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The measurement of cerebral metabolites using highly homolo-
gous localization techniques and similar shimming methods was
performed in the human brain at 1.5 and 4 T as well as in the dog
and rat brain at 9.4 T. In rat brain, improved resolution was
achieved by shimming all first- and second-order shim coils using
a fully adiabatic FASTMAP sequence. The spectra showed a clear
improvement in spectral resolution for all metabolite resonances
with increased field strength. Changes in cerebral glutamine con-
tent were clearly observed at 4 T compared to 1.5 T in patients
with hepatic encephalopathy. At 9.4 T, glutamine H4 at 2.46 ppm
was fully resolved from glutamate H4 at 2.37 ppm, as was the
potential resonance from y-amino-butyric acid at 2.30 ppm and
N-acetyl-aspartyl-glutamate at 2.05 ppm. Singlet linewidths were
found to be as low as 6 Hz (0.015 ppm) at 9.4 T, indicating a
substantial decrease in ppm linewidth with field strength. Further-
more, the methylene peak of creatine was partially resolved from
phosphocreatine, indicating a close to 1:1 relationship in gray
matter. We conclude that increasing the magnetic field strength
increases spectral resolution also for *H NMR, which can lead to
more than linear sensitivity gains. © 1998 Academic Press
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INTRODUCTION

field variations in space can be reduced by adjusting shim cc
correction currents. Many shim methods have been describ
(2-10. Most have used linear shim coilX,(Y, 4 while some
have extended their shim procedures to higher order, includir
the adjustment of second-order shimming using FASTMAP i
the past several year${-13.

Tissue-induced susceptibility effects appear to be less det
mental forin vivo 3P NMR where the improvements in reso-
lution with high-field were demonstrated early by severa
groups, e.g., ¥4, 19, and are now well accepted. Likewise,
spectral improvements with field strength have been quit
dramatic for**C as evidenced by a comparison of spectra o
the human brain acquired at 1.5 T6] to those acquired at 2.1 T
(17-19 and to those achieved 4 T (20). Some of these im-
provements can be attributed to using second-order shimmir
such as FASTMAP 12). For *H spectroscopy, improvements
with high magnetic fields have been less obvious, although it h:
been noted that spectral resolution in small-voxel CSI data sets
clearly improved &4 T (21). Improvements witdH spectroscopy
are harder to realize since the proton spectrum depends mt
more on very high spectral resolution due to the more crowde
spectrum and higher gyromagnetic ratio.

Expectations that spectral resolution indeed increases wi
magnetic fields were recently confirmed by the demonstratic

High-resolution NMR spectroscopy of solution samples beghat the glucose peak at 5.23 ppm was readily observable

efits from increasing the field strength due to increases fiiman brain 84 T (22). We therefore sought to extend these
sensitivity and spectral resolutioim. vivo, the improvements in comparisons to the entire proton spectrum and specifical
spectral resolution are more difficult to achieve due to sammempare them to spectra obtained at 1.5 T. In order to estimz
and tissue dependent susceptibility effects. The latter can \hRat spectral improvements can be expected when studyil
regarded as microscopic susceptibility effects caused by pai@mans at field strengths significantly above 4 T, we als
magnetic species, which may be present in, e.g., microvessgigasured dog and rat brain spectra at 9.4 T.
Linebroadening due to such microscopic susceptibility effects
is extremely difficult to eliminatein vivo. When studying
excised tissue, a recent study has shown that dramatic improve-
ments in spectral resolution are possible when using magic-To maximize spectral resolutioim vivo, the susceptibility
angle spinning ). Macroscopic susceptibility effects areeffects due to tissue boundaries must be reduced, or, if pos
caused mainly by the air—tissue or bone—tissue interface did, eliminated. At 1.5 T, it may be sufficient to use the linea
depend on geometry and orientation. As such the macroscogiiém coils for many applications; however, since susceptibilit
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TE found the use of the stimulated echo sequence to be satisf:
> tory. Forin vivo shimming of the rat brain, we used a fully
AFP adiabatic FASTMAP sequence (Fig. 1) that uses adiabat
H G‘*T’ A‘<>0__w' excitation combined with two adiabatic slice selection pulse
consisting of pairs of hyperbolic secant pulses to rewind th

