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Localized in vivo 1H NMR spectroscopy was performed with lactate (Lac) (3–5). Short-echo-timein vivo 1H NMR spectra
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-ms echo time in the rat brain at 9.4 T. Frequency domain
nalysis with LCModel showed that the in vivo spectra can be
xplained by 18 metabolite model solution spectra and a highly
tructured background, which was attributed to resonances with
vefold shorter in vivo T1 than metabolites. The high spectral
esolution (full width at half maximum approximately 0.025 ppm)
nd sensitivity (signal-to-noise ratio approximately 45 from a
3-mL volume, 512 scans) was used for the simultaneous measure-
ent of the concentrations of metabolites previously difficult to

uantify in 1H spectra. The strongly represented signals of N-
cetylaspartate, glutamate, taurine, myo-inositol, creatine, phos-
hocreatine, glutamine, and lactate were quantified with
ramér–Rao lower bounds below 4%. Choline groups, phospho-

ylethanolamine, glucose, glutathione, g-aminobutyric acid, N-
cetylaspartylglutamate, and alanine were below 13%, whereas
spartate and scyllo-inositol were below 22%. Intra-assay varia-
ion was assessed from a time series of 3-min spectra, and the
oefficient of variation was similar to the calculated Cramér–Rao
ower bounds. Interassay variation was determined from 31 pooled
pectra, and the coefficient of variation for total creatine was 7%.
issue concentrations were found to be in very good agreement
ith neurochemical data from the literature. © 1999 Academic Press

Key Words: in vivo 1H NMR spectroscopy; short echo time; rat
rain; quantification; LCModel; macromolecules.

INTRODUCTION

The usefulness of localizedin vivo 1H NMR spectroscopy a
ong and short echo times has been demonstrated in
tudies of the brain and its disorders, e.g., in hepatic enc
lopathy, Alzheimer’s, Huntington’s, and Parkinson’s
ases, acute traumatic brain injury, and dementia (1, 2). W
sing long echo times (.100 ms), spectra are simplified a

he dominant singlet peaks of the methyl groups are re
bservable. Most1H NMR investigationsin vivo have focuse
n detecting changes of the methyl signals of,N-acetylaspar

ate (NAA),1 total creatine (Cr1 PCr), choline (Cho), an

1 Abbreviations used: N-acetylaspartate, NAA;N-acetylaspartylglutamat
AAG; alanine, Ala;g-aminobutyric acid, GABA; aspartate, Asp; cholin
ontaining compounds, Cho; coefficient of variation, CV; Cramér-Rao l
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ontain more information, i.e., increased signal contribut
f coupled spin systems such as glutamate (Glu), gluta
Gln), myo-inositol (Ins), glucose (Glc), and taurine (Tau).
nsuing spectral overlap requires sophisticated approach

he separation of the metabolite signals. Furthermore, co
utions of broad signals with shortT2 become increasing
pparent as an underlying “baseline” throughout the whol1H
MR spectrum (6–9).
A wealth of neurochemical information can be gained f

igh-resolution NMR spectroscopy. Identification and ass
ent of resonances has been performed, e.g., in perchlori
xtracts, extracted tissue, immobilized cells, and in ani
nd humansin vivo by 2D-H,C-HSQC, 2D COSY,J-resolved

1H NMR experiments, and one-dimensional multinuclear
roaches (10–17).In vivo 1H NMR spectra have been quan
ed using several different approaches, such as time do
nalysis combined with prior knowledge (18, 19), frequenc
omain analysis (20), or combinations thereof (21), as well a
rincipal component analysis, wavelet analysis, or genet
orithms (22–25).
It has been recently demonstrated that the spectral reso

n 1H NMR spectrain vivo increases significantly with sta
agnetic field, suggesting substantial improvements in s

ivity for the determination of previously unresolved sign
26). The purpose of the present study was to demonstrat
uch gains can be realized in the rat brainin vivo at 9.4 T and
o quantify the overall1H spectrum by LCModel analysis (20).
xploiting the improvements and stability recently achie
ith a 1-ms echo time STEAM sequence (27), a further aim
as to determine whether the underlying baseline reson

r

ounds, CR; creatine, Cr; echo time, TE; full width at half maximum, FW
lucose, Glc; glutamine, Gln; glutamate, Glu; glutathione, GSH; glycerop
horylcholine, GPC; glycine, Gly; Hankel Lanczos singular value deco
ition, HLSVD; myo-inositol, Ins;scyllo-inositol, Scyllo; lactate, Lac; macr
olecule, MM; phosphocreatine, PCr; phosphorylcholine, PC; phosph
thanolamine, PE; serine, Ser; signal to noise ratio,S/N; standard deviation
D; taurine, Tau.
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105QUANTIFICATION OF RAT BRAIN 1H NMR SPECTRA WITH SHORT ECHO TIME
hortT1.

EXPERIMENTAL

Experiments were performed according to procedures
roved by the Institutional Review Board’s animal care and
ommittee. Male Sprague–Dawley rats (240–300 g,n . 20)
ere anesthetized by a gas mixture O2:N2O 5 3:2 with 2%

sofluorane. The rats were ventilated at physiological co
ions by a pressure-controlled respirator (Kent Scientific C
itchfield, CT). The oxygen saturation was maintained ab
5% and was continuously monitored by a pulse oxim
ttached to the tail (Nonin Medical, Inc., Minneapolis, M
he body temperature was maintained at 37°C by warm w
irculation and verified by a rectal thermosensor (Cole Par
ernon Hills, IL). Femoral arterial and venous lines were u

or regular blood gas analysis (PO2, PCO2, pH) and iv infusion
f glucose, respectively.
All experiments were performed on a Varian INOVA sp

rometer (Varian, Palo Alto, CA) interfaced to a 9.4-T mag
ith 31-cm horizontal bore size (Magnex Scientific, Abingd
K). The actively shielded gradient coil insert (11-cm in
iameter) was capable of switching to 300 mT/m within
s. Eddy current effects were minimized using methods
rocedures described elsewhere (28). A quadrature surfa
oil consisting of two geometrically decoupled single-turn1H
oils with 14-mm diameter, constructed according to a pr
usly described design (29), was used for transmitting a
eceiving at 400 MHz proton frequency. To minimize
ignal attenuation due to transverse relaxation (T2) and J-
odulation of coupled spin systems, the localization me
as based on a 1-ms echo-time STEAM, described in d
lsewhere (27). Briefly, it was verified that the seven pulse

he VAPOR (variable pulse power and optimized relaxa
elays) water suppression interleaved with outer volume
ation did not affect theMz magnetization by more than 5
utside a region of6150 Hz (60.38 ppm) of the water res
ance. An adiabatic hyperbolic secant RF pulse (30) with 2-ms
uration and 8-kHz inversion bandwidth was applied for
ersion prior to the sequence to measure metabolite-n
pectra. Adjustment of all first- and second-order shim te
as accomplished with a fully adiabatic version of FASTM

26, 31), resulting typically in an 11.5–13 Hz linewidth of
ater resonancein vivo in a 5 3 2.5 3 5 mm voxel (63ml).
he voxel was positioned on the midline 2 mm posterio
regma and 3 mm ventral. Routinely achieved linewidth

he singlet 1H metabolite resonances were 8–10 Hz (0.
.025 ppm)in vivo and approximately 1 Hz (0.003 ppm)
hantoms.

rocessing and Quantification

Interface software for data conversion and processing
ritten with PV-WAVE (Visual Numerics, Inc., Boulder, CO
p-
e

i-
.,
e
r

er
r,
d

-
t
,
r

d
RF

i-

d
ail
of
n
u-

-
ed
s

o
f

–

as

utomated peak integration of the metabolite spectra. In
pectra the residual water signal was removed in the
omain using the Lanczos HLSVD routine (accelerated ve
f state-space HSVD) from the MRUI 97.1 software pack
32).

