and Cr resonances. The localization is shown in
the inset (MRI, RARE, ETL = 8, TE = 60 ms). Spectra were obtained from 8-mL volumes of
interest indicated in the same subject and identically processed.
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In practice, it is very difficult to determine the precise value of B, but it is pos-
sible to state the sensitivity gains achieved over previously published results.

3. RF CONSIDERATIONS

In principle it may be desirable to have a homogenous RF field covering the
entire brain, as it is being widely used for head imaging on conventional MR scan-
ners. When compared to surface coils, the volume coils require increased RF
power since the RF power is distributed into a larger volume [1]. Increased RF
power implies decreased sensitivity from the reciprocity principle. It is not surpris-
ing that volume coils typically are 2-3 times less sensitive than surface coils with
optimized dimensions, even when considering the most efficient coil design. With
increasing By, effects due to the substantial phase difference of the RF field in the
human brain (dielectric resonances) can limit the usefulness of the classic volume
coil as a transceiver. In rodents, given the unfavorable small portion of the head
occupied by the brain, volume coils may not be the best method to detect the signal.
When using surface coils it is advantageous to use adiabatic RF pulses to overcome
the problems arising from inhomogenous RF fields, which have been used in a
number of studies for NMR spectroscopy [7-15].

With these considerations, and given the unavoidable consequence of inho-
mogenous RF field at high By, it is expected that multi-array RF coils are likely to
be increasingly valuable at high B,,.

One potential risk to an MR examination is the RF power being absorbed by
the tissue converted to heat, which can potentially lead to excessive heating of the
body and local tissue, resulting in damage. It is therefore important to limit the RF
power administered to the brain, especially for human studies. A simple method to
estimate the average specific absorption rate (SAR) is to divide the power dissi-
pated into the organ by the organ volume. However, this calculation is probably an
increasingly inaccurate approximation, with the increased spatial inhomogeneity of
the RF field at higher frequencies, and other calculations may serve to estimate RF
power deposition, such as the following: The current induced in a conducting tissue
like the human body is typically dependent on the area of tissue (Faraday’s law of
induction), which implies that the power deposited increases with the area squared,
whereas the volume into which this power is deposited is proportional to the area.
These considerations imply that RF power deposition increases with the area of the
tissue excited by a given coil. Recent simulations of SAR show that the areas of
highest power absorption are at the periphery of the brain, rather than the center
[16], probably due to the aforementioned effect. While the perils of so-called hot
spots are well established for surface coils, it may also be worth considering the
potential increases in local SAR when using whole-body RF coils due to the large
organ size.

In general, most of the energy transferred by RF into tissue is converted to
heat. While heat bears no specific characteristic related to the frequency of the ap-
plied RF, the power absorbed does increase with frequency. These considerations
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make it clear that SAR considerations and application guidelines are largely inde-
pendent of Bo. The increased power absorption with frequency thus may simply
imply reduced ability to apply the same pulse sequence as at lower field. To mini-
mize the SAR requires that the pulse sequences and decoupling power are adjusted
to operate at the minimum power threshold at which sequence performance is still
acceptable. For BC NMR spectroscopy, optimization of RF power is most reliably
achieved with an external reference sphere filled with a suitable '*C-labeled com-
pound, such as formic acid, placed at the coil center. Highly efficient and accurate
methods for adjusting the decoupling power have been described [17,18]. In gen-
eral, the brunt of the SAR is generated by decoupling. For 'H NMR spectroscopy,
the RF field (and RF power) can be calibrated on the VOI using the tissue water or
fat signal. Typically for 'H NMR spectroscopy, SAR is not of concern unless long
RF pulse trains are applied, such as °C decoupling or broadband RF pulses for
OVS.

3.1. Shimming

The ability to harvest the potential sensitivity gains at high field and the qual-
ity of any NMR spectrum stands or falls with the quality of the shimming achieved.
This is especially crucial in vivo with increasing B, where the difference between
a diamagnetic subject and paramagnetic oxygen in air leads to susceptibility-
induced spatial variations in B, that can be detrimental to the quality of the data
obtained. When considering reaping the benefits of high field NMR spectroscopy,
issues need to be addressed — namely the choice of shim coils to include in the set
of coils provided, and the shim strength that needs to be attained. In this discussion
it is important to recognize that the diameter of the shim coils is an important pa-
rameter, yet it is not the sole determining factor in defining shim strength. A sec-
ond point to consider is the scope of the applications one wishes to pursue, as the
shim correction currents increase with decreasing head size and they depend
strongly on the area within an organ being investigated. First-order shimming is
equivalent to adjusting an offset current in the gradient coils, which in general will
be sufficient to eliminate first-order B, field variations. For higher-order correc-
tions specialized shim coils will be necessary and the following pertains to their
use. In our laboratory we have installed a set of custom-designed shim coils at 9.4
Tesla, capable of generating second-order shim fields up to 0.05 mT/cn’ at a 4
Amp shim current. There are many design issues that need to be considered, but it
is likely that the best solution is achieved when additional space outside the gradi-
ent coil is available to either accommodate more current within the voltage rail of
the shim amplifier or to accommodate extra cooling.

Shim demands increase with decreasing object size, as illustrated by the in-
creased demands on the shim strength when going from rat to mouse brain [19], as
shown in Figure 2B. Typically, the quality of a shim current adjustment is based on
the measurement of a rather arbitrary parameter — namely the full-width at half-
height. However, this in itself may not be a very good indicator for local adjust-
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ment of the shim coils, and the residual shim fields need to be measured to decide
whether the shim process was successful. An algorithm was developed based on
FASTMAP [20-23], and its echo-planar-based derivative FASTESTMAP [24],
that can adjust with a predefined protocol the first- and second-order shim coils
within 30's at 4 Tesla and similarly at 7 Tesla in human brain. This method is
widely used for high field 'H NMR spectroscopy and can provide rms precision on
the order of 0.1 Hz in the field residual. FASTMAP and closely related variants
have been implemented on the platforms of Bruker, Varian, Siemens, SMIS, and
Philips.
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Figure 2. (A) Shim requirements increase with decreasing head size. Average shim strength
requirements for mouse, and neonatal and adult rat brain in the unilateral hippocampus at 9.4
Tesla. 10 out of 15 Z, shim settings exceeded the maximum available in the mouse brain. Re-
printed with permission from PB Barker, DO Hearshen, MD Boska. 2001. Single-voxel proton
MRS of the human brain at 1.5T and 3.0T. Magn Reson Med 45:765-769. Copyright © 2001,
John Wiley & Sons Inc. (B) Effect of second-order shims on lineshape, obtained using a simu-
lation of the frequency distribution in a cubic volume. Shown is the effect of a second-order
shim coil (YZ) on the field distribution in a cubic volume. Upon elimination of this term (by
shimming), the intensity in the wings is moved underneath the central peak, indicated by the
arrows, thereby increasing sensitivity and reducing potential quantification errors.