— / \

incurred phase distortions across the slice produced by ea

AHP . AFP AFP AFP

o O/ ' — adiabatic full-passage pulsey). The first slice selection pulse
el - was generated by two adjacent adiabatic inversion pulse
Sice2 %/ \@ whereas the other slice selection process was placed symmn

rically about these pulses, as in a previously described meth
lly adiab. | d for sh y y
FIG. 1. Fully adiabatic FASTMAP pulse sequence used for shimmin ; : : : 2

surface coil NMR of rat brain at 9.4 T. Pairs of adiabatic full passage (AF 6. Afs Ilr; previous l;n%ebmentatlon.s of E AS;— MAE;'% 13,24, £
pulses (hyperbolic secant) are used to rephase coherences in the corresporli EEO_ e W_as enCO ed by measuring t e phase difference of t
slice 1 and slice 2. A 3-ms adiabatic half passage (AHP) pulse is usedr@sulting projections measured from the displacement of the Hal
convert thez-magnetization to transverse magnetization. The delaypplied spin-echo from the gradient echo by the detgylaced after the
?r;)alternaFedgcansdt(; enhcocri]e 3;11,efciield as a phase shift. Refocusing gradiengge excitation pulse. Shimming using the FASTMAP sequence (
obes are indicated by the hashed areas. Fig. 1 was extremely reliable in the rat brain resulting in wate

linewidths of 11.5-15 Hz for 64l voxels.

effects increase linearly with static field, higher-order terms Comparison of spectra obtained in the human brain at 1.5
become increasingly important. Shimming iaf vivo human (Fig. 2A) ard 4 T (Fig. 2B) was performed for a healthy subject
tissue requires extremely efficient methods that minimize tid@d a patient with hepatic encephalopathy. The spectra we
time needed for this critical adjustme®; 6, 6, 8, 12, 2B One processed identically using 1 Hz exponential linebroadenin
of these techniquedast, automatic, shimming technique by Signal changes due to elevated cerebral glutamine were reac
mappingalong projections, FASTMAP, has proven to be useobserved 84 T at2.46 ppm (Fig. 2B) as was the decrease ir
ful for human applications at high fields. FASTMAP wasgnyocinositol reported previously, see2q) and references
originally based on stimulated echo generatibh<13, albeit therein. The FASTMAP shim method useiar led to highly

it was recognized that adiabatic refocusing pulses can improeproducible linewidths and shapes that allowed subtraction |
sensitivity and thus reliability dramatically, as judged from thidividual spectra from different subjects. To illustrate the
noise error propagation provided. Such an improvement wproducibility, a set of subtracted spectra is shown in Fig. 2
FASTMAP was described recently, resulting in a semi-adiéer two patients with hepatic encephalopathy. These spect
batic pulse sequence leading to at least a two-fold improvemémdicated that glutamine is the major signal change in thes
of the signal and improvements in reliabilit24). At 4 T we patients compared to normal adults. Previous difficulty ir

NAA

Patient 1 - normal

Patient 2 - normal

Normal

(ppm) 3
A B C
FIG. 2. H NMR spectra acquired from the human brain at 1.5 T (A) and & (B) using STEAM TE = 20ms,TM = 33 and 35 ms, respectivelJR

= 3s). The bottom trace shows spectra acquired from a normal adult and the top spectra are from an 8-year-old patient with end-stage liver disease. Sp
acquired on the same day at both fields from a 27-ml volume encompassing the visual cortex. (A) 1-Hz linebroadening was applied prior to FFT. In (C), dif
spectra generated by subtracting the patient spectrum acquired from a normal adult are shown. The well defined and behaved baseline of the differen
illustrate the excellent, reproducible quality and lineshape achieved using FASTMAR and that GIn dominates signal changes in hepatic encephalopatt
A tentative increase in choline signal at 3.22 ppm is also noted. When taking into account overlap with thedd2ated mytns the true choline increase
may actually have been underestimated, which further illustrates the need for spectral deconvolution approaches.
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FIG. 3. (A) *H NMR spectrum acquired from a 1-ml volume lateral to the ventricle in dog brain at 9.4 T. Processing consisted of zero-filling, |
Lorentz-to-Gauss lineshape conversion and FFT. Peaks were tentatively assigned based on dominant constituent and published ch2giq@)shifis
shows a spectrum acquired from a gévolume in the rat sensorimotor cortex caudal to the striatum. Processing consisted of zero-filling, 3-Hz Lorentz-to-C
lineshape conversion and FFT.