Quantification was based on frequency domain analysi
ng LCModel (linear combination of model spectra of met
lite solutionsin vitro, version 5.1–7W) (20).In vivo spectra
ere analyzed by a superposition of a set ofin vitro basis
pectra by means of a constrained regularization algo
nding the best compromise between lineshape and ba
onsistent with the data. The method uses the experime
etermined spectral pattern of each metabolite without fu
nalysis.
In vitro spectra were collected from Ala, Asp, GPC, PC,

Cr, GABA, Glc, Gln, Glu, GSH, Ins, Scyllo, Lac, NAA
AAG, PE, and Tau. All chemicals were purchased fr
igma (St. Louis, MO). Aqueous solutions of 50 mM conc

ration of the metabolites were prepared in 100 mM phosp
uffer with 0.2 mM of 2,2-dimethyl-2-silapentane-5-sulfon
s the chemical shift reference (d 5 0.0 ppm). For choline
ontaining compounds the phosphate buffer was replace
00 mM sodium chloride. The pH was adjusted to 7.10,

emperature was maintained at 37°C by warm water circul
sing a heating blanket and verified by a thermosensor.
In vivo spectra were referenced to the methyl signal of N

d 5 2.009 ppm) and the inversion recovery spectra to
acromolecule M1 resonance (d 5 0.916 ppm).In vitro model

pectra were calibrated by integrating the1H metabolite reso
ances and by adjusting the nominal concentrations fo
CModel input.In vivo metabolite concentrations were de
ined using the intensity of the water signal measured at

ime TE 5 2 ms as an internal standard and assumin
onstant tissue water content of 83% for the rat brain (33) and
100% visibility of the water signal. This procedure accou

or different voxel sizes, spatial variation of sensitivity of
urface coil, and different coil loadings. Metabolite concen
ions were expressed as micromoles per gram wet w
ww). The effect of potential animal motion on the summ
ignal was assessed to be below 0.5% by measuring the
nd amplitude stability of single-shot water signals. In
CModel fit, only a zero-order phase correction was perfor
esulting from proper timing of the first sampled data poin
he pulse sequence. Eddy-current effects were minimal an
eld drift was less than 1 Hz. An extended spectral rang
CModel’s finite discrete convolution was chosen to acco

or the in vivo Lorentzian lineshape with long tails due to
ery good shimming.

RESULTS

1H NMR spectra of the rat brainin vivowith 2-ms echo tim
ere analyzed with LCModel including 18 metabolite mo
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106 PFEUFFER ET AL.
pectra. In Fig. 1 the measured and fitted spectrum are s
ogether with the residuals and the spline baseline as d
ined by LCModel. The numbers indicate more than 40

ected resonances, which are assigned in Table 1. Althoug

FIG. 1. LCModel analysis of a short-echo-time1H NMR spectrum of th
s, TR5 6 s, 512 scans, 63-mL volume). Shown is thein vivospectrum (top)
he assignment of the peaks corresponds to the numbers in Table 1. O
wn
er-
-

the

etermined metabolite concentrations were consistent with
ious neurochemical measurements and had reasonable

significantly varying baseline remained, despite exce
ater suppression and suppression of signals from outsid

at brainin vivo including 18 metabolite model spectra (TE5 2 ms, TM5 20
e fitted spectrum with spline baseline (bottom), and the residuals (middle

FT and zero-order phase correction was applied (no weighting functio
e r
, th
nly
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olume of interest. The apparent structure of the spline b
ine suggested the presence of biological signals underlyin
arrow metabolite peaks, consistent with previous repor

arge molecular weight compounds contributing to the s
rum of brain extracts (14) with relatively shortT1 and T2

H Chemical Shifts of Cerebral Metabolites, Dete

No. Compound

1 N-Acetylaspartate CH3
2 aCH
3 bCH2

4 NH
5 N-Acetylaspartylglutamate CH3
6 g-Aminobutyric acid aCH2

7 bCH2

8 gCH2

9 Alanine aCH
10 bCH3

11 Aspartate aCH
12 bCH2

13 Choline compounds (CH3)3

14 Creatine CH2
15 CH3

16 Phosphocreatine CH2

17 CH3

18 a-Glucose [1]CH
19 Glutamine aCH
20 bCH2

21 gCH2

22 Glutamate aCH
23 bCH2

24 gCH2

25 Glutathione Gly CH 1 Glu aCH
26 Glu bCH2

27 Glu gCH2

28 Cys bCH2

29 Glycerophosphorylcholine NCH2 1 Glyc CH2

30 OCH2

31 Glyc OCH2 1 CH
32 myo-Inositol [1,3]CH
33 [2]CH
34 [4,6]CH
35 [5]CH
36 scyllo-Inositol CH
37 Lactate aCH
38 bCH3

39 Phosphorylcholine NCH2
40 OCH2

41 Phosphorylethanolamine NCH2

42 POCH2

43 Taurine SCH2
44 NCH2

Note. 1H chemical shifts were referenced to theN-acetylaspartate methy
pectra. Chemical shifts were determined from peak positionsin vivo and fro
e-
he
of
c-

ompared with acid-extracted metabolites. We therefore
her assessed potential macromolecule contributions to tin
ivo spectrum and the effect on the quantification of includ

measured macromolecule spectrum to the LCMode
roach.

d in Rat Brain in Vivo Corresponding to Fig. 1

Carbon
position

1H chemical shift

in vivo spectra
(ppm)

Fitted model spec
(ppm)

2.009 (Ref.)
C2 4.377
C3 2.4891 2.674

7.82
2.046

C2 2.28
C3 1.89
C4 3.01
C2 3.777
C3 1.468
C2 3.88
C3 2.79 2.661 2.79

3.209
3.911
3.027 3.024
3.931
3.027 3.030

C1 5.226
C2 3.76
C3 2.12
C4 2.45
C2 3.75
C3 2.08
C4 2.349
C2 3.77
Glu C3 2.16
Glu C4 2.54
Cys C3 2.95

