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A method for the quantitation of cerebral metabolites on a
linical MR scanner by natural abundance 13C MRS in vivo is
escribed. Proton-decoupled spectra were acquired with a power
eposition within FDA guidelines using a novel coil design. myo-
nositol, quantified by a separate proton MRS, and readily detect-
ble in 13C MRS, was used as an internal reference. Normal
oncentrations, measured in four control subjects, age 7 months to
2 years, were glutamate 9.9 6 0.7, glutamine 5.6 6 1.0, and NAA
.8 6 2.8 mmol/kg. In a patient diagnosed with Canavan disease,
xamined four times, glutamate was reduced to 46% of normal,
.6 6 0.5 mmol/kg. NAA was increased by 50% to 13.2 6 1.6
mol/kg in 13C MRS, consistent with the 41% increase to 12.3 6

.1 from control 8.7 6 1.1 mmol/kg assayed by 1H MRS. Limited
oncentration of glutamate may impact on glutamatergic neurons
nd excitatory neurotransmission in Canavan disease. Quantita-
ion of cerebral glutamate in human brain may have clinical value
n human neuropathologies in which glutamate is believed to play
central role. © 1999 Academic Press

Key Words: proton-decoupled 13C MRS; glutamate; glutamine;
-acetylaspartate; Canavan disease.

INTRODUCTION

The determination ofin vivo cerebral glutamate (Glu) an
lutamine (Gln) levels using proton magnetic resonance s

roscopy (1H MRS) is compromised by the complex spec
ppearance of glutamate/glutamine due toJ coupling. Further
ther metabolites such as the resonances ofN-acetylaspartat
NAA) may contribute to the signal between 2.0 and 2.5 p
endering the quantitation of glutamate/glutamine diffic
arlier studies demonstrated the potential of natural abund

n vivo 13C MRS for direct determination of cerebral meta
ites at 1.5, 2.1, and 4 T (1–5). We find that on a clinical 1.5-

R scanner glutamate and glutamine can be separated
ach other and from other metabolites and natural abund

13C MRS provides enough signal-to-noise to quantify gl
ate, glutamine, NAA, and creatine1 choline (Cr/Cho) within
xam times not exceeding 1 h. Proton decoupling is an e

ial requirement for achieving optimum sensitivity and res
ion for 13C MRS. However, relatively long and intense ir
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iation of radiofrequency (RF) power renders it difficult
chieve homogeneous decoupling in humans within F
uidelines. Recently, the concept of a half-volume coil
angement using two1H surface coils operating in quadratu
ode and one13C surface coil has been successfully teste
4-T system (6). Since the power requirements at 1.5 T

avorable compared to those at 4 T this concept was adapt
nd a similar coil for a field strength of 1.5 T was built (7).

MATERIAL AND METHODS

Magnetic resonance imaging (MRI), proton-decoupled13C
RS ({1H}– 13C MRS), and routine proton MRS (1H MRS)
ere performed on a General Electrics Signa 1.5-T clin
canner equipped with a second channel for decoupling

13C coil consisted of a two-loop coil with a diameter of 10
ade from 3/16-inch copper tubing.1H coils were made from
/4-inch copper tubing and had diameters of 14 cm. Th1H
oils were mounted on a frame to form a quadrature field in
rea adjacent to the13C coil. The frame was designed to fi
uman head comfortably. The power deposition during de
ling was estimated by using a calibrated oscilloscope
uring the peak-to-peak voltage.
The proton coil homogeneity was determined with M

