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A method for the quantitation of cerebral metabolites on a
clinical MR scanner by natural abundance ®C MRS in vivo is
described. Proton-decoupled spectra were acquired with a power

diation of radiofrequency (RF) power renders it difficult to
achieve homogeneous decoupling in humans within FD/
guidelines. Recently, the concept of a half-volume coil ar

deposition within FDA guidelines using a novel coil design. myo-
Inositol, quantified by a separate proton MRS, and readily detect-
able in ®C MRS, was used as an internal reference. Normal
concentrations, measured in four control subjects, age 7 months to
12 years, were glutamate 9.9 = 0.7, glutamine 5.6 = 1.0, and NAA
8.8 = 2.8 mmol/kg. In a patient diagnosed with Canavan disease,
examined four times, glutamate was reduced to 46% of normal,
4.6 = 0.5 mmol/kg. NAA was increased by 50% to 13.2 = 1.6
mmol/kg in ®C MRS, consistent with the 41% increase to 12.3 +
1.1 from control 8.7 = 1.1 mmol/kg assayed by '"H MRS. Limited
concentration of glutamate may impact on glutamatergic neurons
and excitatory neurotransmission in Canavan disease. Quantita-
tion of cerebral glutamate in human brain may have clinical value
in human neuropathologies in which glutamate is believed to play
a central role. © 1999 Academic Press

Key Words: proton-decoupled “*C MRS; glutamate; glutamine;
N-acetylaspartate; Canavan disease.

rangement using twoH surface coils operating in quadrature
mode and oné’C surface coil has been successfully tested o
a 4-T system ). Since the power requirements at 1.5 T are
favorable compared to thosé 4 T this concept was adapted
and a similar coil for a field strength of 1.5 T was buif).(

MATERIAL AND METHODS

Magnetic resonance imaging (MRI), proton-decoupli@l
MRS ({*H}-"*C MRS), and routine proton MRSH MRS)
were performed on a General Electrics Signa 1.5-T clinice
scanner equipped with a second channel for decoupling. Tl
C coil consisted of a two-loop coil with a diameter of 10 cm
made from 3/16-inch copper tubingd coils were made from
1/4-inch copper tubing and had diameters of 14 cm. He
coils were mounted on a frame to form a quadrature field in th
area adjacent to th€C coil. The frame was designed to fit a
human head comfortably. The power deposition during decol
pling was estimated by using a calibrated oscilloscope me:

The determination ofn vivo cerebral glutamate (Glu) andsuring the peak-to-peak voltage.
glutamine (GIn) levels using proton magnetic resonance specThe proton coil homogeneity was determined with MRI
troscopy {(H MRS) is compromised by the complex spectralgradient echo (GRE), repetition time TFTR800 ms, echo time
appearance of glutamate/glutamine dud tmupling. Further, TE = 17 ms, flip anglex = 30°, or fast spin echo (FSE), TR
other metabolites such as the resonanceN-atetylaspartate 3.7 s, effective echo time TE = 95 ms) in volunteers and
(NAA) may contribute to the signal between 2.0 and 2.5 pprpatients. Nonlocalized "H}-"°C spectra were obtained by a
rendering the quantitation of glutamate/glutamine difficulsimple pulse and acquire experiment with an excitation banc
Earlier studies demonstrated the potential of natural abundamadth of 4 kHz. Decoupling was achieved using the
in vivo **C MRS for direct determination of cerebral metaboWALTZ-16 (8,9 schema, decoupling bandwidth 400-500
litesat 1.5, 2.1, a4 T (1-5. We find that on a clinical 1.5-T Hz, during the 0.2-s acquisition period. The frequency of th
MR scanner glutamate and glutamine can be separated frdetoupler was set to 2.7 ppm to cover the range from lipid CH
each other and from other metabolites and natural abundaacel CH protons at 0.9 and 1.2 ppm up to the main brair
C MRS provides enough signal-to-noise to quantify glutanetabolites NAA, Cr, Cho, anshycinositol (ml) between 2.0
mate, glutamine, NAA, and creatinecholine (Cr/Cho) within and 4.4 ppm. The receiver bandwidth was 5 kHz with 102
exam times not exceeding 1 h. Proton decoupling is an esseamplex data points sampled. Repetition time TR was 1
tial requirement for achieving optimum sensitivity and resoluRProton spectra using the standard GE bird cage head coil we
tion for *C MRS. However, relatively long and intense irraobtained from an occipital location containing mostly gray
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FIG. 1. Gradient echo MRI, TR= 800 ms, TE= 17 ms,a = 30°, of a control (left) and a fast spin echo MRI, FR3.7 s, TEy = 95 ms, of the Canavan
disease patient (right). Signal up to the frontal region of the brain (not shown on this gray scale) was observed, demonstrating the excellergriRiiyhom
available for'H decoupling with this semi-volume coil.