3.66
4.31
3.90

C1,C3 3.525
C2 4.060
C4,C6 3.622
C5 3.275

3.345
C2 4.11
C3 1.318

3.58
4.16
3.22

3.98
3.418
3.246

ak. The assignment was based on LCModel analysis containing mode
the fitted model spectra with an accuracy of61 Hz (60.003 ppm).
cte

l pe
m
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aseline in1H Spectra

T1 values of rat brain metabolitesin vivo at 9.4 T (Table 2
ere determined from the inversion recovery experim
hown in Fig. 2. To minimize confounding effects of
nderlying macromolecule (MM) resonances with shorterT2,

he echo time (TE) was set to 100 ms. The signals of the N
r 1 PCr, and Cho methyl peaks as well as those from
ere minimized when the inversion timet IR was between 0.9
nd 0.98 s, whereas the Cr1 PCr methylene resonances w
inimized at the significantly shortert IR of 0.61 s. TheT2

alues for these metabolites were fitted by log-linear regre
f a series of 11 spectra acquired with equally spaced

imes between 100 and 200 ms (data not shown), resulti
2 values between 91 and 147 ms (Table 2).
To determine the macromolecule contributions in sh

cho-time spectrain vivo, the nulling time after the inversio
ulse,t IR

null, was set to 0.95 s according to Table 2. The spe
cquired with TE5 2 ms and TE5 20 ms using thist IR

null (Fig.
) represent mostly macromolecule signals which have
eported with shortT1 (14). Major resonances were observe
.916 ppm (labeled M1, which was used as reference),
M2), 1.39 (M3), 1.67 (M4), 2.04 (M5), 2.26 (M6), and 2.
pm (M7). In addition, we also consistently observed r
ances at 3.21 (M8), 3.77 (M9), and 4.29 ppm (M10). W

ncreasing TE to 20 ms these macromolecule signals
educed by approximately 50% relative to TE5 2 ms (bottom
pectrum in Fig. 3). Note that the narrow peak at 3.925
as assigned to the incompletely suppressed Cr1 PCr meth
lene resonances, for whichT1 was 40% reduced compared
he other metabolites (Table 2). TheT2 of the macromolecul
ignals,T2

MM, was estimated from the two spectra shown in
to be approximately 26 ms.T1 of the resolved macromol

ule peaks,T1
MM, was estimated from an inversion recov

xperiment (t IR 5 160–340 ms) to be approximately 300
data not shown). Both relaxation times were three to six t

T1 and T2 Relaxation Times and Corresponding Inversion Re-
overy Times at Which Mz is Zero (tIR

null) in the Rat Brain in Vivo
t 9.4 T

t IR
null (s) T1 (s) T2 (ms)

-acetylaspartate CH3
(2.009 ppm) 0.986 0.01 1.416 0.02 1446 7
reatine/phosphocreatine CH3

(3.025 ppm) 0.936 0.02 1.346 0.03 1046 4
holine compounds CH3
(3.206 ppm) 0.956 0.03 1.376 0.04 1476 10
reatine/phosphocreatine CH2

(3.916 ppm) 0.616 0.02 0.886 0.03 916 7

Note. T1 andt IR
null were fitted from the data shown in Fig. 2. To determineT2,

he echo time was varied by TE5 100–200 ms (increment 10 ms) and p
ntegrals were fitted by log-linear regression.
t

,
u

on
ho
in

t-

ra

en
t
21

-
n
re

m

.

s

eparation of signals based on the different relaxation pr
ies.

To further minimize contributions from metabolite signal
he spectrum witht IR

null 5 0.95 s, the Cr1 PCr methylen
esonance was eliminated in the time domain using HLS
nalysis and by applying exponential multiplication co
ponding to a linebroadening of 20 Hz. The residual contr
ion of metabolite signals with theT1 in the range of 1.32–1.4
was estimated to be62% of the fully recovered intensity an

he effect on quantification was therefore considered neg
le.
The MM basis spectrum, used for the analysis of the 2

cho-time1H spectrum in Fig. 1, is shown in Fig. 4 (so
urve) and compared to the spline baseline of Fig. 1 obta
hen the MM spectrum was omitted from the basis set (da
urve). The default minimal knot spacing of 0.1 ppm for
CModel regularized spline baseline allowed enough flex

ty at most spectral resolutions,S/N, and TE. To account fo
he rapidly varying baseline (Fig. 4, dashed curve), the min

FIG. 2. Series of1H NMR spectra with differing inversion-recovery tim
t IR) for determination of theT1 values of metabolites (TE5 100 ms, TM5
0 ms, TR5 4 s). Nearly all metabolite signals are nulled att IR ; 1.0 s with

he exception of the Cr1 PCr resonances at 3.92 ppm, which have shorteT1

hat are nulled att IR ; 0.66 s. The estimatedT1 values are given in Table
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pacing was further reduced to 0.05 ppm, based on the
idth of the macromolecule peak M1 (approximately
pm). When the MM spectrum was included in the basis

he minimal knot spacing was increased to 0.25 ppm. As ca
een from Fig. 4 (solid curve), the spline baseline mimicked
M peaks very well. In vivo, inclusion of the MM basi

pectrum consistently flattened and reduced the residual
aseline substantially.
The comparison of the experimentally based MM ba

round to the fitted spline baseline shown in Fig. 4 dem
trates that the latter reproduces the MM spectrum very
or the resolved macromolecule peaks M1–M4 as well as
7, and M8 underneath the NAA, Cr1 PCr, and Cho methy
eaks. However, even with a tight knot spacing of 0.05 p

he spline baseline could not completely reproduce all fea
f the in vivo MM spectrum. For example, a significant und
stimation was observed at M6 (2.26 ppm) and around
pm, which led to a 230% overestimated GABA concentra
ikewise M5, M7, and M8 were underestimated leading
lightly higher concentrations of NAA, Cr, and Cho. Over
he concentrations and corresponding Cramér–Rao (CR)
ounds tended to be approximately 6% higher when usin
pline baseline only.

uantification and Assignment in Short-Echo-Time Spec

The in vivo 1H NMR spectrum of Fig. 1 was analyzed w
he 18 metabolite solution spectra and anexperimentallyde-

FIG. 3. In vivo metabolite-nulled1H NMR spectra in the rat brain, ob
acromolecule resonances are labeled by M1 (0.916 ppm, reference), M

14) and are extended by M8 (3.21), M9 (3.77), and M10 (4.29). Due to
t 3.93 ppm with the distinct narrow linewidth was not completely elimi

FIG. 4. Comparison of the LCModel spline baseline (dashed curve) a
ith the experimental macromolecule spectrum is excellent despite the fa
f the spline are smoothing at positions 3.2, 3.0, 2.7, 2.25, 2.0, and 1.9 p
ompared to the inclusion of a macromolecule basis spectrum in the a
e-

t,
be
e

ine

-
-
ll

5,

,
es

.9
.

