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The use of cerebral water as an internal intensity standard for the quantitation of spatially localized proton
spectra of the human brain is investigated. The method is validated on standard samples of N-acetyl aspartate
(NAA) and lactate, and possible sources of error are discussed. Using the STEAM pulse sequence, concentrations
of choline, creatine and NAA in frontal lobe white matter are found to be 1.9+0.5, 10.6t1.3 and
16.6+2.3 nmol/g wet wt, respectively, in 10 normal volunteers. In the thalamus, the concentrations are 2.0+0.4,
11.6+2.0 and 17.2:1.3 pmol/g wet wt, respectively. Choline and creatine concentrations are in good agreement
with conventional biochemical values: NAA concentrations are found to be three-fold higher, suggesting overlap
of the NAA signal with other compounds. Quantitation relative to tissue water is a convenient and rapid means of

quantitating proton spectra of the human brain.

INTRODUCTION

The quantitation of in vivo NMR spectra is an issue
that has received much attention in the literature.'
Since the amplitude of the NMR signal can dependin a
complex manner on a large number of variables,” the
majority of spectroscopic studies report results as ratios
of signal intensities. These ratios may be converted into
concentration units if a concentration of a particular
compound is known or assumed. In the context of
NMR spectroscopy as a tool for clinical investigation,
quantitation is an issue of key importance for several
reasons. First, it facilitates the comparison of data
recorded at different sites, which may be obtained on a
variety of instruments using various localization
sequences and spectroscopic acquisition parameters.
Second, it allows correlations to be made with conven-
tional biochemical findings. Third, it removes possible
ambiguities in ratio data, where it may be unclear
whether one compound is elevated or another dec-
reased. A routine and reliable quantitation method is
required for clinical spectroscopy, where time limi-
tations may preclude time-consuming calibration pro-
cedures which are possible in other experiments.
Quantitation methods fall into two categories; those
which use an external reference sample, and those
which use an internal reference. Each method has its
own advantages and disadvantages. The chemical com-
position of external references can be carefully
controlled, but systematic errors can occur due to
inhomogeneities of both the B, and B, magnetic fields.
It is also important to accurately determine the volumes
of both the external reference and the sample under

* Author to whom correspondence should be addressed at Division
of NMR Research, MRI 110, Department of Radiology and
Radiological Science, Johns Hopkins Hospital, 600 N. Wolfe Street,
Baltimore, MD 21205, USA.

Abbreviations used: NAA, N-acetyl aspartate.

0952-3480/93/010089-06 $08.00
© 1993 by John Wiley & Sons, Ltd.

study. Internal references are insensitive to variations
in B, and B, fields, but it may be difficult to determine
exactly the concentration of the reference compound.
There may also be variations in the reference concen-
tration under pathological conditions.

For proton spectra of the human brain, previously
published concentration values have been based either
on the use of an external reference,’ or an assumed
value for either total creatine (creatine and phosphoc-
reatine) or N-acetyl aspartate (NAA).** Creatine and
NAA, however, are not particularly suitable as internal
references since there is some controversy as to their
absolute concentrations. There may also be overlap
between these signals and those from other com-
pounds, and pathological concentration variations can
be large.

Cerebral water, however, appears to be a suitable
internal reference signal.® Cerebral water content is
relatively uniformly distributed, and pathological
changes in water content vary over a relatively small
range.’ Quantitation relative to water has been used for
some time in *'P NMR spectroscopy."® In this case,
because the experiment is heteronuclear, care has to be
taken to carefully calibrate the ratio of spectrometer
sensitivities at the different observation frequencies,
and flip angles need to be carefully calibrated. Also, a
correction factor has to be applied if coil loading is
significantly different between the calibration solutions
and the sample. For 'H NMR spectroscopy, the imple-
mentation is somewhat simpler since no corrections are
needed for frequency dependent variations in spectro-
meter sensitivity, and the potential for miscalibration of
flip angles is virtually eliminated. Since the same spatial
localization sequence can be used to record both the
water signal and the water-suppressed spectrum, Vir-
tually identical sample volumes are observed. This
removes the need to reshim or recalibrate flip angles
which might be necessary when external standards are
used.