matter in all subjects. This area coincides with the sensitiidne patient was on a diuretic treatment with a dose of 62.5 m
volume of the™C coil. These spectra were quantified as exacetazolamide daily and an additional dose of 62.5 mg eve
plained in detail in {0-19. Solutions of NAA, Glu, GIn, third day, begun at age 8 months. Four patients with unrelate
phosphorylcholine (PC), Cr, and ml were studied by}-°C  diseases aged 7 months, 3 years (two patients), and 12 ye
MRS either individually or combined (i) to obtain chemicakerved as controls. A completéH}-"*C MRS using the half-
shift references and (ii) to determine reference peak ratioswaflume coil lasted less tinal h ineach case. Additional time
metabolites of known concentration using experimental condiecessary for obtaining quantitative proton data, includin
tions asin vivo. Spectra were processed off-line on a Suchanging coils and patient repositioning, did not exceed 3
SPARCstation 2 using the SA/GE software package providedn. Pediatric patients were sedated with oral chloral hydrat
by GE. All spectra were zero filled to 4096 data points, Fouri¢r5 mg/kg body wt). Huntington Memorial Hospital IRB per-
transformed, and zero and first order phase corrected. Thession and informed parental consent were obtained prior 1
baseline was corrected by the SA/GE sinc deconvolution @l examinations.
gorithm; no line broadening was applied. After this user-
independent data manipulation the peak areas of metabolites RESULTS
were obtained from fitting Gaussian lines to ml and to the Glu,
GIn, Cr + Cho, and NAA resonances between 53.5 and 56.5The power measured at the coil, necessary for achievir
ppm, manually defining appropriate baselines for each pe&lomogeneous decoupling, wasl5 W. With a duty cycle of
Peak ratios relative to ml were calculated and compared wiZ% the average transmitted power is 3 W. When taking int
the ratios obtaineth vitro. The signal intensity of ml in th€C  account that the RF coils cover more than 1 liter volume and
spectrum corresponds with the concentration of ml assayedidb efficiency for this coil designgj, the total average spe-
the same subject byH MRS. Using ml as an internal referencecific absorption rate (SAR) dissipated into the sensitive volum
the concentrations of Glu, GIn, NAA, and G Cho in of the'H coils is less than 2.4 W/kg, which is well within FDA
mmol/kg brain tissue were estimated. guidelines. After Adriany and Gruetter'$)(calculations the
Four {*H}-"C MRS measurements over a period of ®cal specific absorption with this coil arrangement does nc
months were carried out in a pediatric patient, 13 months exceed 3.3 W/kg.
age at the time of the first exam. The diagnosis of CanavanFigure 1 shows a gradient echo MRI of a control subjec
disease in this patient was established from NAA excretioand a fast spin echo MRI of the Canavan disease patier
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A with Cr (C,). Individual spectra were quantified as explainec
under Material and Methods. The quantitation 0H}-"C
spectra is demonstrated in a spectrum (exam 4) acquired
Canavan disease (Fig. 4A). Metabolite peak areas wel
fitted and subtracted from the spectrum (Fig. 4B). From th
fitted curves (Fig. 4C) the peak ratios of Glu, GIn, and NAA
relative to ml were calculated and compared with the pea
ratios obtained from a model solution containing equa
NAA concentrations of NAA, Cr, ml, glutamate, and glutamine
(Fig. 4D). Absolute concentrations in mmol/kg brain tissue
were estimated using [ml] quantified wittH MRS in the
occipital region of the brain as an internal reference. Mea
glutamate concentration in controls was 9.7 mmol/kg
B while mean glutamine was 56 1.0 mmol/kg. Both results
are in excellent agreement witim vitro data (3) and a
ch previousin vivo **C MRS estimation where glutamate and
° glutamine were calculated from’C-labeled glucose infu-
ml sion experiments3). [NAA] assayed by {H}-**C MRS and
that assayed byH MRS were statistically indistinguishable
(p > 0.3, pairedt test). [Cr+ Cho] assayed by’C MRS
was overestimatedp( < 0.01). InCanavan disease a strik-
ing 54% reduction of glutamate to 46 0.5 mmol/kg was
measured. Also in Canavan disease an increase in [NAA] ¢
50% was estimated from th€C data which is consistent
with the 41% increase of NAA measured by proton MRS
T T T T e Mean glutamine in Canavan disease was indistinguishab
4 3 2 1 o from controls, and ml (from proton MRS) was elevated by
ppm 55%. Details are given in Table 1.