,
er

he

ermined macromolecule model spectrum (Fig. 5). Quantit
esults are shown in Table 3 together with comparative ne
hemical data from the literature (13, 33–40). The compariso
f the in vivo with the fitted data (TE5 2 ms) shows that th
olution model metabolite spectra (with a longT1) togethe
ith the MM spectrum (shortT1) account for most spectr

eatures (Fig. 5). The contributions of alanine (1.47 ppm)
actate (1.32 ppm) are shown in the upfield region,1.8 ppm
hich is otherwise dominated by macromolecule resona
o allow a detailed comparison of the solution spectra and
uantitative contributions to thein vivospectrum, five differen

races are shown in Fig. 6. Covering the spectral rang
.2–1.8 ppm includes resonances from NAA, Cr, PCr, Tau
lycerophosphorylcholine1 phosphorylcholine (GPC1 PC)
second trace), Ins, Gln, Glu, Lac, Scyllo, and NAAG (th
race), Glc (fourth trace), and phosphorylethanolamine (
SH, GABA, and Asp in the bottom trace.
Figure 6 demonstrates that most of the 18 metabolites

ise to unique and identifiable peaks in the rat brain spec
n vivo at 9.4 T. The creatine and phosphocreatine methy
eaks were resolved at 3.911 and 3.931 ppm, and the

Cr]/[PCr] was approximately 1.2. A small difference in the
nd PCr methyl chemical shift at 3.027 ppm resulted in
pproximately 2-Hz larger linewidth compared to the N
ethyl singlet at 2.009 ppm. The taurine methylene reson
t 3.418 ppm revealed a spectral pattern (triplet) that clo
esembled the model spectrum of Tau, suggesting that c

ed at TE5 2 and 20 ms. The inversion-recovery timet IR
null was set to 950 m

1.21), M3 (1.39), M4 (1.67), M5 (2.04), M6 (2.26), and M7 (2.99) accord
ster relaxation (see Fig. 2), the creatine and phosphocreatine methylen
d. The spectra were processed with 6 Hz Lorentzian linebroadening.

he measured metabolite-nulled spectrum (Figs. 1 and 5). The agreemen
hat no prior knowledge has been included in the spline baseline. The ma
, which may lead to an overestimation of NAA, Cr, Cho, and GABA con
sis.
tain
2 (
fa

nate
nd t
ct t
pm

naly



b pp
c lin
p l
r sp
t as
d tw
m re
r ine
b b
d
3 ta
c
[

nd
g d
v nd
g ctr
p m
a an
o an
3
N s-

p e
r

rat
b pm
( erine
(
t with
r
b .911
p (sec-
o 4 and
3 Cr,
C t
r ed in
t –1.7
m ere
0 tra-
t CR
e Ser
w

au,
I wer

1).
S the spectral
r arying spline
b

110 PFEUFFER ET AL.
utions from other compounds such as glucose at 3.4
ontribute minor spectral features to that region. The coup
attern, relative intensities, and frequencies of themyo-inosito
esonances were in excellent agreement with the model
rum. A highly structured pattern of the NAA signals w
iscernible at 2.489 and 2.674 ppm corresponding to the
agnetically nonequivalentbCH2 protons. Several peaks we

ecognized in the region 3.3–3.2 ppm, which were expla
y contributions from Tau, Ins, Glc, and PE that could
econvoluted from the choline methyl peak of GPC1 PC at
.209 ppm. The concentration ratio of NAA relative to to
reatine was [NAA]/[Cr1 PCr] 5 1.05 and [GPC1 PC]/
Cr 1 PCr] 5 0.06.

It is noteworthy that thegCH2 resonances of glutamate a
lutamine at 2.35 and 2.45 ppm were completely resolvein
ivo. Furthermore, thebCH2 resonances of glutamate a
lutamine at 2.08 and 2.12 ppm indicated a distinct spe
attern (TE5 2 ms, TM 5 20 ms). The C1 resonance fro
-glucose was routinely detected downfield at 5.226 ppm
ther glucose contributions in the regions at 3.95–3.65
.55–3.35, as well as at 3.25 ppm. In addition,scyllo-inositol,
AAG, GABA aCH2, and bCH2 at 2.28 and 1.89 ppm, a

FIG. 5. LCModel analysis of a short-echo-time1H NMR spectrum of th
hown is the spectrum (thin solid curve), the fit (thick solid curve), the

egion from 1.8 to 0.7 ppm, containing mostly macromolecule resonance
aseline (dotted curve).
m
g

ec-

o

d
e

l

al

d
d

artatebCH2 at 2.79 ppm, and lactateaCH at 4.11 ppm gav
ise to discernible spectral features.

A feature of1H NMR spectra acquired from the dog and
rain in vivoat 9.4 T was a partially resolved peak at 3.98 p
26, 27). In that region, PE has coupled signals as does s
Ser) (Fig. 7). The resolution-enhanced rat brainin vivo spec-
rum in Fig. 8 showed that the spectral pattern of PE
esonances at 3.98 and 3.22 ppm matched thein vivo spectrum
etween the Ins (4.060 ppm) and the PCr and Cr (3.931, 3
pm) peaks with respect to chemical shift and lineshape
nd trace). In contrast, Ser had resonances at 3.98–3.9
.83 ppm (third trace in Fig. 7). Nearby peaks from Lac, P
r, Gln 1 Glu, Scyllo, and GPC1 PC had clearly differen

esonance positions. When both PE and Ser were includ
he LCModel analysis, concentrations of PE were 1.5
mol/g ww (CR 5 8–11%) and concentrations of Ser w
.2–0.6mmol/g ww (CR5 41–73%). Because Ser concen

ions were much less consistent and found with a high
rror, a major contribution of Ser was not evident and thus
as omitted from the set of model spectra.
The strongly represented metabolites NAA, Cr, PCr, T

ns, Glu, Gln, and Lac were estimated with Cramér–Rao lo

t brainin vivo (TE 5 2 ms, TM5 20 ms, TR5 6 s, same data as in Fig.
d macromolecule spectrum (dashed curve), and the residuals (top). In
e fitted contributions of alanine and lactate are shown. Note the slowly v
e ra
fitte
s, th
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ounds below 4%, weaker metabolites below 13%, e.g., 6%
PC1 PC, 6% for PE, 8% for GSH, and 12% for GABA, a
sp and Scyllo below 22% (see Table 3 for a detailed listi
An analysis of a spectrum with increased TE5 20 ms bu

therwise identical experimental conditions is shown in Fig
ue to T2 relaxation, an overall decreased intensity of
etabolites and the macromolecule resonances was di

ble. In addition,J-modulation led to an altered spectral
earance compared to TE5 2 ms (Fig. 6) that was very we
eproduced by the model solution spectra for, e.g., NAA
SP.
To assess the influence of the echo time TE and repe

ime TR on the quantification, the LCModel results of th
ifferent measurements were compared with (A) TE5 2 ms,
R 5 6 s, (B) TE5 20 ms, TR5 6 s, and (C) TE5 20 ms,
R 5 4 s. Increasing TE from 2 to 20 ms with the same
ecreased the concentrations of total creatine, [Cr1 PCr], by
%, [NAA] by 4%, and on average over all metabolites by
ecreasing TR from 6 to 4 s further decreased the conce

ions of [Cr 1 PCr] by an additional 6%, [NAA] by 7%, an
n average by 5%. However, the ratio [NAA]/[Cr1 PCr]
emained constant within 3%, reflecting the similar relaxa
imes of creatine and NAA. The average concentration co
ion factor due to theT2 relaxation at TE5 2 ms was estimate