In this paper, the use of cerebral water as an internal
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intensity reference is explored as a means of quantitat-
ing proton spectra of the human brain. After validating
the methodology on phantom samples, concentration
values are derived for the three major resonances in the
spectrum (choline, creatine and NAA) in the grey and
white matter of 10 normal adult subjects. These con-
centrations are compared with values in the literature
determined both by conventional biochemical tech-
niques and using NMR spectroscopy.

METHODS

Ten normal subjects (seven males, three females), aged
2046 years (average = 34 years, SD = 9), were studied
in a 1.5T General Electric Signa scanner (General
Electric Medical Systems, Milwaukee, WI, USA)
equipped with actively shielded field gradient coils.
Using the commercial quadrature head coil supplied,
water signals and water-suppressed 'HNMR spectra
were recorded with the STEAM sequence from a
27 ¢cm® volume of frontal lobe white matter, and an
8cm® volume of tissue from the thalamus. Water
signals consisted of four scans, with TR=10s, TM =
80ms and TE=50,100,150 and 200ms. Water-
suppressed spectra were recorded with a range of
TR and TE values in order to estimate relaxation
times using 16, 64 or 128 scans (TR=10, 3 or
1.5s, TM =80 ms, TE =30,60,90,120,200 and 270 ms).
Water suppression consisted of frequency selective sin-
gle 90° CHESS pulses® applied prior to the STEAM
sequence, and between the second and third slice
selection pulses of the STEAM sequence. The CHESS
pulses were single lobe sinc functions of 15 ms duration,
giving a saturation bandwidth of Avy,~140 Hz.

All spectra were processed with an exponential filter
corresponding to a line broadening of 2 Hz. In addi-
tion, a convolution difference filter of the type Si(6)=
S(1)[1 — kexp(— tb)] was also used to baseline correct
the spectra. The convolution difference broadening
factor b was set at 40 Hz, and the subtraction factor k
varied from 0.8 for short echo time spectra
(TE =30 ms) to 0.4 for long echo times (TE =270 ms).
Following Fourier transformation and phase correc-
tion, spectra were inverse Fourier transformed to yield
a real, filtered and ‘phase-corrected’ FID which was
used as the input to a time-domain least squares fitting
program.” The program minimizes the difference
between the experimental data and a model function
consisting of the sum of a set of exponentially decaying
oscillators. The phase of each resonance was held fixed
(at zero), and the first three points of the FID were
discarded in order to suppress residual broad signals.
The T, and T, relaxation times of water and metabolite
signals were estimated by linear regression from the
experimental data.

All signal intensities, S, were corrected for relaxation
losses according to the formula:

S(RD,TE, TM)
S0= (T exp(—RDIT,)) exp(— TEIT3) exp(— TMIT)
1)
where TM is the delay between the second and third

pulses of the STEAM sequence, and RD = TR—TM—
TE/2. Metabolite concentrations were calculated from

Table 1. Comparison of NMR and actual concentrations
(mmol/L) for standard samples

Sample Lactate (NMR)? Lactate (Actual) NAA (NMR)? NAA (Actual)
A 20.5+4.2 20.0 10.4+0.9 10.0
B 33.0+£0.9 30.0 4.5+0.8 5.0
C 7.1+0.8 5.0 24.0+£1.9 20.0
D 10.1£2.2 10.0 15.9+1.8 15.0
E =P 1.0 30.1+£0.7 30.0
F 425124 40.0 -b 1.0
2 NMR values are mean=SD, n=3 or 4.
b Signal too small to quantitate.
25,(M) —Al20 4
[M] So(H;O)nc X [HZO] x 10 (2)

where 7 is the number of protons per functional group,
¢ is a correction factor due to partial saturation of the
water-suppression pulses and A is the attenuation value
(in dB) used to record the water signal. Significant ¢
correction values were only required for the choline
and creatine signals (0.79 and 0.89, respectively).
Calibration of the Signa receiver attenuator revealed
differences of 1.5-2.0dB between the nominal and
actual attenuation over the values used in this study
(20-30 dB). The water concentration was assumed to
be 39.2 pmol/g wet wt for white matter and 46.8 umol/g
wet wt for grey matter."