Cr

FIG. 2. Localized STEAM spectra (TR 1.5 s, TE= 30 ms) acquired in
the occipital lobe with a standard GE head coil (A) and with the half-volume
coil (B). An at least threefold increase in signal-to-noise was achieved.

DISCUSSION

Proton-decoupled natural abundandg MRS in the hu-

man brain was carried out in pediatric controls and in a chil
Signal up to the frontal region of the brain (not shown odiagnosed with Canavan disease. Mean glutamate in Car
this gray scale) was observed, demonstrating the excellean disease was reduced by 54% to £8.5 mmol/kg vs
RF homogeneity available fdH decoupling with this semi- control 9.9+ 0.7 mmol/kg. Using a novel coil design these
volume coil. Threefold signal-to-noise increase of the pr@xperiments were performed safely within the FDA guide-
ton coils achieved in the occipital brain region was demotines for power deposition in a clinical environment. With
strated by a comparison of proton MRS using the halproton MRS at clinical field strengths the quantitation of
volume coil with a spectrum acquired with the standard Gilutamate is compromised by the complex spectral appea
bird cage head coil in a control (Fig. 2). The averagance of glutamate due tbcoupling in the proton spectrum
spectrum of exams 3 and 4 performed at ages 1.8 and &r®d by overlapping other metabolites. This study therefor
years in Canavan disease and the average spectrum ofdttempted to quantify glutamate by means of proton-de
two 3-year-old subjects are shown in Fig.8yoInositol at coupled*®C MRS measuring the Qylutamate resonating at
72.1 (Cs), 73.3 (G4, and 75.3 (G) ppm can be readily 55.7 ppm. Quantitation of glutamate was achieved by usin
identified. Note that Glu (§ at 55.7 ppm is apparently the readily detectable ml, which can be quantified accuratel
decreased in Canavan disease when compared with contrmisa separate quantitative proton MRS exam, as an intern
Peaks at 54.7 and 55.2 ppm are consistent with G)/@ho reference. The cerebral glutamate concentration in control
(CH3) and GIn (G). At 40.5 and 54.2 ppm NAA ¢and G even though no account was taken of possible differences
resonances were observed in each spectrum. Both NAA antl saturation, agreed rather well with literature d&al(3.
ml resonances appear to be elevated in Canavan dise&entamination from skeletal muscle, blood, or adipose tis
Glycerol peaks at 62.9 and 69.9 ppm are well decouplesue did not materially alter the results because of the con
The resonance at a chemical shift of 37.8 ppm was assigrpatatively low concentration of Glu<(1.6 mmol/kg) in
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FIG. 3. Shown arein vivo {*H}-"C spectra from Canavan disease (A) acquired at age 1.7 and 1.8 years (averaged spectrum from two exams) &
averaged spectrum from the two 3-year-old controls (B). Peak assignments are based on phantom studied. atot@the apparent reduction of glutamate
and the increase of NAA and ml in Canavan disease.

those tissue typed §). Quantitation of cerebral glutamine issignificant overlap with the larger resonance of €rCho.
compromised by its lowem vivo concentration £half of This may in part explain the larger scatter of [GIn].
glutamate) and therefore larger relative errors and by aCr + Cho and NAA were measured both by quantitative
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FIG. 4. The processing of'H}—"C spectra is demonstrated in a spectrum (exam 4) acquired in Canavan disease (A). Metabolite peak areas were fitt
subtracted from the spectrum (B). From the fitted curves (C) the peak ratios of Glu, GIn, and NAA relative to ml were calculated and compared with th
ratios obtained from a model solution containing equal concentrations of NAA, Cr, ml, glutamate, and glutamine (D). Absolute concentratiofisgiramol
tissue were calculated using [ml] quantified with MRS in the occipital region of the brain as an internal reference.