Metabolite Concentrations in the Rat Brain in Vivo Re
1H NMR Spectrum at TE 5 2 m

Present studya

Concentration
(mmol/g ww)

Relative to
[Cr 1 PCr]

CR
(%)

la 0.55 0.06 13
sp 0.90 0.11 22
PC 0.15 0.02 40
C 0.35 0.04 16
PC1 PC 0.50 0.06 6
r 4.7 0.55 2
Cr 3.9 0.45 3
r 1 PCr 8.5 1.0 1
ABA 0.77 0.09 12
lc 2.7 0.31 8
ln 2.7 0.32 4
lu 8.3 0.97 2
SH 0.78 0.09 9
ly n.d. n.d. n.d

ns 4.4 0.51 2
cyllo 0.16 0.02 20
er n.d. n.d. n.d
ac 2.8 0.33 3
AA 8.9 1.05 1
AAG 0.54 0.06 13
PE n.d. n.d. n.d
E 1.7 0.20 6
au 6.0 0.70 2

a FWHM 5 0.026 ppm,S/N 5 45, Cramér–Rao lower bounds (CR) a
or

).

.
e
rn-

d

n

.
ra-

n
c-

o be less than 1%, which was well within the experime
ariation.

eproducibility

The error estimates from the standard least-squares c
nce matrix (Cramér–Rao lower bounds (20)) are lower bound
f the experimental variance because they are based on s
ssumptions. The most critical assumption is that the mod
orrect (or at least contains sufficient parameters to des
he data within experimental error). For instance,
ramér–Rao lower bounds can be unrealistically low for
ufficiently parameterized models.
Therefore, a direct experimental measure of the precisi

he estimates, the intra-assay variation, was determined w
ime series (1 h 45 min total measurement time) acquired
2 blocks of 3-min acquisitions each using TE5 20 ms and
R 5 6 s to compare the Cramér–Rao lower bounds with
tandard deviation of the series. Table 4 shows that the
cients of variation (CV) of the strongly represented meta
ites (PCr, Cr, Glu, Ins, NAA, Tau) were below 5%, and for
eaker metabolites (GPC1 PC, Glc, Gln, GSH, Lac, PE
elow 12%. The CV were in excellent agreement with
ramér–Rao lower bounds for a single 3-min spectrum

ting from an LCModel Analysis of a Short-Echo-Time
TM 5 20 ms, TR 5 6 s (Fig. 5)

Neurochemical literature data

Concentration (mmol/g ww) Reference

0.32, 0.14–0.94, 0.48, 0.65, 0.40 (13, 33–35, 37
2.32, 1.53–2.72, 2.78, 2.60, 2.46, 2.67 (13, 33–37)

0.5 (33)

4.91, 5.12 (13, 36)
3.43, 3.2–5.0, 4.05 (13, 33, 36)

1.62, 0.83–2.27, 1.90, 2.30, 1.99 (13, 33–35, 37
0.96 (36)
2.15–5.60, 5.02, 4.50, 5.59 (33–35, 37)
7.43, 7.81–12.5, 12.46, 11.60, 11.2, 12.0 (13, 33–37)
0.90–3.40, 2.23, 2.60 (33–35)
0.64, 0.55–1.46, 1.02, 0.68, 1.00 (13, 33–35, 37
10.5 (13)

0.39–1.77, 0.86, 0.98, 0.88 (33–35, 37)
1.16, 1.23 (13, 36)
5.99, 4.70–9.74, 5.60 (13, 33, 35)
0.030–0.074 relative to [NAA] (38)
0.43 (34)
1.5, 1.36, 2.00 (33–35)
1.66, 1.25–5.35, 4.60, 6.60, 5.49 (13, 33–35, 37

iven in percentages.
sul
s,

.

.

.

re g
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FIG. 6. Comparison of thein vivo 1H NMR spectrum of Fig. 5 (top) to1H NMR metabolite model spectra (TE5 2 ms, TM5 20 ms, TR5 6 s, 512 scans
3-mL volume). Quantitative results are shown in Table 3. Only FT and zero-order phase correction was applied to thein vivo data (no weighting function)
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cans), i.e., 2% for NAA, 7% for Cr, 6% for PCr, 4% for G
% for Ins, and 6% for Tau. The fact that CR are very clos
V suggests that our model closely approximates the info

ion content of thein vivo situation. When averaging fo
-min spectra (128 scans), the errors were reduced app
ately twofold, as can be seen in column 5 of Table 4. In t
3-min spectra, most metabolites were detected with a
elow 8%, and variation of total creatine was on the orde
%. The accuracy of several weak metabolites was also

FIG. 7. Resolution-enhanced1H NMR spectrum of the rat brainin vivo in
he spectral region from 4.2 to 3.1 ppm (TE5 20 ms, same data as in Fig.
hifted sine-bell function). Model solution spectra of phosphorylethanola
erine,myo-inositol, taurine (dotted), and glucose (dashed) were proc
ith 2 Hz Gaussian linebroadening. The spectral patterns are in exc
greement with thein vivo data with the exception of serine. Peak separa
f PCr and Cr can be recognized at 3.9 ppm. The contributions ofmyo-

nositol-, taurine-, and choline-containing compounds are clearly discerni
.3–3.2 ppm.
o
a-

xi-
e
V
f

ig-

ABA, 18% for Ala, and 26% for Asp.
The interassay reproducibility was determined by analy

pectra measured under similar conditions, whereby ex
ental parameters were chosen to be TE5 20 ms and TR5
s to facilitate comparison with other studies at short e

imes. Deliberately, all 31 spectra acquired from 20 anim
ere used without exclusions. A wide range of linewi