In order to check the accuracy of the quantitation
procedure, five solutions containing differing mixtures
of NAA and lactate in the concentration range of 1-
40 mm were prepared by accurate weighing, and ana-
lyzed using the same methodology as above. In order to
estimate the in vitro lactate T, relaxation times, TE
values of multiples of 135 ms were used in order to
avoid signal modulation due to scalar coupling, and a
low TM value (11 ms) was used to minimize evolution
of zero-quantum coherence.

RESULTS

Table 1 shows the relationship between the calculated
and actual concentrations for the standard samples.
Figure 1 shows representative T, weighted MR images
(TR =500 ms, TE =20 ms) from one subject, indicating
the volumes selected by the STEAM sequence from the
frontal lobe white matter and thalamus, respectively.
Figure 2 shows spectra from each of these regions
recorded at short echo times (TE=30ms), and the
corresponding output from the time-domain least
squares fitting program for the three major resonances
in the spectrum. Figure 3 shows simulations of the
signal intensity of the STEAM sequence using Eqn (1)
as a function of T, and T, for some commonly used TR
and TE values. Concentrations of choline, creatine
and NAA from each region and T, values are given in
Table 2.

DISCUSSION

Methodology

Table 1 shows that excellent agreement was obtained
from the standard samples and the NMR determined
concentration values. However, a number of factors
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Figure 1. T, weighted MRI images (TR=500 ms, TE=20 ms) showing representative sample

voxels: (A) frontal lobe white matter, 27 cm

8 cm®.

can affect the accuracy of the quantitation procedure. It
is important that the receiver attenuator and water-
suppression bandwidth are accurately calibrated. Also,
there is a small shift in voxel location due to the
chemical shift difference between the water and meta-
bolite signals. For studies at 1.5 T with high bandwidth
slice selection pulses these shifts will be small. In the
present study the RF pulse bandwidth was 4 kHz, so
the voxel shift of NAA [~2.7 ppm (173 Hz) upfield
from water] was cal.3mm for the voxel of linear
dimension 30 mm, and 0.8 mm for a 20 mm voxel.
Since most spatial localization sequences for 'H spec-
troscopy involve at least some degree of 7, and T,
weighting, it is also important to correct for signal
losses due to relaxation time effects. Figure 3(A)
models the signal intensity of the STEAM sequence as
a function of T, for a range of commonly used echo
times. It can be seen that short echo times give both
larger signals and reduced sensitivity to T, variations.
For instance, a change in 7, from 200 to 400 ms changes

L
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Figure 2. Corresponding STEAM proton spectra of the sample
volumes indicated in Fig. 1 (TR=3's, TE=30 ms, TM=80 ms),
and the output from the non-linear least squares fitting program
for the peaks of interest: (A) frontal lobe white matter; (B)
thalamus.