Even though the effect of By inhomogeneity on the linewidth of a BC reso-
nance is reduced by fourfold compared to that of 'H, shimming remains an impor-
tant issue: The low sensitivity of *C NMR typically precludes measurement of
signals from small volumes, leading to comparatively large volumes. The meas-
urement of substantially larger volumes likely results in the need for adjusting the
currents in the second-order shim coils (which can be achieved using quantitative
shim methods) [20,22,24]. The need to adjust second-order shim coils can be ap-
preciated from the fact that the spatial distribution of the By field of second-order
shim coils results in significant signal intensity being distributed in the wings of the
resonance (Figure 2B). Such signal distribution can be easily lost in peak integra-
tion or even peak fitting at low signal-to-noise ratios, or when using even modest
resolution enhancement. The distribution of signal in the wings of a resonance is
also likely to affect the quantitative result in '"H NMR spectroscopy, as the precise
recovery of such signal intensity even with advanced deconvolution methods is
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difficult in the crowded 'H NMR spectrum. Shimming with second-order shim
coils typically has only a modest effect on the full-width at half-maximum of the
resonance (Figure 2B). Nonetheless, a significant fraction of the total signal in the
wings is shifted under the main resonance, thereby reducing the potential for quan-
tification errors and increasing the sensitivity of the experiment further. These ef-
fects are expected to be of increased importance with increased By. In summary, it
is likely that adjusting second-order shim coils is necessary to harness the full sen-
sitivity gains at higher field.

With the appropriate design in shim coil hardware and field mapping methods,
it was shown that even in the extremely difficult-to-shim mouse brain, highly re-
solved '"H NMR spectra can be achieved at 9.4 Tesla from distinct regions in the
mouse brain (Figure 3), with a spectral quality comparable to that achieved in rat
and dog brain [3-5,25,26].

cerebral cortex VOI=25x12x3.0mm
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Figure 3. High-resolution in-vivo 'H NMR spectra from distinct anatomic and functional re-
gions in mouse brain. Reprinted with permission from I Tkac, PG Henry, P Andersen, CD
Keene, WC Low, R Gruetter. 2004. Highly resolved in vivo 'H NMR spectroscopy of the

" mouse brain at 9.4 T. Magn Reson Med 52:478-484. Copyright © 2004, John Wiley & Sons
Inc.
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4. IN-VIVO *C NMR SPECTROSCOPY

When considering the sensitivity relative to that of 'H NMR spectroscopy,
natural abundance >C NMR is certainly not expected to compete in the quantita-
tion of a given compound; however, it has proven invaluable in estimating concen-
trations, which can aid in quantification of the '"H NMR spectrum [27,28]. For ex-
ample, the difficulty in detecting the natural abundance signal of glutathlone
(GSH) [29-31] indicates a concentration below 3 umol/g, in agreement with 'H
NMR quantification [32], and, similarly, the concentrations of taurine, aspartate,
and GABA are expected to be below 2 umol/g in human brain. The detection of
signal from natural abundance compounds in the brain certainly represents a useful
complement to in-vivo quantification by 'H NMR spectroscopy [8,31,33=35], al-
beit of limited practical value.

When a suitable precursor, such as glucose, is administered with enriched °C
label, the label is transferred to molecules in the metabolic pathway. In this manner
not only can the sensitivity be increased, but important information on metabolic
pathways can also be obtained. In addition to its importance in assessing metabo-
lism in intact brain, *C NMR spectroscopy has become an important and useful
tool in assessing compartmentation of metabolism in brain cells using extracts
[36,37].

There are two principal detection methods available — namely direct and indi-
rect detection of '>C label. For indirect detection via 'H resonance coupled to "*C,
the advantages of high field apply equally well as for regular 'H NMR spectros-
copy (see below).

In addition to its low sensitivity, °C NMR spectroscopy is methodologically
more challenging than 'H or even *'P NMR spectroscopy. In contrast to the cell
culture and suspension studies and related important work, in vivo C NMR spec-
troscopy of intact organs faces a number of problems that make its application
more challenging. Complete three-dimensional localization seems necessary in the
brain to eliminate the intense triacylglycerol resonances from the scalp and other
signals outside the brain, which adds to the challenges of in-vivo '3C NMR. The
application of °C NMR spectroscopy to the brain faces in-vivo some challenges on
the technical level that are unique to the ">C nucleus and compounded at high mag-
netic fields. This section first examines the reverberations of the requirement to
decouple the spectrum during acquisition, and then discusses the localization
requirements. A more extensive discussion of these issues and techmcal questions
can be found in [30].

4.1. Decoupling: RF Power Considerations

Many “C nucle1 are directly bonded to protons. The resulting magnetic cou-
pling between the °C nucleus and the 'H nucleus results in a splitting of the e
resonance into multiplets separated by Jcy Hz. The process of decoupling collapses
the multiplets due to heteronuclear coupling into singlets, thereby simplifying the
spectra and effectively increasing the sensitivity. Optimization of sensitivity is
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critical for successful in-vivo *C NMR spectroscopy. To maximize the signal-to-
noise ratio and spectral resolution in ’C NMR spectra, 'H decoupling is generally
applied during data acquisition, resulting in a simplified spectral pattern. The ap-
plication of rather intense RF power during acquisition requires that the RF coil be
capable of receiving the °C NMR signal while transmitting 'H RF power. This
places several requirements on the spectrometer console, RF coils, and RF filters.

The need for decoupling results in two requirements for RF coils: First, the *C
coil (operating at a frequency with a wavelength approximately 4 times that of the
'H frequency) should not interfere with the RF profile of the 'H coils. Second, the
two RF circuits should be sufficiently isolated electrically. For a further discussion
of RF coil design for "C NMR spectroscopy at high fields, see [30].

Most ’C NMR applications have relied on WALTZ decoupling of the protons
[38]. Broadband adiabatic B¢ decoupling was achieved at 9.4 Tesla using such
cycles at a moderate peak yB,/21 of ~1 kHz [39] and at 7 Tesla [40].

4.2. Localization Methods for *C NMR Spectroscopy

The full chemical shift range of most biologically interesting *C resonances is
approximately 160-200 ppm wide. Even when considering the fourfold lower gy-
romagnetic ratio than 'H, this is a range that (in Hz) exceeds the range for 'H reso-
nances of main biological interest (7 ppm) by at least a factor of six (Table 1). Thus,
chemical shift displacement error problems are important factors to consider when
wishing to localize °C NMR signals.

Table 1. Chemical Shift Ranges for *C MRS per Tesla (Expressed in Hz/T),
Including the Range of the Corresponding Coupled 'H Resonances

Chemical shift BC frequency 'H frequency

Compound class range (ppm) range (Hz/T) range (Hz/T)
Glycogen/glucose (all) 101-61 . 430 94
Myo-inositol (all) 76-72 43 34
Amino acids (CHp) 56-22 363 85
Amino acids (CH) 56-53 32 20
Lipids (CH,) - 131-14 1248 196

Spatial localization does not depend on chemical shift when using the one-
dimensional surface-spoiling gradient or spectroscopic imaging [41,42], which is
an elegant technique to solve the chemical shift displacement problem when many
transients can be acquired [43]. Typically the rather high number of averages ac-
quired for in-vivo '*C NMR spectroscopy bodes well with the use of chemical shift
imaging. However, the low spatial resolution may require dedicated solutions to
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minimize Gibbs ringing from superficial fat signals, and several approaches have
been described [44,45]. In the following we will concentrate on the various meth-
ods for full three-dimensional localization of C NMR signals using gradient-
based methods.