FWHM 5 0.025–0.041 ppm) and signal-to-noise ra
S/N 5 18–38)was, therefore, present in the data. To c
are with previous analyses in Refs. (19, 41) and to reduc
ncertainties of the quantification, concentrations were d
ined relative to the total creatine concentrations. The ex

mentally determined average value was 7.78mmol/g ww
CV 5 7.4%, relative to water at TE5 2 ms), which was no
orrected forT1 and T2 and thus underestimates the t
oncentration by at least 10%. The coefficients of variation
AA, Glu, Cr, PCr, GSH, and PE were below 10%, and

ns, Glc, Tau, GPC1 PC, Lac, and Ala below 20% (Table 5
emonstrating the consistency and robustness of the LCM
nalysis. The reliability was much higher in the analysi
igher quality spectra using 2-ms echo time, such as t
hown in Figs. 5 and 6, with excellent shimming (FWHM5
.026 ppm), and high signal-to-noise ratio (S/N 5 45).
To assess the influence of the quality of shimming on

abolite determinations, the linewidths were artificially
reased by applying additional exponential multiplication
he FID before the LCModel analysis. Progressive linebr
ning of the 2-ms echo-time1H spectrum (Fig. 5) from 0 to 3
z decreased the correlation coefficient between Cr and

inearly from20.71 to20.92, thus demonstrating the incre
ng difficulty of distinguishing Cr from PCr. The correlati
oefficient of GPC and PC without additional linebroaden
as20.87, which is already close to21. When linebroaden

ng was applied, GPC was not detectable any more, sugge
hat the concentrations of GPC and PC were difficult to d
ine separately, but the sum [GPC1 PC] remained highl

eliable (see Table 3).

pplications: Hyperglycemia and Hepatic Encephalopath

To quantify the glucose concentration in the rat brain,
pectral region of the LCModel analysis was extended thr
he water region to 5.4 ppm to include thea-Glc [1]CH
esonance at 5.226 ppm. Hyperglycemia was induced by
ion of glucose at a constant rate of 4 mg/min. The compa
f the in vivo 1H NMR spectrum with the fitted gluco
pectrum (Fig. 9) shows that in addition to the resonanc
.226 ppm, partially resolved peaks at 3.87, 3.83, 3.49,
.46 ppm (dotted lines) from the Glc spectrum were disc

ble. A small water peak that remained after water suppres
dashed curve) was fitted by HLSVD and removed in the

e,
ed
nt

at
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FIG. 8. In vivo 1H NMR spectrum from the same animal and voxel as in Fig. 6, but at longer echo time TE5 20 ms. The signal intensity is significan
ecreased compared to Fig. 6 due toT2 relaxation. The spectral pattern, e.g., of NAA or AspbCH2 resonances, is altered due toJ-evolution.
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115QUANTIFICATION OF RAT BRAIN 1H NMR SPECTRA WITH SHORT ECHO TIME
lc concentration in this spectrum was 5.2mmol/g ww (CR5
%). An LCModel analysis that did not include thea-Glc C1
esonance at 5.226 ppm yielded the same result within
onsistent with the detection of several discernible glu
esonances in the upfield side of the spectrum at 9.4
ddition, after progressively linebroadening from 0 to 30 H

he hyperglycemic rat spectrum, the LCModel analysis did
eveal a significant difference whether thea-Glc C1 resonanc
t 5.226 ppm was included, but a general decrease i
oncentration was observed unless the concentration wa
renced to Cr1 PCr.
A 1H NMR spectrum with 2-ms echo time of a patholo

cal rat brain is shown in Fig. 10 as an example of qua
cation of elevated glutamine (26, 42). Glutamine was in
reased threefold compared to normal brain (7.2mmol/g
w, CR 5 2%), whereasmyo-inositol (2.1mmol/g ww,
R 5 6%) and choline-containing compounds GPC1 PC

0.31 mmol/g ww, CR5 13%) were decreased by appro
mately 50%. All other metabolites, including glutama
ere in the range of the values measured from the he

at brain shown in Table 3.

TABLE 4
ntra-assay Variation of Metabolite Concentrations in a Series of

1H NMR Spectra of the Healthy Rat Brain in Vivo

3-min spectra 13-min spectra

Mean6 SD
(mmol/g ww)

CV
(%)

Mean6 SD
(mmol/g ww)

CV
(%)

la 0.486 0.14 30 0.486 0.09 18
sp 1.006 0.43 43 1.036 0.27 26
PC 0.366 0.11 31 0.346 0.04 13
C 0.176 0.10 57 0.196 0.03 15
PC1 PC 0.546 0.04 8.2 0.536 0.03 5.7
r 4.156 0.21 5.0 4.196 0.13 3.1
Cr 3.956 0.16 4.0 3.796 0.05 1.4
r 1 PCr 8.106 0.14 1.8 7.986 0.09 1.1
ABA 0.766 0.25 33 1.026 0.14 14
lc 4.146 0.36 8.7 3.396 0.26 7.8
ln 2.276 0.28 12 2.446 0.11 4.4
lu 8.366 0.33 4.0 8.616 0.15 1.8
SH 1.246 0.15 12 1.126 0.07 6.0

ns 4.696 0.20 4.3 4.426 0.05 1.2
cyllo 0.206 0.06 27 0.176 0.02 11
ac 2.906 0.22 7.4 2.856 0.18 6.5
AA 8.50 6 0.15 1.8 8.626 0.13 1.5
AAG 0.206 0.11 57 0.226 0.08 38
E 2.006 0.24 12 1.916 0.12 6.1
au 4.986 0.24 4.8 5.056 0.10 1.9

Note.The concentrations were not corrected forT2-related signal decay. Spec
ere acquired from one animal during an overall 105-min experiment (TE5 20
s, TM 5 20 ms, TR5 6 s). Blocks of 32 and 128 scans were analyzed
CModel and the concentrations were averaged (S/N 5 20 and 35).
,
e

In
f
t

he
ef-

i-

,
hy

DISCUSSION

This study shows that the detailed features of short-e
ime in vivo spectra can be explained as a superpositio
olution model spectraplus a background consisting of fa
elaxing resonances (Figs. 5 and 6). The residual spline
ine was nearly negligible and thus, based on neurochem
xtract data, no assumptions about major unknown meta
ontributions were needed to explain thein vivo data. Remark
ble is the capability of LCModel to account for distor
aselines (43) or lineshapes, which may be caused by,
ddy currents or a not fully suppressed water resonance
pite excellent shimming, outer volume suppression, a
ell-defined localization that minimized experimental a

acts, the fitted LCModel spline baseline of ourin vivo 1H
pectra (Fig. 1) was very structured and nonnegligible.
bservation supports previous findings that macromole
ith shortT1 andT2 are detectedin vivo by 1H spectroscop

14, 44–46).