3. (B) thalamus (predominantly grey matter),

the signal intensity from 0.24 to 0.47 for TE =270 ms,
but from 0.80 to 0.86 for TE =30 ms. However, spectra
are often recorded with long echo times because they
have less interference from lipid and residual water
signals, and flatter baselines. A TE value of 270 ms is
commonly used because there is no modulation of the
lactate signal due to scalar coupling at this TE (see
below). Figure 3(B) shows the variation of the STEAM
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Figure 3. Simulations of the signal intensity [using Eqn (1)] of
the STEAM sequence for non-coupled spins as a function of TR,
TE and relaxation times: (A) T, variation, TR=6's, TM=80 ms,
T,=1.5s; (B) T, variation, TE=30 ms, TM=80 ms, T,=250 ms.
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Table 2. Concentrations® and apparent T, values® of creatine, choline and NAA in

human brain

Choline

Conc. T Conc.
White® 1.9+0.56 0.36+0.14 10.6%1.3
Grey* 2.0+0.4 0.35+0.14 11.6%£2.0

Creatine NAA

T, Conc. T,
0.21+0.06 16.6+2.3  0.43+0.17
0.18+0.03 17.2+1.3  0.32+0.07

a Concentrations in units of pmoles per gram wet weight, mean+SD, n=10.
b T, values are in seconds, mean+SD, n=10.

¢ Frontal lobe white matter.
4 Thalamus.

signal intensity as a function of T for a range of typical
TR values. TR values of 6 s or more virtually eliminate
T, weighting over typical ranges of in vivo proton
relaxation times (for instance 1-2's), but it should also
be noted that losses can occur during TM if T} is very
short. Equation (1) can be used to estimate how errors
in relaxation times will propagate into metabolite con-
centration errors. Assuming RD=3s, TE=30ms,
TM=80ms, T,=0.515s and 7,=0.129s (cerebral
water), if 7, and 7, both have 13% error, then the
propagated error in the ratio S/S, is only 4%. If the
error in T, and T, is increased to 50%), the propagated
error in S/S, increases to only 14%. However, if TE =
270 ms, the propagated error in /S, is 104% when T,
and T, have a 50% error.

It should be noted that the T, measured with the
STEAM sequence is often lower than the true T; (for
instance as measured by the Carr—Purcell-Meiboom—
Gill method)," since the STEAM sequence (when
implemented with larger crusher gradients) is sensitive
to both the diffusion and/or bulk macroscopic motion
of spins.”> The T, values reported here, and used in
Eqgns (1) and (2), therefore include a degree of appar-
ent diffusional weighting. For pure water, with the
pulse sequence used in the current study, assuming an
apparent diffusion constant of 2 x 10~° m”s," the signal
loss due to diffusion is estimated to be 7%. Assuming a
typical intracellular apparent diffusion coefficient of
2% 10712 m¥s," the diffusion loss is 0.7%. However,
provided that the quantitative spectra and relaxation
time measurements are recorded using the same pulse
sequence, no error is introduced due to differences in
apparent diffusion coefficient between the solute and
solvent, since this is incorporated into the T; values. In
addition, it has also been noted that it is often the bulk
macroscopic translation of the sample, rather than the
molecular diffusion, which dominates the signal loss
due to motion.!? Under these circumstances, motional
losses of solvent and solute are virtually identical.

It should also be recognized that the STEAM or
PRESS localization sequences give complicated signal
intensities as a function of TE and TM for coupled spin
systems such as lactate or glutamate.” The signal is
modulated both by the evolution of scalar coupling
during TE, and, in the case of the STEAM sequence, of
zero-quantum coherence during the TM period. For
the lactate methyl group, scalar coupling is refocused at
echo times of multiples of 135ms (J a). However,
zero-quantum effects during TM are also important
when TE is an odd multiple of 135 ms;" these can be
minimized by using the shortest possible TM. Certain
TM values (e.g., TM =80 ms) will result in almost no
detectable lactate signal with TE=135ms. For gluta-
mate, which has a very complicated multiplet pattern,

quantitation is difficult, but perhaps may be attempted
from spectra recorded with very short TE (and TM)
delay times.

Water content

The validity of the quantitation procedure depends on
an accurate knowledge of the cerebral water content.
Under pathological conditions, there may be small
changes in water content and quite large changes in
water relaxation times. Water relaxation times can be
measured in a short period of time, and it is possible (as
discussed above) to minimize their influence on the
STEAM sequence by appropriate choice of acquisition
parameters. Changes in cerebral water content are
usually comparatively small (10-20% at most), and
may also be estimated from spin density MR images. It
has also been suggested that water content can be
calculated from 7, measurements.'