The use of direct localization of °C is challenging because the large chemical
shift requirement leads in general to increased demand on the RF power through
the need for an increased RF bandwidth. In some cases, even when the demands on
the RF bandwidth can be met, the required gradient strength may very well be lim-
iting, because of the lower gyromagnetic ratio . Therefore, for practical reasons,
direct localization is typically limited to a given spectral range (Table 1), e.g., the
direct measurement of brain glucose C1 in the human brain [9]. In addition, direct
localized '*C NMR spectroscopy was used for the first detection of the natural
abundance signals of small molecules, as illustrated with myo-inositol [8].

4.2.1. Localization on 'H Magnetization: Polarization Transfer

When using C longitudinal magnetization for localization, signal enhance-
ments are commonly achieved using the nuclear Overhauser effect (NOE), which
can theoretically provide up to a threefold enhancement of BC signals. However,
for resonances with sufficiently long 75, such as those of most brain metabolites as
judged from their narrow linewidths of a few Hz [22], it is feasible to use polariza-
tion transfer to recover the maximal sensitivity gain of a fourfold enhancement and
to localize on the 'H magnetization, thereby greatly reducing the chemical shift
displacement error due to the much smaller chemical shift range (Table 1). Hetero-
nuclear polarization transfer combined with localization on the proton magnetiza-
tion was shown to minimize the chemical shift displacement error in °C MRS of
the human brain to a level beyond concern even at 4 Tesla [31]. To minimize the
number of pulses needed for generating the in-phase 1*C signal enhancement and to
minimize phase distortions in the spectrum, distortionless enhanced polarization
transfer, DEPT [46], was used. The high sensitivity of polarization transfer pulse
sequences to variations in B, can be ameliorated for the 1*C pulses when incorpo-
rating adiabatic pulses into the pulsed polarization transfer sequence [11,15,47].
Most polarization methods cannot provide full enhancement over the entire range
of J-coupling constants, 'H spin multiplicities, and chemical shift range. Nonethe-
less, a high sensitivity was achieved and rich spectral information were obtained at
4 Tesla in human brain and at 9.4 Tesla in rat brain (Figure 4).

4.2.2. Three-Dimensional Localization of the °C NMR Signals of Glycogen

Clearly, the chemical shift displacement error can be minimized by using 'H
magnetization for localizing the BC NMR signals in conjunction with polarization
transfer. However, methods such as those discussed in the previous paragraph are
not applicable in situations where 7; is very short. For some compounds such as
glycogen, it is nearly impossible to realize the full sensitivity gains of the polariza-
tion transfer technique. While the SINEPT technique [49] relies on minimizing T-
losses by performing polarization transfer on-resonance without refocusing the J
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evolution, the method remains in principle susceptible to changes in T, which have
been reported to occur depending on the glycogen molecule size and temperature
[50]. Unfortunately, the potential fourfold signal gain is reduced by the short 7, of
'H and "’C signals — on the order of 5 ms [50,51]. Given the uncertainty of poten-
tial changes in transverse relaxation times [50], a robust method relying on outer-
volume suppression applied along the six slices parallel to the volume-of-interest
was developed. In the brain such localization was crucial to minimize potential
contamination of the detected signal with signals from extraneous muscle, espe-
cially in the rat [12,14,52].

GluC4
Gin C2 Glu C3
GABAC2 u Gin C3
GuC2 | \srco NAA C3 GABACA
l / Asp C3
[ A N A SR A RS NN MR R A IR NGNS SN RN SRS NANNE NN AMNAE TN IR RN ISR RN S AR RAS N URSD A MR SRR N N |
55 50 45 40 35 30 25

Figure 4. Examples of direct-detected '*C NMR spectroscopy from the brain. (A) *C NMR detec-

tion of label incorporation into mostly cytosolic amino acids at 4 T. Reprinted with permission from

R Gruetter, ER Seaquist, K Ugurbil. 2001. A mathematical model of compartmentalized neuro-

transmitter metabolism in the human brain. Am J Physiol 281:E100-112. Copyright © 2001,

American Physiological Society. Shown is a representative spectrum obtained from a 45-ml volume

in the human visual cortex during an infusion of 67%-enriched [1-*C]glucose. In addition, reso-

nances resulting from homonuclear *C-"C coupling were readily detected at the positions of all

glutamate resonances (indicated by brackets). Processing consisted of a mild Lorentz-Gauss apodi-

zation (3 Hz) and the spectrum is shown without baseline correction. (B) In-vivo 13C NMR spectra
from a 400-u1 volume in the rat brain, acquired at 9.4 T during an infusion of 70%-enriched [1,6-

3C2]glucose. Reprinted with permission from PG Henry, I Tkac, R Gruetter. 2003. 'H-localized
broadband 13C NMR spectroscopy of the rat brain in vivo at 9.4 T. Magn Reson Med 50:684-692.

Copyright © 2003, John Wiley & Sons Inc. Processing consisted of zero-filling, 2 Hz Lorentzian-
to-Gaussian resolution enhancement and fast Fourier transform. No baseline correction was applied.
Note the complete absence of lipid signals over the entire spectral range. Resonance assignments
are as follows: Glu C2 at 55.6 ppm, Gln C2 at 55.0 ppm, NAA C2 at 54.0 ppm, Asp C2 at 53.7 ppm,
NAA C3 at 40.5 ppm, GABA C4 at 40.45 ppm, Asp C3 at 37.6 ppm, GABA C2 at 35.3 ppm, Glu
C4 at 34.2ppm, Gln C4 at 31.7 ppm, Glu C3 at 28.0 ppm, GIn C3 at 27.7 ppm.
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5. IN-VIVO '"H NMR SPECTROSCOPY

In contrast to °C NMR spectroscopy, spectral overlap is a much more pro-
nounced problem with 'H NMR spectroscopy, and because the 'H nucleus is much
more susceptible to variations in By, shimming (see above) is a critical component
in accomplishing the potential gains of higher By. This section deals with the ad-
vantages achievable once the problem of shimming can be solved satisfactorily.

5.1. A Word on Localization Methods

Despite its inherent disadvantages for in-vivo '"H NMR spectroscopy (sensitiv-
ity to motion, dynamic range problems when selectlng small volumes) ISIS has
been successfully used for spatial localization of 'H NMR in vivo in conjunction
with outer volume suppression and mostly with surface coil detection [53].