Interassay Variation of Metabolite Concentrations of 31 H
MR Spectra from 20 Animals Analyzed by LCModel (TE 5 20
s, TM 5 20 ms, TR 5 4 s)

Pooled rat data

Mean6 SD
(mmol/g ww)

CV
(%)

Number of
spectra

la 0.316 0.06 20 (n 5 22)
sp 1.436 0.44 30 (n 5 7)
PC 0.336 0.11 34 (n 5 15)
C 0.616 0.10 16 (n 5 30)
PC1 PC 0.716 0.10 14
r 3.866 0.33 9
Cr 3.926 0.33 9
r 1 PCr 7.78
ABA 1.116 0.25 22
lc 3.516 0.46 13 (n 5 10)a

ln 1.256 0.38 30
lu 8.676 0.70 8
SH 1.466 0.15 10

ns 4.086 0.55 13
cyllo 0.126 0.02 13 (n 5 3)
ac 1.896 0.34 18
AA 8.386 0.50 6
AAG 0.326 0.12 38 (n 5 3)
E 1.986 0.20 10
au 4.256 0.59 14

Note.The concentrations were not corrected forT1- and T2-related signa
ecay. Metabolite concentrations were determined relative to [Cr1 PCr] 5
7.786 0.58)mmol/g ww (CV 5 7%) and were excluded from the total p
f measurements (n 5 31) when the Cramér–Rao lower bounds of
CModel analysis exceeded 35%. FWHM5 0.031 6 0.004 ppm,S/N 5
8 6 5 (mean6 SD).

a All rats with glucose infusion were excluded from the analysis.



B

ms
( T
(
S .4
T rum
c
m
c tim
t
c tel
1 e
r , th
o e
a b
m tio
w ho
r

ly
1 , an
N 7
(
m mi

the macromolecule background at 2-ms echo time, consistent
w lts
a ween
4 f rat
a ular-
w -
e wer
t to
t

of
0 odel
s uted
t an,
f pline
b .
I the
L -
t ave
b in the
M
r

t be
i nals
a ces
i

ld
e l
( ,
g ted by
L es in
p as
a

n
( pe
f e
a e
c
e ctr
w ppm
( wi
L
d

116 PFEUFFER ET AL.
aseline in Short-Echo-Time Spectra

The metaboliteT2 values were between 100 and 150
Table 2), consistent with previousin vivo reports at 7–9.4
47–49). LongerT2 (180–260 ms) was reported at 4.7 T (50).
ince the macromoleculeT2

MM was several times shorter at 9
, i.e., approximately 26 ms, their contribution to the spect
ould be minimized by using longer echo times, e.g., TE5 100
s (Fig. 2), at the expense of increased sensitivity toT2

hanges and reduced information content. At short echo
he macromolecule background is present in the entire1H
hemical shift range from 4.3 to 0.8 ppm, i.e., approxima
0% of the MM signals are still left at TE5 60 ms. From th
esolved macromolecule intensities of the M1–M4 peaks
verall macromolecule contributions to the1H spectrum can b
ssessed, provided that outer volume contaminations have
inimized. In our experimental setup, excellent localiza
ith outer volume suppression was achieved using met

eported elsewhere (27).
The metaboliteT1 values of the CH3 groups (approximate

.4 s, Table 2) measured at 9.4 T were similar for Cho, Cr
AA and lie in the range of those (1.4–1.9 s) reported at

48) and 4.7 T (50). However, the macromoleculeT1
MM ; 300

s was considerably shorter, which was exploited to deter

FIG. 9. 1H NMR spectrum of the rat brainin vivo during glucose infusio
4 mg/min) and fitted glucose model spectrum. LCModel analysis was
ormed in the spectral region up to 5.4 ppm including thea-Glc H1 resonanc
t 5.226 ppm (TE5 20 ms, TM 5 20 ms, TR5 4 s). The brain glucos
oncentration was determined to be 5.2mmol/g ww (CR 5 4%). Note the
xcellent agreement of the fine structure of the fitted glucose model spe
ith the in vivo data (dotted lines). The residual water signal at 4.65

dashed curve) was removed in the time domain prior to the analysis
CModel. Only FT and zero-order phase correction was applied to thein vivo
ata (no weighting function).
es

y

e

een
n
ds

d
T

ne

ith previous studies (45, 46). As shown in Fig. 3, our resu
nd peak positions of the macromolecules, observed bet
.3 and 0.5 ppm, agreed very well with previous studies o
nd human brain tissue separating low- and high-molec
eight cytosolic fractions (14). In addition, the diffusion co
fficient of the macromolecules was found to be 50 times lo

han that of freely diffusing water (51), which corresponds
heir large molecular weight.

The additional spline baseline with wide knot spacing
.25 ppm can be interpreted as a weight of the MM m
pectrum in different spectral regions, which may be attrib
o smallT1 differences within the MM resonances. This c
or instance, be seen in Fig. 5, where the residual s
aseline is higher at;3.7 ppm and lower at;2.5 ppm

ncluding an experimentally measured MM spectrum in
CModel analysis reproduced all majorin vivo spectral fea

ures, with the exception of ASP at 2.79 ppm, which may h
een underestimated due to a strong peak at 2.68 ppm
M spectrum, which might be a residual of the NAAbCH2

esonance with shorterT1.
Principally, a systematic error in the MM baseline migh

ntroduced by an incomplete nulling of the metabolite sig
t a givent IR

null. Incomplete nulling can be caused by differen
n the metaboliteT1 at TE5 2 ms fromT1 of Cr and NAA at

FIG. 10. Short-echo-time1H NMR spectrum of a rat with threefo
levated glutamine (hepatic encephalopathy) and decreasedmyo-inosito
TE 5 2 ms, TM5 20 ms, TR5 4 s). Solution model spectra ofmyo-inositol
lutamine (solid curves), and glutamate (dotted curve) are shown as fit
CModel. Note the full separation of glutamine and glutamate resonanc
ositions gCH2 and bCH2. Only FT and zero-order phase correction w
pplied to thein vivo data (no weighting function).
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TE 5 100 ms (Fig. 2). The nulling times of Glu, Gln, Ins, Tau,
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r GABA were not found to be different in a series of sh
cho-time spectra with inversion times from 0.1 to 3 s. Re
al coupling patterns were not observed using resolution
ancement of the spectrum att IR

null 5 0.95 s (data not shown
xcept for the shorterT1 for the methylene Cr1 PCr at 3.9
pm, there was no experimental evidence that relaxation
ary substantially among the metabolites. This is supporte
he observation thatT1 for Cr was found to be comparable
hat of GABA at 4 T in thehuman brain (46), to that of Glc
he human brain (52), and toT1 of Glu in the rat brain at 7
48). The spline baseline overall represented the macrom
ule signals well, which further supports the notion that re
al narrow metabolite signals are minor in metabolite-nu
pectra.