In the present study, an assumed water content was
used in units of umoles per gram tissue wet weight. The
ratio of the NMR signal intensities therefore also yields
calculated concentrations in the same units. However,
if water content was determined from MR images using
an external intensity standard, the cerebral water con-
centration would then be determined on a moles per
unit volume basis (i.e., molarity). Molarity and wet
weight concentration measurements may be related by
a knowledge of the tissue density. In both cases, the
concentration is expressed as a macroscopic measure,
and may not reflect actual intracellular concentrations.
It should be noted that if the localized volume contains
appreciable contributions from fluid filled cavities such
as ventricles or cysts, wet weight measurements will
underestimate intracellular concentrations.

Metabolite concentration values

There is reasonable consensus between different
groups concerning the ratios of peak intensities of
proton spectra of the normal human brain for the major
signals of NAA, creatine and choline. However, there
is more disagreement concerning the absolute concen-
tration values.'”? For instance, NAA values varying as
widely as 5.9 to 17 mm have been reportedf'5 whereas
the conventional biochemical value from human brain
is ca4.9umol/g wet wt?* The following section
reviews the concentrations of creatine, NAA and cho-
line as determined in this study and compares these
values with those available in the literature.

Total creatine. Using in vivo NMR spectroscopy and an
external concentration standard, total creatine (crea-
tine and phosphocreatine) has been determined to be
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8.9+1.9 umol/g in white matter and 9.2+1.8 umol/g in
grey matter.’ In perchloric extracts of human brain
from patients undergoing temporal lobectomy for
epilepsy,” total creatine was determined to be in the
range of 7-9 umol/g, depending on the exact location of
the biopsy sample. Biochemical assays of perchloric
acid extracts of normal canine brain gave a total crea-
tine value of 11.0 mm, corresponding to a phospho-
creatine concentration of ca5.0mm and a creatine
concentration of 6.0 mm.>* This is in good agreement
with recent determinations of human cerebral phos-
phocreatine levels using 3IPNMR  spectroscopy
[5.18 mmM%0.89(SD)].” In rat brain, total creatine has
also been determined to be ca 10 mm.***” In the current
study, creatine values of 10.6+1.3 and 11.6£2.0 pmol/g
wet wt were found for white and grey matter, respecti-
vely, which are in good agreement with conventional
biochemical values.

NAA. Tallan measured NAA to be 5.5 umol/g in human
brain® using a biochemical assay, and an average value
of 4.9 umol/g has been reported based on a wide range
of references.?! Using NMR spectroscopy and an exter-
nal intensity reference, NAA values in human brain
have been reported as 5.9+1.9 umol/g in white matter
and 10.5+2.1umol/g in grey matter.” In perchloric
extracts of human brain from patients undergoing sur-
gery for epilepsy, NAA values were found to be
5.97+0.26 umol/g  for  cortical samples  and
3.99+0.20 umol/g for white matter.” The values for
NAA in the current study (16.6£2.3 umol/g for white
matter, 17.2+1.3 umol/g for the thalamus) are consi-
derably higher than any of these values. However, they
are in reasonably good agreement with the values
originally reported by Frahm et al.’ (13 mm for cerebel-
lum and thalamus, 17 and 18 mm for white and grey
matter, respectively) who quantitated relative to an
assumed total creatine concentration of 10 mm in white
matter. The numbers reported by Narayana et al.® for
white matter are difficult to interpret, since the NAA is
lower than the creatine concentration, whereas most
other groups report NAA/creatine ratios greater than
one in vivo.