When using localization based on the more popular stimulated echo (STEAM),
the echo time can be minimized to 4—-6 ms for human brain and 1-2 ms in rodent
brain, effectively minimizing potential 7> losses and J evolution effects [19,54,55].
However, the method’s big disadvantage is the up to twofold sacrifice in sensitivity,
which can translate into an up to 26% increased voxel dimension or up to fourfold
increased measuring time at equal size of the volume of interest. It may seem unac-
ceptable to sacrifice the sensitivity by twofold while buying a higher magnetic field
system. However, sensitivity increases supralinearly with increasing magnetic field.

The sensitivity disadvantage of STEAM is remedied by using the PRESS or .
double-echo method, which is highly sensitive to those spatial variations in B, that
are increasingly prevalent at high frequencies. Furthermore, considering traditional
(nonadiabatic) RF pulses, the peak RF power has to increase by more than fourfold
if one wishes to retain the same chemical shift displacement error as for STEAM.
Lastly, for a given RF power and gradient slew rate, the echo time (TE) can be
substantially longer.

Some of the aforementioned problems inherent with PRESS can be amelio-
rated when using adiabatic RF pulses. For example, using offset-independent adia-
batic pulses [56], inversion pulses with almost arbitrary bandwidths can be gener-
ated for a given peak RF amplitude. This is done, however, at the cost of increased
RF pulse duration, as the speed of the adiabatic sweep is reduced. In addition,
adiabatic 180" refocusing pulses do not have good slice profiles, unless when ap-
plying pulses of the hyperbolic secant type in pairs, which further increases the
echo time. One method, LASER [57], takes advantage of adiabatic single-shot lo-
calization. LASER addresses the issue of increased echo time by measuring in
Carr-Purcell-Meiboom-Gill mode, where the transverse relaxation is increasingly
replaced by 7, relaxation, which in vivo tends to be longer, thereby minimizing
these losses.

Chemical shift imaging [43] will obviously not suffer from chemical shift dis-
placement errors in the dimensions the phase encode gradients are applied. One
drawback of the method is that longer acquisition times are necessary to collect the
entire data set and that the sensitivity is lower than compared to single-voxel acqui-
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sition. Thus, for those biomedical problems, where the region of interest is already
known to the investigator or where spatial distribution of the defect is not impor-
tant, chemical shift imaging may not be the first choice of method. Another issue
stems from the fact that the intense lipid signals typically are associated with rather
thin skin layers at the surface and the lower resolution of the chemical shift imag-
ing data set results in Gibbs’ ringing that may be motion-sensitive [44,45], which
must be dealt with [58]. Lastly, effects of motion are not as easily corrected as for
single-voxel spectroscopy, which may limit the use of CSI, especially in pediatric
applications [59]. At very high magnetic fields, the spatial resolution achievable
due to the higher sensitivity may result in a number of phase-encode steps that lead
to prohibitively long acquisition times, hence some form of field-of-view restric-
tion or parallel imaging may be necessary.

Given the undisputed sensitivity advantage of PRESS over STEAM, it may
seem surprising to see that many pioneering studies at very high field have success-
fully used STEAM. There are several reasons that make the choice of STEAM
quite attractive, all rooted in the use of essentially three 90° slice-selective RF
pulses: A well-defined slice profile is easier accomplished with a 90° flip angle,
with lower peak RF power and lower average RF power than for 180" pulses. The
use of asymmetric RF pulses permits minimization of the effective echo time to
1 ms in rodent scanners [25], and to a few ms in whole-body scanners [54], effec-
tively eliminating the effects of 7 relaxation and J evolution to spectral appearance,
thereby greatly facilitating quantification. Because the sequence relies on detection
of a stimulated echo generated by all three 90" pulses, fewer stimulated echoes
need to be dephased than in PRESS and spin echoes are easier to dephase in the
TM period. Lastly, the sequence is inherently less sensitive to variations in By, a
critical issue when considering the spatially inhomogenous RF field typically en-
countered in vivo at very high magnetic fields.

5.2. Water Suppression

It has been noted that in general the 'H linewidths (in ppm) decrease with
magnetic field strength in the adult brain, which makes it clear that the spectral
resolution increases with magnetic field. This is particularly important for the most
intense singlet resonance, namely water, as it implies improved water suppression,
as was illustrated with the detection of the glucose signal at 5.23 ppm [34,60]. The
sensitivity gains obtained by better and more reliable water suppression are more
difficult to quantify, but they can be appreciated when considering, for example,
that fewer spurious water signals from outside the VOI may confound the spectral
region of interest, that a flatter baseline will yield better confidence intervals for
the measurements.
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5.3. Spectral Editing: Improved Pulse Selectivity at High Field

The spectral overlap problem inherent in 'H NMR spectroscopy can be cir-
cumvented using spectral editing, which typically exploits the fact that in most
metabolites the resonances in a given spin system are magnetically coupled. By
specifically manipulating the coherence, the signal of interest can be selectively
filtered from the overall background, and it is thus feasible to extract unresolved
resonances from underneath much more intense resonances. Examples where this
was achieved include GABA, GSH, and lactate [61-63]. Provided the coupling
spin system is uniquely excitable, these editing methods are a very powerful tool
for the measurement of obscured spin systems. Unfortunately, for one of the most
interesting compounds, namely GABA, this uniqueness of spin system does not
apply, due to overlap with putative lysine resonances from cytosolic proteins [64].
The traditional editing of the GABA resonance at 3.0 ppm is hampered by the si-
multaneous excitation of a very similar macromolecule coherence at 1.7 ppm (rela-
tive to that of GABA at 1.9 ppm) and alternative editing methods such as editing
for the GABA at 2.3 ppm may prove advantageous [65] Another type of editing
that is applied to 'H spectroscopy is the editing of 'H resonances with magnetic
couplings to 3C nuclei, which are at low field obviously hampered by the limited
resolution of the 'H spectrum. However, at higher fields such as 9.4 Tesla an in-
creased number of resonances can be measured.

Lastly, it is also possible to edit for coherences using total correlation spec-
troscopy. Using isotropic mixing, such coherence transfer can be used to recover
resonance intensity in a spectral region where signal had previously been elimi-
nated, e.g., the water spectral region [66].

In all these experiments, it is important to recognize that the spectral pattern of
the resonance for which the editing is performed in vivo should be very similar to
that predicted for the isolated compound as measured under the same experimental
conditions (e.g., ionic strength, temperature and pH) as illustrated for the case of
GSH (Figure 5). In addition, editing experiments are intrinsically less sensitive
than measurements done directly on the resonance at short echo times (see below),
for two reasons — namely the signal loss due to the longer echo time TE, and the
potential signal loss from the editing process (in a resonance coupling to CH, (e.g.,
AX, spin system) the centerline does not evolve with J and is thus filtered away,
leading to at least a twofold reduction in sensitivity). Finally, for many editing ex-
periments, but especially for GABA, changes in B, during the experiment can alter
the editing efficiency or selectivity, which can result in altered amplitudes and/or
contamination, for example, by co-edited macromolecules [67].