uantification

Comparison of the metabolite concentrations obtained a
from the rat brainin vivo with neurochemical literatur

ostly from the rat brain (Table 3) showed very good ove
greement. However, a direct comparison to the neuroche
oncentrations may be subject to different experimental
itions such as different animals, regional variability of
etabolite concentrations, or methodological uncertaintie

he extraction process as pointed out in, e.g., Ref. (13). The
oncentrations of Ala, Cho, Cr, PCr, NAA, PE, and Tau w
ighly consistent with the neurochemical literature d
hereby ourin vivo quantification was based on the assu

ion of a constant tissue water content of 83% (internal w
eference). The concentrations of Asp, GABA, Gln, Glu,
SH were comparable as well, but tended to provide lo
alues than the literature data. Although in the high-qu
pectra (Figs. 6 and 7) the concentrations of Gln relativ
r 1 PCr were not changed between TE5 2 and 20 ms, it wa
bserved that in the medium quality spectra with TE5 20 ms
Table 5) the Gln concentration was decreased and h
elatively large interassay standard deviation. This points t
act that, even at 9.4 T, quantification of Gln was diffic
ithout excellent shimming. The concentrations of Lac ten

o be higher than in the literature (about 1.5–2.5mmol/g ww)
nd revealed some variability between animals. For Tau

iterature data show a considerable variation, because its
entration strongly depends on the area in the brain (33), which
ay be true for Gln, too.
The serine contribution was found to be insignificant in

pectra compared to PE. Evidence for the presence of
ignal in 1H NMR spectra was found in the literature: 2D1H
-resolved spectra of extract data (13) revealed a compoun
ear 4.0 ppm (not assigned) with a homonuclear couplin
HH ; 5 Hz and a small heteronuclear splitting (JPH), which
atches our solution spectrum of PE (JHH 5 5.0 Hz,JPH 5 7.2
z). A cross peak of PE with coordinates (4.0, 3.2 ppm)
etected in 2D1H COSY experiments in rat brain tumorsin
-
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of

s

ata showed a considerable contribution of PE in the bra
he order of 2 mM (33, 54, 55). Further experiments are nee
o determine relative contributions of glycerophosphoryl
nolamine to the1H NMR resonance at 3.98 ppmin vivo
56, 57).

Quantification of glycine, another important neurotrans
er, which is present in significant concentrations in the b
as difficult, because the singlet resonance at 3.55 ppm

apped with the [1,3]CH inositol resonance. Using long e
imes or two-dimensional methods, e.g., CT-PRESS for e
ive homonuclear decoupling, may be needed to distinguis
lycine signalin vivo (58, 59).
The influences ofT2 on quantification are difficult to unrav

nd depend on the experimental parameters used. In the
pectra,T2 was so long (.600 ms) that its effect on the sign
t short echo time was negligible. Cr and NAA signals w
ttenuatedin vitro by approximately 4 and 2% at TE5 20 ms.
onsidering thatT2 was shorterin vivo (;100 ms) and showe

nter- and intrametabolite variations, a correction factor
ach metabolite concentration was, therefore, not trivia
etermine even at short echo times of TE5 20 ms. Measure
ents of the metabolite signals and the water referen
E 5 2 ms minimized such effects.
An excellent match between thein vitro spectral pattern

ith the in vivodata was achieved by carefully adjusting pH
he metabolite model solutions and by controlling the tem
ture. For example, the Cr methylene resonance shifte
pproximately 0.1 Hz/°C, which affected the analysis at 9.
ince the separation of the Cr and PCr methylene signals
nly 8 Hz in vivo. The chemical shifts of themyo-inosito
ultiplets changed by less than 0.3 Hz/°C, which neverth

nfluenced multiplet intensities due to higher order spin effe
The total creatine, NAA, and the sum of Gln1 Glu con-

entrations measured at TE5 20 ms (Table 3 to 5) agree w
ith a previous study that used the LCModel approach in

at brainin vivo at 2.35 T (41). In our study, the Tau conc
ration was higher and Cho lower, which can be explaine
he reduced resolution between Tau–Cho and a concom
ncrease in the Cramér–Rao lower bounds at lower fi
oefficients of variation in the current study were up toeight

imes smaller when correcting for differences in voxel s
uch increases in sensitivity can only partially be explaine

he increase in static field, since the improved resolution
ificantly contributes to the overall sensitivity. This is evid
hen considering, for instance, that total creatine exhib
-fold increase in sensitivity, which is half that observed
yo-inositol. The importance of the spectral resolution

mproving sensitivity can be further appreciated when con
ring that at 9.4 T PCr is now a separately quantifiable m
lite, which could be interpreted either as an at least 100
ain in SNR for PCr or simply that the number of identifi
etabolites was dramatically increased. Therefore, many

abolites can be more reliably assessed at high magnetic
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pectra, e.g., PCr and Cr, Gln and Glu, Tau and Cho,
ABA, GSH, and Ala.
A recent study using time domain fitting in the rat brainin

ivo at 4.7 T (TE5 16 ms) included the major metaboli
AA, Glu, Gln, Cr, Cho, Glc, and Ins (19), which agreed wit
ur measurements within their large interassay variatio
uch higher Cho concentration of 0.2–0.3 times of [Cr1 PCr]
as reported, which can be explained by the absence of ta

n their analysis. Quantification of glutamine at 4.7 T in the
rain yielded a CR of 100% suggesting a low reliability. T
bility to detect the changes of glutamine in the human bra
T much more accurately (26) further illustrated the adva

ages of excellent shimming. At 9.4 T, the glutamine
lutamategCH2 resonances were fully separated and thebCH2

esonances show a distinct pattern that can be separated
econvolution algorithms such as LCModel.
In addition to the well-resolved glucose peak at 5.226 p

lso detected and resolved at 4 T (52, 60), a distinct spectr
epresentation of glucose was observed at 3.9 to 3.4 pp
.4-T spectra from the rat brain. However, even under hy
lycemic conditions, the peak at 3.4 ppm is a triplet and
losely resembles that of the taurine model spectrum as s
n Fig. 9, further supporting the observation that the gluc
ignal is a minor constituent at this chemical shift in the b
15, 61). Detection of resolved glucose resonances ma
ritical in achieving the needed accuracy for glucose mea
ents by1H NMR.
Extensions to other deconvolution methods are poss

lthough it remains to be demonstrated that other quantific
ethods, e.g., time domain fitting with prior knowled

21, 62), principal component (22) or wavelet analysis (23), are
ble to handle such large sets of model spectra, conta
ultiple resonances, and that they are equally robust. It

emains to be shown whether the accuracy and efficien
uantification of metabolites with low concentrations can

mproved using alternate methods, which focus on the d
ion of selected metabolites, e.g., spectral editing of GA
46) or using 2D fitting of multiple echo times (21).

CONCLUSIONS

Ultrashort echo times combined with high sensitiv
chieved at 9.4 T and excellent shimming maximize the s

ral information in localized1H NMR spectra of the rat brainin
ivo with minimal T2 relaxation orJ-modulation effects. W
onclude that thein vivo spectra can be fully described by
uperposition of 18 metabolite solution spectra and a m
olecule background with shortT1 relaxation times. Thi

ncludes the simultaneous quantification of phosphocrea
hosphorylethanolamine, GABA, glutathione, alanine, as

ate, resting lactate, and completely resolved glutamine i1H
MR spectra without any editing. Using high-field NMR w
xcellent shimming may lead to a noninvasive assessmen
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esolved functional NMR spectroscopy (63) for the study o
nimal models of disease, e.g., hypoxia, stroke, or he
ncephalopathy. Considering the significant resolution
rovements with high static magnetic field shown in the hu
rain (26, 64, 65), human studies should also benefit

ncreased magnetic fields.
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