The origin of these wide variations remains to be
determined. In the comparison of the in vivo studies, a
number of technical factors will contribute to the uncer-
tainty. In the in pvitro studies,” the low NAA values
may reflect either pathological conditions or changes
occurring during the extraction procedure. The data
presented here suggest that the peak at 2.0 ppm, which
is assigned to the N-acetyl CH, of NAA, must also
contain contributions from other compounds. A
number of groups have speculated as to the origin of
other N-acetyl groups, for instance N-acetyl aspartyl
glutamate® or membrane associated sialic acid (N-
acetyl neuraminic acid).” In addition, in vivo at 15T,
appreciable overlap will exist between NAA, glutamate
and glutamine, which resonate at around 2.1 ppm.

It has also been observed that the NAA peak is
decreased, and may in some cases be completely ab-
sent, in certain pathological conditions such as infarc-
tion or brain tumors.** Since NAA is believed to be
primarily neuronal in origin,? it is generally accepted
that these observations reflect the absence of viable
neurons from these tissue types. However, if the
2.0ppm peak consists of other unidentified com-

pounds, then one must also consider that these com-
pounds are also only associated with normal, viable
brain tissue.

Choline. For choline, in vivo values of 1.9mm (for
insular grey matter), 2.2 mm (for white matter) and
2.7 mm (for thalamus) were reported by Frahm et al®
who quantitated relative to 10 mm creatine. The in vitro
studies of epilepsy patients gave values of 0.49%0.08
and 0.55+0.09 pmol/g for grey and white matter,
respectively.” The present study yielded values of
2.0+0.4 and 1.9+0.5 pmol/g for grey and white matter,
respectively, which are in reasonable agreement with
the values of Frahm et al. The composition of the
choline peak has recently been reviewed by Miller.”
Summing the biochemically determined concentrations
of known water-soluble choline-containing compounds
(phosphocholine, glycerophosphocholine, choline, cyti-
dine-diphosphatyl-choline, acetylcholine, and choline-
plasmalogen) yields a total trimethylamine concentra-
tion of 1.6mm, which is fairly close to the values
determined here. Any other signal contributing to
this peak may result from lipid-soluble sphingomyelin
and phosphatyl-choline, which would not be seen in
perchloric acid extracts.

SUMMARY

Quantitation of human cerebral proton spectra using
the internal water signal is a simple and convenient
means of determining metabolite concentrations. The
time required to record the reference water signal is
negligible compared to the time of the rest of the
examination. Creatine concentrations measured by this
technique are in good agreement with accepted bioche-
mical values. Choline concentrations are in reasonable
agreement with biochemical values when all water
soluble compounds containing trimethylamine groups
are considered. Tissue biochemical NAA concentra-
tions are some three-fold lower than the NMR determi-
nation, suggesting that the 2.0 ppm peak contains con-
siderable signal intensity from other compounds.

The similarity between the spectra of the thalamus
and frontal lobe white matter may reflect some averag-
ing of both grey and white matter in the sample
volumes. Studies at higher spatial resolution may reveal
significant differences in metabolic concentrations
between grey and white matter. Finally, quantitation
relative to tissue water should be readily extendable
from single-voxel localization methods to chemical shift
imaging.

Acknowledgements

Presented in part at the 10th Annual Meeting of the Society of
Magnetic Resonance in Medicine, San Francisco, CA, 10-16 August
1991. The authors would like to thank Dr Chrit Moonen and Dr Peter
van Zijl (NIH in vivo NMR Center, Bethesda, MD, USA) and Dr
Joseph Giller (Pittsburgh NMR Institute, Pittsburgh, PA) for the
STEAM pulse sequence which was used to record the spectra in this
study, and Dr Steven Breiter and Dr Richard Kelley for help in
preparing standard samples.



94

P. B. BARKER ET AL.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Tofts, P. S. and Wray, S. A critical assessment of methods of

measuring absolute metabolite concentrations by NMR
spectroscopy. NMR Biomed. 1, 1-10 (1988).

. Freeman, R. A Handbook of Nuclear Magnetic Resonance,

pp. 216-223. John Wiley & Sons, New York (1988).