'H MRS and by**C MRS. Even though the methods are nditative ‘H MRS was carried out in the occipital cortex
totally independent since ml frofH MRS was used as anwithin the sensitive volume of thé’C coil. However, in
internal reference the consistency of the data can Heose subjects where additionAH MRS measurements
checked. Contamination from overlying skeletal muschlwere carried out in parietal white matter, differences be
with a significantly higher Cr concentratior=80 mmol/kg) tween [ml] in white matter and occipital gray matter were
may explain the statistically significant difference betweeless than 10%. This is consistent with differences in [ml]
[Cr + Cho] from proton and from®C MRS in a paired test measured in normal brainr<(10% (11)). Therefore within
(p < 0.01). NAA concentrations measured with the twdhe accuracy of this method partial volume effects do no
assays were indistinguishabl@ ¢ 0.3). Thequantitation alter the results.

of Glu, GIn, Cr + Cho, and NAA is compromised by an In Canavan disease the deficiency of aspartoacylase (E
underlying broad resonance (see Figs. 3 and 4) and t8&.1.15) results in demyelination with megalocephaly, blind
therefore somehow subjective definition of baselines for tmess, spasticity, and death within the first few years of litg.(
determination of the metabolite peak areas. However, wh&he determination of the impact of aspartoacylase deficienc
spectra were reprocessed variations in the estimated cand the elevated NAA concentration on other metabolites suc
centrations were less than 15% for each metabolite. NAA @s the neurotransmitter and brain osmolyte glutamate me
at 40.5 ppm was not used for the NAA quantitation becauséucidate the understanding of the pathophysiology of Canave
of significant variations observed in the baseline in sontisease. A striking reduction of glutamate to 46% of norma
spectra, probably due to proximity to the large lipid resowas observed. A possible explanation for this finding is a
nances originating from skull lipids using this nonlocalizeébllows: Reduced aspartoacylase activity results in an elevatic
technique. Further, other metabolites such as ethanolaminéNAA:

may contribute to the signal at 40.5 ppm. It can not be

excluded that the relative proportions of gray and white

matter are different if®’C and'H MRS, even though quan- N-acetylaspartate/~ aspartate+ acetate. [1]
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TABLE 1
Estimated Cerebral Concentration of Glutamate, Glutamine, Creatine + Choline,
and NAA in Canavan Disease and in Controls (in mmol/kg)

Cr + Cho NAA
Age
(years) Glu™C GIn *C BC H BC 'H ml 'H
Canavan Disease
Exam 1 1.1 4.1 3.2 12.6 7.9 12.1 11.5 12.0
Exam 2 1.3 4.4 3.3 9.5 6.4 13.2 11.7 11.9
Exam 3 1.8 4.7 5.6 11.3 10.9 15.5 13.9 12.0
Exam 4 1.9 5.3 7.1 15.6 8.5 12.0 12.4 12.7
Average 1.5+ 0.3 4.6+ 0.5 4.8+ 1.9 12.3+ 2.6 8.4+ 19 13.2+ 1.6 123+ 1.1 12.6+ 0.9
Controls

1 0.6 9.8 5.7 9.8 9.2 7.5 8.5 8.5

2 3 9.4 5.2 11.4 8.3 9.1 7.2 6.1

3 3 10.9 7.0 14.1 9.6 12.6 9.3 9.6

4 12 9.5 4.6 11.7 10.2 6.0 9.8 8.3
Average 4.6- 5.0 9.9+ 0.7 5.6+ 1.0 11.9+ 2.0 9.3+ 0.8 8.8+ 2.8 8.7+x1.1 8.1+ 15

Note.ml assayed by quantitativéed MRS was used as an internal reference.
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