gradient echo (GRE), repetition time TR5 800 ms, echo tim
E 5 17 ms, flip anglea 5 30°, or fast spin echo (FSE), TR5
.7 s, effective echo time TEeff 5 95 ms) in volunteers an
atients. Nonlocalized {1H}– 13C spectra were obtained by
imple pulse and acquire experiment with an excitation b
idth of 4 kHz. Decoupling was achieved using
ALTZ-16 (8, 9) schema, decoupling bandwidth 400–5
z, during the 0.2-s acquisition period. The frequency of
ecoupler was set to 2.7 ppm to cover the range from lipid2
nd CH3 protons at 0.9 and 1.2 ppm up to the main b
etabolites NAA, Cr, Cho, andmyo-inositol (mI) between 2.
nd 4.4 ppm. The receiver bandwidth was 5 kHz with 1
omplex data points sampled. Repetition time TR was
roton spectra using the standard GE bird cage head coil
btained from an occipital location containing mostly g
1090-7807/99 $30.00
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220 COMMUNICATIONS
atter in all subjects. This area coincides with the sens
olume of the13C coil. These spectra were quantified as
lained in detail in (10–12). Solutions of NAA, Glu, Gln
hosphorylcholine (PC), Cr, and mI were studied by {1H}– 13C
RS either individually or combined (i) to obtain chemi

hift references and (ii) to determine reference peak rati
etabolites of known concentration using experimental co

ions as in vivo. Spectra were processed off-line on a S
PARCstation 2 using the SA/GE software package prov
y GE. All spectra were zero filled to 4096 data points, Fou

ransformed, and zero and first order phase corrected
aseline was corrected by the SA/GE sinc deconvolutio
orithm; no line broadening was applied. After this us

ndependent data manipulation the peak areas of metab
ere obtained from fitting Gaussian lines to mI and to the
ln, Cr 1 Cho, and NAA resonances between 53.5 and
pm, manually defining appropriate baselines for each p
eak ratios relative to mI were calculated and compared

he ratios obtainedin vitro. The signal intensity of mI in the13C
pectrum corresponds with the concentration of mI assay
he same subject by1H MRS. Using mI as an internal referen
he concentrations of Glu, Gln, NAA, and Cr1 Cho in
mol/kg brain tissue were estimated.
Four {1H}– 13C MRS measurements over a period o
onths were carried out in a pediatric patient, 13 month
ge at the time of the first exam. The diagnosis of Can
isease in this patient was established from NAA excre

FIG. 1. Gradient echo MRI, TR5 800 ms, TE5 17 ms,a 5 30°, of a c
isease patient (right). Signal up to the frontal region of the brain (not s
vailable for1H decoupling with this semi-volume coil.
e
-
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he patient was on a diuretic treatment with a dose of 62.
cetazolamide daily and an additional dose of 62.5 mg e

hird day, begun at age 8 months. Four patients with unre
iseases aged 7 months, 3 years (two patients), and 12
erved as controls. A complete {1H}– 13C MRS using the half
olume coil lasted less than 1 h in each case. Additional tim
ecessary for obtaining quantitative proton data, inclu
hanging coils and patient repositioning, did not exceed
in. Pediatric patients were sedated with oral chloral hyd

75 mg/kg body wt). Huntington Memorial Hospital IRB p
ission and informed parental consent were obtained pri
ll examinations.

RESULTS

The power measured at the coil, necessary for achie
omogeneous decoupling, was,15 W. With a duty cycle o
0% the average transmitted power is 3 W. When taking
ccount that the RF coils cover more than 1 liter volume a
0% efficiency for this coil design (6), the total average sp
ific absorption rate (SAR) dissipated into the sensitive vol
f the 1H coils is less than 2.4 W/kg, which is well within FD
uidelines. After Adriany and Gruetter’s (6) calculations th

ocal specific absorption with this coil arrangement does
xceed 3.3 W/kg.
Figure 1 shows a gradient echo MRI of a control sub