. Narayana, P. A., Fotedar, L. K., Jackson, E. F.,, Bohan, T. P.,

Butler, I. J. and Wolinsky, J. S. Regional in vivo proton
magnetic resonance spectroscopy of brain. J. Magn. Reson.
83, 44-52 (1989).

. Frahm, J., Bruhn, H., Gyngell, M. L., Merboldt, K. D.,

Hanicke, W. and Sauter, R. Localized high-resolution proton
NMR spectroscopy using stimulated echoes: initial appli-
cations to human brain in vivo. Magn. Reson. Med. 9, 79-93
(1989).

_ Frahm, J., Bruhn, H., Gyngell, M. L., Merboldt, K. D.,

Hanicke, W. and Sauter, R. Localized proton NMR spectros-
copy in different regions of the human “brain in vivo.
Relaxation times and concentrations of cerebral metabo-
lites. Magn. Reson. Med. 11, 47-63 (1989).

. Thulborn, K. R. and Ackerman, J. J. H. Absolute molar

concentrations by NMR in inhomogeneous B;. A scheme for
analysis of in vivo metabolites. J. Magn. Reson. 55, 357-371
(1983).

. Mansfield, P. and Morris, P. G. NMR Imaging in

Biomedicine, p. 19. Academic Press, Orlando (1982).

. Haase, A., Frahm, J., Hanicke, W. and Matthei, D. '"H NMR

chemical shift selective imaging. Phys. Med. Biol. 30, 341—
344 (1985).

. Barker, P. B. and Sibisi, S. Non-linear least squares analysis

of in vivo 3P NMR data. 9th Annual Meeting of the Society
of Magnetic Resonance in Medicine. Abstr., p. 1089 (1990).
Diem, K. and Lentner, C. Documenta Geigy: Scientific
Tables, p. 519. Ciba-Geigy Limited, Basle (1970).

Carr, H. Y. and Purcell, E. M. Effects of diffusion on free
precession in nuclear magnetic resonance experiments.
Phys. Rev. 94, 630638 (1954).

Moonen, C. T., van Zijl, P. C. M., Gillen, J., Daly, P., von
Kienlin, M., Wolf, J. and Cohen, J. Comparison of single-
shot localization methods (STEAM and PRESS) for in vivo
proton NMR spectroscopy. NMR Biomed. 2, 201-208 (1989).
van Zijl, P. C. M. and Moonen, C. T. W. Compiete water
suppression for solutions of large molecules based on
diffusional differences between solute and solvent (DRYC-
LEAN). J. Magn. Reson. 87, 18-25 (1990).

Sotak, C. H. A method for measuring the apparent self-
diffusion coefficient of in vivo lactic acid using double-
quantum coherence-transfer spectroscopy. J. Magn. Reson.
90, 198-204 (1990).

Sotak, C. H. and Alger, J. R. A pitfall associated with lactate
detection using stimulated-echo proton spectroscopy.
Magn. Reson. Med. 17, 533-538 (1921).

Fatouras, P. P., Marmarou, A., Kraft, K. A, Inao, S. and
Schwarz, F. P. In vivo brain water determination by T,
measurements: effect of total water content, hydration
fraction, and field strength. Magn. Reson. Med. 17, 402-413
(1991).

Barker, P. B., Blackband, S. J., Chatham, J. C., Mathews,
V. P. and Bryan, R. N. Quantitation of 'H NMR spectra of
the human brain. 10th Annual Meeting of the Society of
Magnetic Resonance in Medicine. Abstr., p. 388 (1991).
Ernst, T., Kreis, R., Farrow, N. and Ross, B. D. Towards
absolute quantitation in 'H MRS: internal vs external refer-

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

ence and the need to correct for CSF. 10th Annual Meeting
of the Society of Magnetic Resonance in Medicine. Abstr., p.
1059 (1991).