5.4. Spectral resolution: The Neurochemical Profile LT

Provided sufficient spectral resolution is present, as has been shown for nu-
merous compounds at high B, [5,19,54,59], it is conceivable that for many com-
pounds spectral editing may not be necessary routinely with i 1ncreas1ng sensitivity.
As pointed out earlier, the spectral resolution increases in 'H spectra with high
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magnetic field, especially for J-coupled resonances when the macroscopic B, in-
homogeneities are minimized by shimming. Despite the increased spectral resolu-
tion obviously present for coupled 'H spin systems, even at the highest magnetic
field applicable in vivo, substantial spectral overlap remains, unless some form of

spectral editing (see above) is used. Hence direct peak integration or simple fitting
are likely prone to systematic errors.
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Figure 5. Editing of the spin system of glutathione (GSH) using MEGA-PRESS editing
[67,68] at 4 Tesla. The GSH resonance at 2.95 ppm is co-edited with the aspartyl resonance
of NAA at 2.6 ppm. The in-vivo spectrum (middle) is almost perfectly matched by the
LCModel fit of the respective resonances measured in phantom, as indicated by the fit resid-
ual (top trace).

At short echo times, approaches that mimic the in-vivo spectral pattern and
that incorporate prior knowledge become increasingly powerful, such as TDFDfit
[69], LCModel [5,70], MRUI [71,72], etc. These methods are of increasing impor-
tance with decreasing By, as overlap increases. Conversely, the increased spectral
dispersion at higher field and increased sensitivity propel the use of short-echo 'H
NMR spectroscopy for measurements in individual patients. For example, incre-
mental changes of various metabolites, such as glutamate and glutamine, can be
assessed longitudinally in patients to follow diseases progression and response to
treatment [59]. Such noninvasive assessment of pathology over time is expected to
eventually aid inpatient management. Sensitivity and reliability are best assessed
from the average Cramer-Rao lower bounds, which assess the reliability of the
fitted amplitude, as well as from the covariance matrix.

In the determination of metabolite signals, a faithfully determined baseline
may prove critical and essential. Baseline determination in vivo is difficult due to
the overlap of resonances in the short-echo 'H spectrum. In addition, a signal back-
ground associated with cytosolic proteins (macromolecule background) compli-

cates the shape of the baseline. Fortunately, the 7, of these macromolecule reso-
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nances is much shorter than that of most metabolites, which allows the separate
measurement of the macromolecule signals in so-called metabolite-nulled spectra
[64]. The such-measured complex s1gnal from macromolecules can be incorporated
into the basis set of, e.g., LCModel, as reported by Pfeuffer et al. [4,5]. This ap-
proach of incorporating the short T; background signals (macromolecules) is in-
creasingly being used for in-vivo 'H NMR spectroscopy of the brain [4,32,73-75].
The information content and deconvolution of the in-vivo spectrum is shown in
Figure 6 for human brain at 4 Tesla and for rat brain at 9.4 Tesla.

6. INSIGHTS FROM HIGH FIELD NMR SPECTROSCOPY
STUDIES OF THE BRAIN

In-vivo spectroscopy, especially at high fields, provides the investigator with a
unique tool. One strength of the method lies in the deterministic nature of the NMR
signal: Not only is it in general known at what chemical shift to expect a signal for
a given compound, the spectral features, which can be quite complex, can be faith-
fully reproduced using either model solution and/or simulations. Additionally, the
lineshape is subject to certain constraints of similarity between the different me-
tabolites. Finally, some of the concentrations expected should conform to what is
reasonably expected from the underlying neurochemistry. These characteristics can
serve to allow a faithful measurement of metabolites in vivo. On one hand, the
concurrent quantitative measurement by 'H NMR spectroscopy of many important
neurochemicals constituting the neurochemical profile allows for noninvasive in-
sight into the neurochemical consequences of many diseases in human subjects,
thereby providing an important translational link. On the other hand, localized
NMR spectroscopy of other stable isotopes provides a window on in-vivo brain
metabolism, with a unique chemical specificity and diversity of potential meas-
" urements not possible by other methods. The metabolism of stable isotopes can be
followed noninvasively using NMR, although administration of the “tracer” re-
quires a high isotopic enrichment, for BC typically above 50% in the precursor
pool. Because NMR spectroscopy can be used to detect label in different molecules
and different chemical positions, it offers the attractive possibility to follow the
metabolism of the precursor, labeled at one or more specific positions. Applica-
tions are predominantly focused on nuclei where a stable isotope is present at low
natural abundance — examples include ’H, N, "°F, and ®C [76].

Of course, sensitivity for NMR is low when considering the concentrations
that are detectable, and the relative sensitivity of >°C NMR is even lower. Nonethe-
less, despite the sensitivity disadvantage, as shall be discussed in the second half of
this review, high field NMR spectroscopy can provide unique insights into brain
metabolism. Many consider a low sensitivity and thus low spatial resolution a sig-
nificant disadvantage. However, it is our belief that the spatial resolution that can
be achieved combined with the high specificity of the method allows one to
uniquely address a significant number of important biomedical problems/questions.
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Figure 6. LCModel analysis of in-vivo 'H NMR spectra at 4 Tesla (human'brain) and 9.4_ T
(rat brain). Shown is the in-vivo spectrum (top), the LCModel fit and fit residual, along with
the estimated baseline and all contributions from the basis set to the in-vivo spectrum.
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6.1. Glucose Concentration, and Distribution in the Brain:
Transport Physiology

Glucose is the single most important substrate required for normal brain func-
tion, and the brain relies on a continuous import of glucose from the blood, which
must occur across the blood-brain barrier. Glucose transport rates into the brain are
thus indicative of the maximal sustainable rate of glucose consumption, CMRy.
Aside from lactate and glycogen (12), brain glucose is the only sizable kinetic pool
upstream of acetyl-CoA, and the size of the brain glucose pool and its physical
distribution space is important for derivation of absolute metabolic fluxes and
quantitative positron emission tomography studies [9,77]. It has been shown that
steady-state glucose transport kinetics can be derived from the relationship be-
tween brain and plasma glucose [9,34,77,78]. '

Glucose concentrations have been measured using 'H and °C NMR spectros-
copy [34,79-84]. For a CH group with homonuclear J-coupling, the sensitivity
advantage of 'H compared to "°C is expected to be only 2-3 fold. The proximity of
the 'H resonances of glucose to that of water makes the measurement of brain glu-
cose using 'H NMR spectroscopy difficult, especially for 'H resonance [60].
Therefore, in cases where metabolism is followed by 3C NMR, it may be advanta-
geous to measure brain glucose content as well.