nd a fast spin echo MRI of the Canavan disease pa

ol (left) and a fast spin echo MRI, TR5 3.7 s, TEeff 5 95 ms, of the Canava
wn on this gray scale) was observed, demonstrating the excellent RF heneity
ontr
ho
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ignal up to the frontal region of the brain (not shown
his gray scale) was observed, demonstrating the exce
F homogeneity available for1H decoupling with this sem
olume coil. Threefold signal-to-noise increase of the p
on coils achieved in the occipital brain region was dem
trated by a comparison of proton MRS using the h
olume coil with a spectrum acquired with the standard
ird cage head coil in a control (Fig. 2). The aver
pectrum of exams 3 and 4 performed at ages 1.8 an
ears in Canavan disease and the average spectrum
wo 3-year-old subjects are shown in Fig. 3.myo-Inositol at
2.1 (C1,3), 73.3 (C2,4,6), and 75.3 (C5) ppm can be readil

dentified. Note that Glu (C2) at 55.7 ppm is apparent
ecreased in Canavan disease when compared with con
eaks at 54.7 and 55.2 ppm are consistent with Cr (C2)/Cho

CH3) and Gln (C2). At 40.5 and 54.2 ppm NAA C3 and C2

esonances were observed in each spectrum. Both NAA
I resonances appear to be elevated in Canavan dis
lycerol peaks at 62.9 and 69.9 ppm are well decoup
he resonance at a chemical shift of 37.8 ppm was ass

FIG. 2. Localized STEAM spectra (TR5 1.5 s, TE5 30 ms) acquired i
he occipital lobe with a standard GE head coil (A) and with the half-vol
oil (B). An at least threefold increase in signal-to-noise was achieved.
nt
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ith Cr (C3). Individual spectra were quantified as explai
nder Material and Methods. The quantitation of {1H}– 13C
pectra is demonstrated in a spectrum (exam 4) acquir
anavan disease (Fig. 4A). Metabolite peak areas
tted and subtracted from the spectrum (Fig. 4B). From
tted curves (Fig. 4C) the peak ratios of Glu, Gln, and N
elative to mI were calculated and compared with the p
atios obtained from a model solution containing eq
oncentrations of NAA, Cr, mI, glutamate, and glutam
Fig. 4D). Absolute concentrations in mmol/kg brain tis
ere estimated using [mI] quantified with1H MRS in the
ccipital region of the brain as an internal reference. M
lutamate concentration in controls was 9.96 0.7 mmol/kg
hile mean glutamine was 5.66 1.0 mmol/kg. Both result
re in excellent agreement within vitro data (13) and a
reviousin vivo 13C MRS estimation where glutamate a
lutamine were calculated from13C-labeled glucose infu
ion experiments (3). [NAA] assayed by {1H}– 13C MRS and
hat assayed by1H MRS were statistically indistinguishab
p . 0.3, paired t test). [Cr1 Cho] assayed by13C MRS
as overestimated (p , 0.01). InCanavan disease a str

ng 54% reduction of glutamate to 4.66 0.5 mmol/kg was
easured. Also in Canavan disease an increase in [NA
0% was estimated from the13C data which is consiste
ith the 41% increase of NAA measured by proton M
ean glutamine in Canavan disease was indistinguish

rom controls, and mI (from proton MRS) was elevated
5%. Details are given in Table 1.

DISCUSSION

Proton-decoupled natural abundance13C MRS in the hu
an brain was carried out in pediatric controls and in a c
iagnosed with Canavan disease. Mean glutamate in C
an disease was reduced by 54% to 4.66 0.5 mmol/kg vs
ontrol 9.96 0.7 mmol/kg. Using a novel coil design the
xperiments were performed safely within the FDA gu

ines for power deposition in a clinical environment. W
roton MRS at clinical field strengths the quantitation
lutamate is compromised by the complex spectral app
nce of glutamate due toJ coupling in the proton spectru
nd by overlapping other metabolites. This study there
ttempted to quantify glutamate by means of proton
oupled13C MRS measuring the C2 glutamate resonating
5.7 ppm. Quantitation of glutamate was achieved by u

he readily detectable mI, which can be quantified accura
n a separate quantitative proton MRS exam, as an int
eference. The cerebral glutamate concentration in con
ven though no account was taken of possible differenc
1 saturation, agreed rather well with literature data (3, 13).
ontamination from skeletal muscle, blood, or adipose
ue did not materially alter the results because of the c
aratively low concentration of Glu (,1.6 mmol/kg) in

e
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hose tissue types (14). Quantitation of cerebral glutamine
ompromised by its lowerin vivo concentration ('half of
lutamate) and therefore larger relative errors and b