Hennig, J., Pfister, H. and Ernst, T. Determination of abso-
lute concentration of metabolites by localized in vivo proton
spectroscopy. 10th Annual Meeting of the Society of
Magnetic Resonance in Medicine. Abstr., p. 1013 (1991).
Michaelis, T., Bruhn, H., Gyngell, M. L., Hanicke, W.,
Merboldt, K. D. and Frahm, J. Quantification of cerebral
metabolites in man. Results using short-echo time localized
proton MRS. 10th Annual Meeting of the Society of
Magnetic Resonance in Medicine. Abstr., p. 387 (1991).
Siegel, G., Agranoff, B., Albers, P. W. and Molinoff, P. Basic
Neurochemistry, p. 558. Raven Press, New York (1989).
Birken, D. L. and Oldendorf, W. H. N-acetyl-L-aspartic acid: a
literature review of a compound prominent in 'H-NMR
spectroscopic studies of brain. Neurosci. Biobehav. Rev. 13,
23-31 (1989).

Petroff, O. A. C., Spencer, D. D., Alger, J. R. and Prichard,
J. W. High-field proton magnetic resonance spectroscopy
of human cerebrum obtained during surgery for epilepsy.
Neurology 39, 1197-1202 (1989).

Nioka, S., Chance, B., Hilberman, M., Subramanian, H. V.,
Leigh, J. S., Veech, R. L. and Forster, R. E. Relationship
between intracellular pH and energy metabolism in dog
brain as measured by *'P-NMR. J. Appl. Physiol. 62, 2094—
2102 (1987).

Bottomley, P. A. and Hardy, C. J. Rapid, reliable in vivo
assays of human phosphate metabolites by nuclear magne-
tic resonance. Clin. Chem. 35, 392-395 (1989).

Veech, R. L., Lawson, J. W. R., Cornell, N. W. and Krebs,
H. A. Cytosolic phosphorylation potential. J. Biol. Chem.
254, 6538-6547 (1979).

Lewis, L. D., Ljunggren, B., Ratcheson, R. A. and Siesjo, B. K.
Cerebral energy state in insulin-induced hypoglycemia,
related to blood glucose and EEG. J. Neurochem. 23, 673-
679 (1974).

Tallan, H. H. Studies on the distribution of
N-acetyl-L-aspartic acid in brain. J. Biol. Chem. 224, 41-45
(1957).

Frahm, J., Michaelis, T., Merboldt, K.-D., Hanicke, W.,
Gyngell, M. L. and Bruhn, H. On the N-acetyl methyl
resonance in localized 'H NMR spectra of the human brain
in vivo. NMR Biomed. 4, 201-204 (1991).

Hanstock, C. C., Rothman, D. L., Prichard, J. W., Jue, T. and
Shulman, R. G. Spatially localized "H NMR spectra of metab-
olites in the human brain. Proc. Natl. Acad. Sci. USA 85,
1821-1825 (1988).

Bruhn, H., Frahm, J., Gyngell, M. L., Merboldt, K. D.,
Hanicke, W. and Sauter, R. Cerebral metabolism in man
after acute stroke: new observations using localized proton
NMR spectroscopy. J. Magn. Reson. 9, 126131 (1989).
Alger, J. R., Frank, J. A, Bizzi, A., Fulham, M. J., DeSouza,
B. X., Guhaney, M. 0., Inscoe, S. W., Black, J. L., van Zijl,
P. C. M., Moonen, C. T. W. and Di Chiro, G. Metabolism of
human gliomas: assessment with H-1 MR spectroscopy and
F-18 fluorodeoxyglucose PET. Radiology 177, 633-641
(1990).

Miller, B. L. A review of chemical issues in "H NMR spectros-
copy: N-acetyl-L-aspartate, creatine and choline. NMR
Biomed. 4, 47-53 (1991).

~ AT LS OO OO0 O

N =

p—p—rpm N O A N~ *