When measuring brain glucose transport kinetics, the magnitude of the physi-
cal distribution volume, i.e., the volume in the brain into which glucose can diffuse,
can affect the interpretation of the derived glucose transport kinetics [85~87]. The
physical distribution volume of glucose has been assumed to equal the brain’s wa-
ter phase based on radiotracer and slice diffusion experiments, suggesting that
transport of glucose across cell membranes is diffusion-limited [87], although some
fraction of the aqueous space might be more accessible on a short time scale [88].
Interestingly, a study concluded that the physical distribution volume of glucose
must be large and consistent with that of the brain’s water phase from the delayed
change in brain glucose following a step function in plasma glucose [89]. In a re-
cent study the diffusion behavior of glucose was measured using diffusion-
weighted '"H NMR spectroscopy [84], and it was found that glucose had a distinctly
detectable signal even at very high diffusion weighting (Figure 7), consistent with a
predominantly restricted diffusion behavior, reflecting the primarily intracellular
origin of the glucose signal. However, the diffusion signal characteristic was dif-
ferent from compounds whose concentration is almost exclusively intracellular, but
similar to that of lactate, whose extracellular concentration under normal circum-
stances is probably similar to whole brain lactate concentrations. From the diffu-
sion behavior of the glucose signal it was concluded that approximately 20% of the
NMR signal of glucose originated from the extracellular compartment, which rein-
forced the notion of a high physical distribution volume for glucose [90].

Traditionally, glucose transport kinetics have been analyzed with a model of
brain glucose transport that was based on standard Michaelis-Menten kinetics.
However, Michaelis-Menten kinetics is based on the assumption that the initial
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Figure 7. Diffusion-weighted signal of glucose and other metabolites [84]. Signals are
strongly reduced at the high b value (diffusion time was 120 ms), more so than the macro-
molecule signal (at, e.g., 0.9 ppm). The detection of the glucose signal at 5.23 ppm (arrow)
indicates that a substantial fraction of the glucose is in intracellular space.

rate of unidirectional product formation is measured, e.g., immediately after sub-
strate and enzyme have been combined. This experimental condition would re-
quire elimination of the brain glucose, which is difficult to achieve without inter-
fering with normal brain function. Hence it is reasonable to expect that reversible
Michaelis-Menten kinetics is a more appropriate formalism in describing brain
glucose transport. Such a model has been proposed [34,91]. It was shown that one
implication of the reversible model of brain glucose transport is that the relation-
ship between brain and plasma glucose is linear [34]. Many measurements of brain
glucose content as a function of plasma glucose have in the meantime corroborated
the observation that brain glucose concentrations are a linear function of plasma
glucose [78,81-83], and such a case is illustrated in Figure 8 for two different anes-
thetic regimes — o-chloralose and pentobarbital. These studies indicated that de-
creased electrical activity and thus decreased energy metabolism resulted in in-
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creased brain glucose concentrations. The increment in brain glucose was consis-
tent with an approximately twofold reduction in brain glucose utilization under
pentobarbital anesthesia relative to o-~chloralose anesthesia. The presence of a siz-
able concentration gradient between brain and plasma glucose implies that net glu-
cose uptake (i.e., glucose consumption at steady state) was appreciable even under
conditions close to isoelectricity.
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Figure 8. Brain glucose transport kinetics from the measurement of the brain glucose con-
tent as a function of plasma glucose concentration. (A) Demonstration of a linear relation-
ship between brain and plasma glucose concentrations, as well as the effect of increased an-
esthesia (decreased electrical activity) on brain glucose content in vivo. Reprinted with per-
mission from IY Choi, H Lei, R Gruetter. 2002. Effect of deep pentobarbital anesthesia on
neurotransmitter metabolism in vivo: on the correlation of total glucose consumption with
glutamatergic action. J Cereb Blood Flow Met 22:1343-1351. Copyright © 2002,
International Society for Cerebral Blood Flow & Metabolism.

The importance of measuring the brain glucose concentration can be appreci-
ated from its role in regulating brain glucose metabolism: Glucose becomes rate-
limiting for metabolism when its concentration approaches that of the K, of the
first step in its metabolism, which is in the brain phosphorylation mostly by
hexokinase. Since the K, of brain hexokinase is very low (~50 uM) and NMR sen-
sitivity in vivo generally is too low to detect such small concentrations of glucose,
brain glucose concentrations measured by NMR that are close to zero indicate me-
tabolism that is limited by the glucose available to the brain cell. The general con-
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sensus is that brain glucose transport is not rate-limiting for metabolism under
normal circumstances. We have recently shown in the conscious human and the o-
chloralose anesthetized rat that the maximal sustainable rate of glucose consump-
tion is approximately 60-90% above the basal rate of glucose metabolism and
brain glucose is therefore not rate-limiting [34,78]. This may, however, not be the
case under conditions of extreme metabolic activation or during hypoglycemia [92].

Previously, models of brain glucose transport have been evaluated at normal or
hyperglycemic conditions only [34,77,81-83]. A recent study extended the brain
glucose concentration measurements to hypoglycemia using “C NMR spectros-
copy [78]. The concentrations measured by >C NMR were found to be in excellent
agreement to those predicted by the reversible Michaelis-Menten model as well as
those measured by 'H NMR spectroscopy [78]. Interestingly, when the brain glu-
cose concentration approached zero, CBF was acutely increased [78] and glycogen
degradation started [93], all of which points to brain glucose being important in
activating cerebral defenses against a deficiency in fuel supply.

6.2. Brain Glycogen, an Endogenous Energy Store

Additional fuel can be provided to brain cells during, e.g., hypoglycemia, from
glycogen, which is present in the brain in measurable quantities and appears to be
essential for brain function. Brain glycogen is typically present in quantities that
exceed those of tissue glucose in the brain. Similar to glucose, brain glycogen is
rapidly eliminated in postmortem tissue [12,94,95]; therefore, its direct biochemi-
cal measurement is difficult [96,97]. Localized >C NMR spectroscopy has the
unique capability of following brain glycogen metabolism longitudinally, employ-
ing a much smaller number of animals than would be used with biochemical ex-
traction. The rate of brain glycogen degradation during hypoglycemia accounted
for the majority of the glucose supply deficit during the hypoglycemic period [93].
Together with the apparent stability of glycogen in the non-stimulated brain at eu-
or hyperglycemia [12,98], these data suggest that brain glucose plays an important
regulatory role in cerebral glycogenolysis. These studies also showed that brain
glycogen increased above the basal level and beyond following a single episode of
hypoglycemia [93]. This rebound or super-compensation of brain glycogen may
result in increased neuroprotection. It has been proposed that brain glycogen me-
tabolism may be a factor involved in the mechanism of the hypoglycemia un-
awareness syndrome observed clinically in patients with type I diabetes [93,98],
perhaps through the enhanced neuroprotective effect of increased brain glycogen.