guantifying specific glutamine changes at 1.5 T may be attrimdicates that these peaks are now clearly resolved, suggest
uted to the similarity of the spectrum of glutamine to that of théhe potential of measuring GABA at 2.30 ppm without the nee
glutamate spin system at lower field strengths, edjl). We of spectralJ-editing in animal brain at such high fields.

have extended the FASTMAP method to the 9.4-T 31-cm The results shown herein for dog brain were consistent wit
system to study the dog brain. In these spectra, water lirthose achieved in rat brain, where the water linewidth wa
widths were between 12 and 18 Hz and NAA linewidths wetgetween 11.5 and 16 Hz throughout and the NAA linewidth
between 6 and 12 Hz. Such a spectrum is shown in Fig. 3A arathged between 6 and 11 Hz. Such a spectrum is shown in F
is representative of the spectral resolution that is reproducitd, which also indicates improved resolution of lactate at 1.3
achievable. The spectra shown in Fig. 3 were processed witham from the broad background resonances, which have be
modest resolution enhancement,,i@&3 HzLorentz-to-Gauss attributed to macromolecule82).

linewidth conversion. Several new features became apparentThe stack plot in Fig. 4 shows spectra acquired at 1.5, 4, at
(i) The partially resolved and clearly indicated homonucle®&.4 T to illustrate improvements in spectral resolution witt
coupling 0 = 6-7.5Hz) corresponding to a triplet at 3.43higher magnetic field strength. Note in particular that the
ppm and in the glutamate H4 peak at 2.37 ppm. The triplet-likimewidths of the prominent singlets NAA, Cr, and Cho de-
structure at 3.43 ppm is consistent with this peak being maintyease with field strength. Improved spectral resolution is e
from taurine in dog brain. (ii) Spectral resolution led to thpected to translate into a much improved sensitivity for thos
resolution of multiplet lines itTmyainositol (J = 9.5 Hz), resonances that are difficult to resolve at lower magnetic field
clearly observed for the H2,4 and H4,6 peaks at 3.5-3.7 p@and thus may substantially amplify sensitivity improvement
and for the H5 peak at 3.28 ppm. (iii) Most importantly, théeyond the linear increase predicted from theory. Improve
creatine (Cr) methylene peak is showing separation into twesolution can be expected for spin systems such as gluco
peaks, one at 3.95 and one at 3.93 ppm, correspondingtdarine, glutamine, N-acetyl-aspartate, aspartate, PCr, and
phosphocreatine (PCr) and the unphosphorylated form of @eak fitting methods such as LCModd&3{ are expected to
(28). This peak pattern was consistently observed in the dpgrform substantially better for these and other peaks such
brain spectra despite a high variability of voxel position. Sepayainositol, scyllo-inositol, glutamate, and lactate.

aration of Cr and PCr was also inferred from the much broaderThe water linewidth decreased from approximately 0.04 ppm i
linewidth of the creatine methylene resonance measuredtts human braintad T to approximately 0.02 ppm in the dog and
3.94 ppm in an infant at 4 T, consistent with the chemical shifat brain at 9.4 T. Such decreases in linewidth may be exploited
of Cr and PCr, where the singlet linewidth was 3 Hz (naichieve an improved baseline stability around water, essential 1
shown). (iv) The resolution of singlet lines was also clearlthe detection of resonances such as the 5.23 ppm peak of gluc
improved at 9.4 T, which was apparent by the reliable ar{d2) and the methine proton of lactate, which was reliably ob
consistent observation of a small resonance at 2.05 ppm, merved at 9.4 T in postmortem spectra of brain and muscle (n
viously assigned to the neurotransmitter N-acetyl-aspartyl-glshown).*H NMR spectra acquired from human musdd & and
tamate, NAAG 29-3). (v) The resolution of coupled peaks,rat muscle at 9.4 T showed improvements in resolution similar t
such as the CHfrom glutamate and glutamine, and GABAthose spectra acquired from brain.
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expected to amplify the diagnostic power and neurochemic
value of*H NMR well beyond currently available capabilities.

EXPERIMENTAL
9.4 Tesla

Human subjects were studied at 1.5dah T after giving
informed consent according to procedures and forms approv
by the Institutional Review Board.