FIG. 3. Shown arein vivo { 1H}– 13C spectra from Canavan disease (
veraged spectrum from the two 3-year-old controls (B). Peak assignm
nd the increase of NAA and mI in Canavan disease.
a

ignificant overlap with the larger resonance of Cr1 Cho.
his may in part explain the larger scatter of [Gln].
Cr 1 Cho and NAA were measured both by quantita

acquired at age 1.7 and 1.8 years (averaged spectrum from two exam
are based on phantom studies and on (4). Note the apparent reduction of glutam
A)
ents



no
t n
i b
c cl
w
m ee
[
( wo
a
o n
u t
t r th
d he
s co
c A C
a us
o om
s so
n ed
t in
m b
e hit
m n-

t ex
w
t ts
w be-
t ere
l mI]
m
t not
a

(EC
3 ind-
n
T ency
a such
a may
e avan
d mal
w as
f ation
o

]

e fitted and
s th the peak
r ol
t

223COMMUNICATIONS
1H MRS and by13C MRS. Even though the methods are
otally independent since mI from1H MRS was used as a
nternal reference the consistency of the data can
hecked. Contamination from overlying skeletal mus
ith a significantly higher Cr concentration ('30 mmol/kg)
ay explain the statistically significant difference betw

Cr 1 Cho] from proton and from13C MRS in a pairedt test
p , 0.01). NAA concentrations measured with the t
ssays were indistinguishable (p . 0.3). Thequantitation
f Glu, Gln, Cr 1 Cho, and NAA is compromised by a
nderlying broad resonance (see Figs. 3 and 4) and

herefore somehow subjective definition of baselines fo
etermination of the metabolite peak areas. However, w
pectra were reprocessed variations in the estimated
entrations were less than 15% for each metabolite. NA3

t 40.5 ppm was not used for the NAA quantitation beca
f significant variations observed in the baseline in s
pectra, probably due to proximity to the large lipid re
ances originating from skull lipids using this nonlocaliz

echnique. Further, other metabolites such as ethanolam
ay contribute to the signal at 40.5 ppm. It can not
xcluded that the relative proportions of gray and w
atter are different in13C and1H MRS, even though qua

FIG. 4. The processing of {1H}– 13C spectra is demonstrated in a spec
ubtracted from the spectrum (B). From the fitted curves (C) the peak ra
atios obtained from a model solution containing equal concentrations of
issue were calculated using [mI] quantified with1H MRS in the occipital re
t

e
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e
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itative 1H MRS was carried out in the occipital cort
ithin the sensitive volume of the13C coil. However, in

hose subjects where additional1H MRS measuremen
ere carried out in parietal white matter, differences

ween [mI] in white matter and occipital gray matter w
ess than 10%. This is consistent with differences in [

easured in normal brain ('10% (11)). Therefore within
he accuracy of this method partial volume effects do
lter the results.
In Canavan disease the deficiency of aspartoacylase

.5.1.15) results in demyelination with megalocephaly, bl
ess, spasticity, and death within the first few years of life (15).
he determination of the impact of aspartoacylase defici
nd the elevated NAA concentration on other metabolites
s the neurotransmitter and brain osmolyte glutamate
lucidate the understanding of the pathophysiology of Can
isease. A striking reduction of glutamate to 46% of nor
as observed. A possible explanation for this finding is

ollows: Reduced aspartoacylase activity results in an elev
f NAA:

N-acetylaspartate3/ aspartate1 acetate. [1

(exam 4) acquired in Canavan disease (A). Metabolite peak areas wer
s of Glu, Gln, and NAA relative to mI were calculated and compared wi
A, Cr, mI, glutamate, and glutamine (D). Absolute concentrations in mm/kg brain
n of the brain as an internal reference.
trum
tio
NA
gio
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equestration of aspartate in NAA results in a reductio
vailable free aspartate. Glutamate, a metabolic precurs

herefore expected to be depleted by conversion into asp
y oxoglutarate amino transferase in Canavan disease
nly source of aspartate is diet, or synthesis from its meta
recursor, glutamate, which is converted into aspartat
xoglutarate amino transferase,

aspartate1 oxoglutarate4 glutamate1 oxaloacetate, [2

ubiquitous enzyme present in high activity in norm
rain.
The magnitude of a potential aspartate deficit was
ated to be about six times the free aspartate content o
rain by observing plasma NAA concentrations and ex

ion rates in Canavan disease patients by several g
15–19). A possible role for {1H}– 13C MRS could be th
onitoring of cerebral glutamate concentrations du

reatments which attempt to restore normal cerebral a
ate/glutamate in human neuropathologies in which g
ate is believed to play a central role.

ACKNOWLEDGMENTS

The author thanks Dr. B. D. Ross for helpful discussion and Drs. R. Gru
nd G. Adriany for help in building the RF coil.

REFERENCES

1. R. Gruetter, D. L. Rothman, E. J. Novotny, and R. G. Shulman,
Localized 13C NMR spectroscopy of myo-inositol in the human
brain in vivo, Magn. Reson. Med. 25, 204 (1992).

TAB
Estimated Cerebral Concentration of G

and NAA in Canavan Diseas

Age
(years) Glu13C Gln 13C 13C

Canav

xam 1 1.1 4.1 3.2 12
xam 2 1.3 4.4 3.3 9.
xam 3 1.8 4.7 5.6 11
xam 4 1.9 5.3 7.1 15

verage 1.56 0.3 4.66 0.5 4.86 1.9 12.36

Co

1 0.6 9.8 5.7 9.
2 3 9.4 5.2 11.4
3 3 10.9 7.0 14.
4 12 9.5 4.6 11.

verage 4.66 5.0 9.96 0.7 5.66 1.0 11.96

Note.mI assayed by quantitative1H MRS was used as an internal refer
f
is

ate
he

lic
y

l

ti-
he
-
ps

g
r-
-

er

2. M. Saner, C. Duc, G. McKinnon, and P. Boesiger, Detection of
myo-inositol in the human brain by polarization transfer, in Ab-
stracts of the Society of Magnetic Resonance in Medicine, 11th
Annual Scientific Meeting, Berlin, Germany, Vol. 1, p. 2114
(1992).

3. R. Gruetter, E. J. Novotny, S. D. Boulware, G. F. Mason, D. L.
Rothman, G. I. Shulman, J. W. Prichard, and R. G. Shulman,
Localized 13C NMR spectroscopy in the human brain of amino
acid labeling from D-[1-13C]glucose, J. Neurochem. 63, 1377
(1994).

4. R. Gruetter, G. Adriany, H. Merkle, and P. M. Anderson, Broadband
decoupled, 1H-localized 13C MRS of the human brain at 4 tesla,
Magn. Reson. Med. 36, 659 (1996).

5. A. J. Van den Bergh, H. J. van den Boogert, and A. Herrschap, In
vivo 3-dimensional 13C chemical shift imaging of the human brain,
in “Proceedings, International Society for Magnetic Resonance in
Medicine, 4th Scientific Meeting and Exhibition, New York,” Vol. 2,
p. 1215 (1996).

6. G. Adriany and R. Gruetter, A half-volume coil for efficient proton
decoupling in humans at 4 tesla, J. Magn. Reson. 125, 178
(1997).