Thus glycogen likely is a viable and important store of glucose equivalents in
the brain, whose metabolism is affected by hormones, neurotransmitters and sec-
ond messengers [99]. '

One obvious investigational power of NMR spectroscopy is its applicability to
animal models and humans alike. Because all previous studies measured brain gly-
cogen metabolism in animals, the question remained as to whether brain glycogen
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Figure 9. Measurement of glycogen in the human brain. (A) Demonstrates detection of the
brain glycogen signal in four different subjects (arrows) along with the glucose Cl1 reso-
nances. Shown is the spectral region containing the glycogen C1 and glucose C]1 resonances.
(B) The increase in the quantified glycogen C1 signal represents the accumulation of [1-"C]
glycogen, which occurred at an extremely slow rate on the order of 0.15 umol/g/h in the hu-
man brain, as illustrated in the graph containing measurements from three different studies.
Reprinted with permission from G Oz, PG Henry, ER Seaquist, R Gruetter. 2003. Direct,
noninvasive measurement of brain glycogen metabolism in humans. Neurochem Int 43:323-
329. Copyright © 2003, Elsevier. ‘
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metabolism may be faster in the conscious human brain. Brain glycogen metabo-
lism had never been measured in the human brain and “C NMR is the only tech-
nique that can provide this insight. We have recently adapted the localization
method (see above on localization methods) for measuring brain glycogen in hu-
mans and demonstrated that a reproducible measurement of the brain glycogen
signal was indeed possible in the human brain [14], illustrated in Figure 9A. These
initial results furthermore demonstrated that brain glycogen metabolism was ex-
tremely slow in subjects measured in the awake, resting condition (Figure 9B).
This observation was in excellent agreement with previous studies showing that
under the conditions of this study (plasma glucose at euglycemia or higher with
concomitant hyperinsulinemia) the brain glucose concentration is well above the
K., of hexokinase [9,34,83], thereby eliminating the need for appreciable glycogen
activation. In fact, the flux through glycogen synthase was estimated at 0.1-0.2
umol/g/h. As a consequence, a brain glycogen pool of a few mM is expected to
have a turnover time on the order of several days to a week. These findings suggest
that glycogen metabolism is a negligible factor in the energy metabolism of the
conscious unstimulated human brain at euglycemia and above.

6.3. Compartmentalized Oxygen Metabolism in Brain

The question of whether there is tight coupling between glucose and oxygen
consumption in the brain has become of paramount importance. The landmark
study by Fox and Raichle in the late 1980s suggested that there is indeed a large
increase in glucose metabolism that exceeds the changes in oxygen metabolism
[100]. The concept of uncoupled oxygen metabolism has been supported by studies
reporting small increases in brain lactate during focal activation [101,102] that are
very difficult to perform [103]. The relatively small magnitude of change in brain
lactate [101,102,104] is difficult to reconcile with the reported large uncoupling
between oxygen and glucose consumption [105], and explanations linking the
Jactate increase to brain glycogen [106] at present appear unlikely (see above). To
address this question, it is useful to measure the TCA cycle activity in the brain. In
intact tissue the transfer of °C label into the glutamate pool has been linked to
TCA cycle flux. The rate of label incorporation indicated a significant difference in
the rate of glutamate labeling with activation, but oxygen consumption increased at
most by 30%, which is approximately half of the cerebral blood flow increase
measured using this stimulation paradigm [107]. This study supported the concept
that oxygen consumption increases are less than the associated cerebral blood flow
increases, leading to a net decrease in deoxyhemoglobin content during focal acti-
vation, which forms the basis of blood-oxygen-level-dependent functional MRI
[108].

Measurements of Krebs cycle flux from the flow of label from glucose Cl to
glutamate C4 are affected by transport across the highly charged inner mitochon-
drial membrane. It is likely that such transport is controlled, since rapid transport of
acids is unlikely and would interfere with chemiosmosis [109]. Indeed, this ex-
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change rate, V,, was found to be comparable to the flux through pyruvate dehydro-
genase, Vppu, in most recent studies of the intact brain [48,81,110], consistent with
what has been reported in most other tissues [76,111-113]. Many, but not all, in-
vestigators have found that Vy is on the order of Vppy, which implied that the mala-
te-aspartate shuttle may be a major mechanism mediating the exchange of label
across the mitochondrial membrane [30,48,81,110,111,114-117].

6.3.1. Glutamatergic Neurotransmission and Glial Energy Metabolism

Brain metabolism is exquisitely compartmentalized, with at least two major
compartments (attributed to the “neuronal” and “glial” compartment) that are dif-
ferentiated by the size of the respective glutamate pools associated with the Krebs
cycle and that are metabolically linked by the so-called glutamate—glutamine cycle
[118,119]. The scheme in Figure 10 summarizes some of the salient features that
have been exploited at high field in modeling brain metabolism.

Key to cerebral compartmentation is inactivation of neurotransmitter gluta-
mate by uptake into perisynaptic astrocytes and conversion into electrophysiologi-
cally inactive glutamine, which then diffuses back to the neuron [120-123]. Clearly,
this mechanism implies a much more active role for astrocytes than is convention-
ally assumed, since the conversion of neurotransmitter glutamate to glutamine in-
vokes glial energy metabolism [124-126]. The neuron-astrocyte pair thus has to be
considered the functional unit (the “tripartite synapse” containing the pre- and

postsynaptic neuron and the astrocyte) intimately involved in achieving chemical -

‘transmission, as has been proposed in the last decade by Magistretti and others
[127-129].

The link between astrocytes and neurons is generally accepted from metabolic
and neurophysiological standpoints [130], yet differences exist as to the precise
relationship between the metabolic rates and the specific energetics mvolved
[48,81,117,131,132]. The bulk of investigations suggest that non-signaling energy
metabolism is approximately a third to half that at resting (non-stimulated) condi-
tions [117,133]. Nonetheless, the controversial hypothesis put forth by Shulman et
al. [131,134] linking glucose metabolism with glutamatergic action is intriguing as
it emphasizes further the coupling between neurons and glia at the level of energy
metabolism as put forward earlier by others (see, e.g., [129]).

Astrocytes have significant oxidative capacity to generate ATP, which can be
substantiated with two experimental observations. First, anaplerosis, a mitochon-
drial reaction confined to the glial compartment, mediated by pyruvate carboxylase,
is now generally accepted to have significant activity in vivo [11,13,48,116,117,
135,136]. To the extent that anaplerosis leads to net glutamine synthesis (via pyru-
vate carboxylase) in the glial compartment, a significant net synthesis of ATP oc-
curs oxidatively, thereby generating approximately a third of the ATP per glucose
molecule compared to that from complete glucose oxidation [116]. Second, the
presence of significant oxidative metabolism in astrocytes stems from the fact that
acetate is known to be exclusively metabolized in astrocytes by the TCA cycle
[137,138], which can only occur by oxidative metabolism [139].
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Figure 10. Compartmentation of cerebral neurotransmitter and amino acid metabolism stud-
ied via labeling from glucose at, e.g., the C1 position. The glial compartment is on the left
and the neuronal on the right. Anaplerosis, mediated by pyruvate carboxylase (dashed arrow),
glutamine synthetase, as well as glycogen and its metabolism, are localized to the glial com-
partment in the adult brain. Most of the glutamine is in the glial compartment and most of
the glutamate and aspartate in the neuronal compartment. The metabolites in caps give rise to
NMR signals we have measured in vivo. See attached CD for color version.