Localization of volumes of interest was based on anatom
images usingrl;-weighted imaging. To facilitate direct com-

4Tesla parison, volumes were placed in the occipital cortex to encon
pass the primary visual cortex. Volume size was a cube wit
3-cm sides (27mL). Shimming was performed using manufa
turer-supplied MAPshim at 1.5 T and FASTMAR AT (22).
At 1.5 T, we used the manufacturer-supplied STEAM sequent
15 Tesla with TR= 3 s,TE = 20 ms, andTM = 35 ms. After shimming
. . . . - the whole head water signal using manufacturer-supplied MAF
4 35 3 25 2 (ppm) shim, the occipital volume was handshimmed at 1.5 T using tt
FIG. 4. Comparison of increases in spectral resolution with magnetic fie“{]ea_r Shlm coils and the Z2 shim CO'_I' At 4T, Smgle'voxel
strength. The stack plot shows corresponding spectra from 27-ml volumed@galization was based on STEAMBG) implemented as 3,1-
the human occipital lobe at 1.5 T (bottom) ar4aT (middle) and a 1-mI DRYSTEAM (37) as described previouslB). Repetition time
spectrum from dog brain acquired at 9.4 T (top). Note the apparent decreasgRyas 3 s, echo tim&E was 20 ms, andM was 33 ms.
singlet't Iinewidt.hs at the NAA, Cr, and Cho positi'o_ns., which is direct and At 9.4 T, we used localization sequences identical to thos
unequivocal evidence for increased spectral resolutiorivo. . .
used at 4 T, except TM was slightly increased to 36 ms. Th
shim procedure was an implementation of FASTMAP identice
to that & 4 T (13), except that for shimming theat brain we
used the fully adiabatic FASTMAP pulse sequence shown i

Recently, a strong signal has been reported at 2.4 pphid in

spectra acquired at 0.5 B4, which can be explained by jg. 1. As in the original implementation of FASTMARJ),

multiplet collapse of the glutamate and glutamine H4 and e sequence relies on measuring the phase difference of p

resonances I_eadlng to an apparent singlet resonance W'trle%@ions acquired with an extra delayn the first echo period
intensity equivalent to that from 4 protons. Assuming a con-

; . ~~to those acquired without such a delay, which encoBigs
cer;trgt'lo(\)g AOf tt0—12 i for tz_e sum °|f( glmamate’Iglgtadm":je"nhomogeneity without any confounding effects from eddy
an bl ’t ?h ctorrtf)espondlr;g ﬁi‘; grfa .\;\.'OUI. fm eet_ firrents, which were minimized on both high-field system
comparabre to that observed for » DUt critical Informa IOrﬁsing methods and procedures described elsewl3&e Kx-
on the individual components is lost.

. - . citation was performed using a numerically optimized adia

. The spectra obtained at 9.4 T showed_a distinct spgmes-spe%ﬁ ic half passage puls89). Refocusing of the magnetization
difference between the rat and dog brain at the taurine chemi Al achieved with adiabatic 180° pulses, consisting of tw
shift (3.43 ppm). In the rat brain spectrum, a prominent Tau pe . o ; )
was observed, the area of which was larger thanmipeinositol ﬁyperbollc secant pulses for each slice selection (3300-F

.bandwidth). Such use of the hyperbolic secant pulses ensur

(Ins) triplet at 4.07 ppm (Fig. 3B) which suggests that the ma]%(it phase modulation across the slice was eliminated, leadi

constiuent r?frtt$g Cho"tr;e resonance may ibte rl:;ovrv?trfattrjlnn:q *ull agiabaticity and thus maximized sensitivigg; 29. The
oslol In Sho spectra, ¢ S COnsIste N usequence was verified to perform adiabatically in phantor

;uplethattern obser\aed duztofthel Iovdar(fjtaurlr!e (apprquate- experiments by measuring the projection signal along the sL
y 6 Z.) as opposed to 3 z 1or Ins and previous a§5|gnments e coil axis while increasing pulse power. Adiabatic perfor
rat br_aln 69). In t_he dog brain, howeyer, the Tau triplet at 3.4 ance was confirmed by observing that the projection sign
ppm is smaller (F|g._3A), af‘d the muitiplet structure (appaent was independent of RF pulse power above a certain thresho
9 Hz) at 3.28 ppm is dominated by Ins.
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