7. S. Bluml, G. Adriany, R. Gruetter, and B. D. Ross, A half-volume coil
for proton decoupled 13C MRS of the human brain at 1.5 tesla, in
“Proceedings, International Society for Magnetic Resonance in
Medicine, 6th Scientific Meeting and Exhibition, Sydney, Australia,”
Vol. 3, p. 1890 (1998).

8. A. J. Shaka, J. Keeler, T. Frenkiel, and R. Freeman, An improved
sequence for broadband decoupling: WALTZ-16, J. Magn. Reson.
52, 335 (1983).

9. A. J. Shaka, J. Keeler, and R. Freeman, Evaluation of a new broad-
band decoupling sequence: WALTZ-16, J. Magn. Reson. 53, 313
(1983).

0. T. Ernst, R. Kreis, and B. D. Ross, Absolute quantitation of water
and metabolites in the human brain. Part I. Compartments and
water, J. Magn. Reson. 102, 1 (1993).

1
mate, Glutamine, Creatine 1 Choline,
nd in Controls (in mmol/kg)

r 1 Cho NAA

mI 1H1H 13C 1H

Disease

7.9 12.1 11.5 12.0
6.4 13.2 11.7 11.9

10.9 15.5 13.9 12.0
8.5 12.0 12.4 12.7

8.46 1.9 13.26 1.6 12.36 1.1 12.66 0.9

ls

9.2 7.5 8.5 8.5
8.3 9.1 7.2 6.1
9.6 12.6 9.3 9.6

10.2 6.0 9.8 8.3

9.36 0.8 8.86 2.8 8.76 1.1 8.16 1.5

e.
LE
luta
e a

C

an

.6
5
.3
.6

2.6

ntro

8

1
7

2.0

enc



1

1

1

1

1

1

1

1

1

225COMMUNICATIONS
1. R. Kreis, T. Ernst, and B. D. Ross, Absolute quantitation of water
and metabolites in the human brain. Part II. Metabolite concentra-
tions, J. Magn. Reson. 102, 9 (1993).

2. R. Kreis, T. Ernst, and B. D. Ross, Development of the human brain:
In vivo quantification of metabolite and water content with proton
magnetic resonance spectroscopy, Magn. Reson. Med. 30, 1
(1993).

3. M. Erecinska and I. A. Silver, Metabolism and role of glutamate in
mammalian brain, Prog. Neurobiol. 35, 245 (1990).

4. H. U. Bergmeyer, “Methods of Enzymatic Analysis,” Vol 4, p. 2285,
Verlag Chemie International, Deerfield Beach, FL (1974).

5. R. Matalon, K. Michals, D. Sebesta, M. Deanching, P. Gashkoff,
and J. Casanova, Aspartoacylase deficiency and N-acetylaspartic
aciduria in patients with Canavan disease, Am. J. Med. Gen. 29,
463 (1988).

6. M. H. Baslow and T. R. Resnik, Canavan disease, J. Mol. Neurosci.
9, 109 (1997).

7. E. A. Kvittingen, G. Guldal, S. Borsting, I. O. Skalpe, O. Stokke, and
E. Jellum, N-Acetylaspartic aciduria in a child with progressive
cerebral atrophy, Clin. Chim. Acta 158, 217 (1986).

8. S. P. Burns, R. A. Chalmers, R. J. West, and R. A. Iles, Measure-
ment of the human brain aspartate N-acetyl transferase flux in vivo,
Biochem. Soc. Trans. 20, 107 (1992).

9. M. Adachi and B. W. Volk, Protracted form of spongy degeneration
of the central nervous system (van Bogaert and Bertrand type),
Neurology 18, 1084 (1968).


	INTRODUCTION
	MATERIAL AND METHODS
	FIG. 1

	RESULTS
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4
	TABLE 1

	ACKNOWLEDGMENTS
	REFERENCES