6.4. Studies of Individual Subjects

The improvements in in-vivo NMR spectroscopy at high fields (highlighted in
the first half of the chapter) all translate into increased statistical power, mainly due
to sensitivity improvements. Thus smaller volumes can be studies with linear di-
mensions decreased by the third root of the sensitivity gains, or measurement times
can be shortened by the square of the sensitivity improvements.

6.4.1. Separate Quantification of Glutamate and Glutamme
Hepatic Encephalopathy

As stated earlier in the chapter, one obvious benefit of higher fields is the
clearly increased spectral resolution of especially J-coupled resonances, such as
glutamate and glutamine. While commonly small changes in brain glutamine are
difficult to discern at low fields, such changes in brain glutamine are visually ap-
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parent in individual subjects at 4 Tesla [3]. In a study of pediatric patients at 4
Tesla with subclinical hepatic encephalopathy, the increase in brain glutamine was
easily detectable (Figure 11). Furthermore, the tight reproducibility of the 'H NMR
spectra allowed to conclude that the increased error in the patient group (Figure 11)
was not due to increased quantification errors but rather reflected differences be-
tween individual patients. It is of interest to note that while brain glutamine showed
distinct and up to a several-fold increase in subclinical HE, the combined Glu and
Gln signal (Glx) exhibited only minor variations, as the Gln changes were masked
by the much more concentrated Glu signal.
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Figure 11. Changes in Glu, Gln, and Glx (Glu + Gln) with HE (bar graph), illustrating the
increased statistical power when separating the change in Gln from that of Glu.

6.4.2. Disease Monitoring in Pediatric Patients: Adrenoleukodystrophy

- The increases in sensitivity with higher field predispose the method to in-
creased use in especially pediatrics, where subject compliance is difficult to
achieve, and hence shorter acquisition times and potential for correction of motion
effects can become of paramount importance. Using single-shot acquisition, it was
shown that robust and reliable quantification of 12 metabolites was possible in un-
sedated patients with ALD [59]. Furthermore, in relatively small volumes in white
matter (WM), profound changes were observed in the neurochemical profile of
lesions (Figure 12). Of special interest was the clear and unambiguous separation
of '"H NMR spectra obtained from lesioned WM, which were unambiguously sepa-
rated from normal appearing WM, with several-fold differences in some com-
pounds. These observations point to the ability of '"H NMR spectroscopy to charac-
terize disease onset in prospective lesion sites, long before structural damage is
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evident in MR In several cases, changes in the neurochemical profile indeed pre-
ceded the appearance of hyperintense lesions in 7,-weighted MR1.
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Figure 12. In-vivo NMR spectroscopy at high field can be used for therapy monitoring in
individual patients. T>-weighted RARE image (TE = 60 ms, echo train length of 8) at 4 Tesla
depicting the status of lesions in a patient with the cerebral form of ALD following treatment.

“Three distinct states of the diseases are discernible in the neurochemical profile: (A) normal-
appearing white matter, (B) an active lesion that emerged after treatment, and (C) an ar-
rested lesion.

6.4.3. Detection of Two Important Antioxidants: Glutathione and Vitamin C

Two important antioxidant compounds — glutathione and Vitamin C (ascor-
bate) — are present in the human brain in sufficient amounts to be detectable in
vivo by NMR spectroscopy. The ability to measure glutathione was demonstrated
using short-echo spectroscopy at 9.4 Tesla in the rat brain [5]. Changes in glu-
tathione concentration following administration of quinolinic acid in a chemical
model of Huntington disease, measured by NMR spectroscopy [26], were in excel-
lent agreement with biochemical studies in the same animal model {140]. The
measurement of GSH using short-echo spectroscopy in combination with LCModel
analysis is thus likely a robust measurement; however, even at 9.4 Tesla GSH lacks
a clearly resolved peak. As pointed out above, spectral editing stands to gain from
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the increased spectral specificity of frequency-selective editing pulses at high fields.
The ability of spectral editing to measure brain glutathione concentrations was
supported by initial results obtained at 1.5 Tesla using multiple-quantum editing
[61]. However, since the homonuclear J-coupling is largely independent of field
strength, the contribution of the co-edited NAA aspartyl resonance must be taken
into account, thereby complicating the analysis of GSH-edited spectra at low fields.
In contrast, it was recently shown that using difference editing, it is possible at 4
Tesla to detect a resolved signal from GSH in human brain [32] (Figure 5). Be-
cause of its complex spin system, the signal of GSH exhibited a complex spectral
pattern that was nevertheless possible to quantify using LCModel analysis, yielding
a concentration that is in excellent agreement with that obtained by short-echo
spectroscopy [32].

The spin system of ascorbate (Vitamin C), on the other hand, is spread over a
narrow chemical shift range and more difficult to measure, due to its close prox-
imity to the water resonance. However, the detection of ascorbate is aided at high
fields by two factors. First, the increased spectral resolution at higher field does
result in improved water suppression and thus a more reliable detection of reso-
nances close to water. Second, the coupled spin system of ascorbate is restricted to
a narrow spectral range of 0.8 ppm, making the selective editing by any standard
difficult. Nonetheless, with judicious choice of experimental parameters it was
shown that the reproducible and reliable detection and quantification of ascorbate
was possible at 4 Tesla in the human brain (Figure 13), yielding concentrations on
the order of 1.3 mM, in excellent agreement with postmortem analysis [141].
Ascorbate has been mainly ascribed to the neuronal compartment, whereas glu-
tathione appears to have a mainly astrocytic localization, suggesting that the two
antioxidant systems act in tandem to protect the brain from oxidative damage. The
ability to measure both systems using high field NMR spectroscopy opens the pos-
sibility to comprehensively measure cerebral responses to oxidative stress.

7. OUTLOOK

The increased sensitivity at high field is likely to allow the measurement of
many neurochemicals in small volumes in individual patients, leading to the poten-
tial to follow disease progression and therapy. It is important to recognize in this
context that high field alone, without concomitant technical improvements and care,
may not allow one to garner these advantages, implying that substantial improve-
ments aside from brute increments in B, are likely to enhance the biomedical re-
search power of this investigative tool.

The review presented in this chapter illustrates that with appropriate technical
improvements NMR spectroscopy at high-fields can and already has made contri-
butions to our understanding of brain metabolism and function, e.g., understanding
glucose transport, measuring compartmentalized brain glutamate and glutamine
metabolism, brain glycogen metabolism, and the measurement of important anti-
oxidants. In addition, the ability to quantify brain glycogen metabolism has led to
the postulation that brain glycogen is an important store of glucose equivalents.
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Human In Vivo Detection at 4T
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- Figure 13. Assignment of in-vivo 'H NMR signal of Vitamin C in human brain. Reprinted
with permission from Terpstra M, Gruetter R. 2004. 'H NMR detection of vitamin C in hu-
man brain in vivo. Magn Reson Med 51:225-229. Copyright © 2004, John Wiley & Sons Inc.
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