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So far, fast spectroscopic imaging (SI) using the U-FLARE
sequence has provided metabolic maps indirectly via Fourier
transformation (FT) along the chemical shift (CS) dimension and
subsequent peak integration. However, a large number of CS
encoding steps N, is needed to cover the spectral bandwidth and
to achieve sufficient spectral resolution for peak integration even if
the number of resonance lines is small compared to N, and even
if only metabolic images are of interest and not the spectra in each
voxel. Other reconstruction algorithms require extensive prior
knowledge, starting values, and/or model functions. An adjusted
CS phase encoding scheme (APE) can be used to overcome these
drawbacks. It incorporates prior knowledge only about the reso-
nance frequencies present in the sample. Thus, N, can be reduced
by a factor of 4 for many *H in vivo studies while no spectra have
to be reconstructed, and no additional user interaction, prior
knowledge, starting values, or model function are required. Phan-
tom measurements and in vivo experiments on rat brain have been
performed at 4.7 T to test the feasibility of the method for proton
Sl.  © 2000 Academic Press
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INTRODUCTION

In multidimensional Sl, the conventional approach of a

quiring N, data points in the CS dimensidr) in combination
with multiple phase encoding gradients to traveksspace

along orthogonal axek,, k,, andk, (1, 2) leads to unaccept-

ably long minimum total measuring timé&s, = N, - N, * N, -

TR. Alternatives have been proposed to overcome this probl(—%ﬁ‘?
(3-10. Spectroscopic U-FLARE1Q) makes use of the fact €

that longT, andT, relaxation times of proton metabolitekl]

allow multiple spin-echo acquisition after a single excitatio
Moreover, the echoes do not suffer from dephasing dug t

modulation, provided the inverse of the delAf E between

subsequent echoes is large compared to the chemical Salii
differenceAs of coupled nuclei and their coupling constadts

C_

only uncoupled or intense weakly coupled signals but als
strongly coupled resonances such as glutamate (Glu), g
tamine (GIn),mycinositol (Ins), taurine (Tau), or N-acetyl-
aspartate (NAA) 14). Using the sliceck-space approachi),

N, X N, data points are acquired per excitation, while the
chemical shift is encoded within the constant time (CT) evo
lution period (5): The delaytc between excitation and the
start of the U-FLARE sequence is kept constant, the position:
a refocusing pulse is changed between subsequent excitati
(see Fig. 1a), and a pseudo-echdjnis acquired. Thus, the
minimum total measuring time i, = N, - N, - TR. Note that
shifting the pulse position by an incremekt/2 will shift the
position of the refocused spin-echo Byr. As known from
single voxel studies1@), this encoding technique provides
better signal separation because of effective homonuclear c
coupling, but also leads to a strong dependence of the sigr
intensities of coupled resonances t@nand the coupling pat-
tern.

Until now, the number of CS encoding stefNs and the
incrementsAr; (j = 0,...,N, — 1), by which the echo
position is shifted, have been chosen to satisfy the followin
conditions:

1. To reconstruct spectra by means of standard fast Four
transform (FFT) algorithms1{, 18, the pseudo-echo ik,
must be acquired at equidistant sampling intervals leading to
constant incremenkt; = At = const For a signal sampled
at equidistant intervals, the sampling theorelr®) (mplies that
sampling interval must not be greater thaB8\W/to cover
spectral bandwidtBW (in Hz) completely.

2. The range of encoding tim&s := (N, — 1)|A7| must

ﬁe long enough to provide sufficient spectral resoluion=

[/T, (in Hz). This, in turn, requires a sufficiently large numbel
of CS encoding stepdl, and a sufficiently long evolution
[iodtc.

In summaryN, is usually chosen to be the smallest intege

(in Hz) (12, 13. Recently, proton spectroscopic U-FLAREgreater than the rati8W v. In principle, the spectral resolu-
imaging has been demonstrated to be capable of measuringtitet v should be considerably smaller than the separation

adjacent spectral lines to allow unambiguous identification c
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eas. Note that line splittings due tbcoupling need not be
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FIG. 1. (a)Schematic pulse sequence for an experiment using CT chemical shift phase encoding: After excitation the refocusing pulse is shifted as i
by the arrow while the delaic between excitation and the imaging sequence is kept constant. (b) Schematic illustration of how to determine the sign
encoding times: At the top, the completely refocused spin-echo is sampled correspondindits. At the bottom, the echo has been shifted “to the right” by
an increment of magnitud&r. As indicated at the vertical axis denoting the CS phase encoding directibis shift corresponds to a negative encoding time.

considered because of the effective homonuclear decouplingstricted in the same way as the conventional CS pha
However, the range of encoding timé&sis limited due to the encoding and reconstruction procedure for spectroscopic |
rapid decay of the pseudo-echoky caused byB, inhomo FLARE. In this study, we will present an alternative sampling
geneities. Any substantial increase Bf (corresponding to a reconstruction scheme to overcome these drawbacks. T
decrease oév) would cause additional noise contamination afnethod exploits prior knowledge about the resonances prest
the spectra. Under the experimental conditions of this studg, the sample and leads to a considerable reduction of tl
i.e., By = 4.7 T, a spectral resolution on the order of 15 Hz caminimum total measuring time. This reduction is achieve
be achieved usin§W= 900 Hz (4.5 ppm) antll, = 64 (14). retaining information about all resonances in contrast to sof
This procedure will be termed “conventional” in the follow-COSY 5) or related techniques. These use spectrum simpl
ing. It provides metabolic maps by FT with respect to thfication by chemical shift selective RF pulses to suppres
equidistantly sampled CS direction and subsequent peak inteftain parts of the spectrum.
gration and implies a few disadvantages:

1. While SI applications with 2D spatial/1D spectral reso- METHODS

lution can be carried out within a sufficiently short minimu . . . .

total measuring time 1d), extensions aiming at 3D spatianljrheory of Adjusted Chemical Shift Phase Encoding (APE)

maps of CS information or at 2D spatial/2D spectral experi- The experiment schematically shown in Fig. 1a leads to

ments would still be too long for clinical applications. signal, which for one CS phase encoding step with infdex
2. Furthermore, proton NMR spectra are sparsely populategpresented by an encoding tirnecan be described as

with strong resonance lines: large spectral intervals contain

noise and no or only little metabolite information. As for many K1

applications it is known a priori which spectral intervals are of o _ ;

interest, it is desirable to apply a sampling method that avoids 5 1= s(r) = 2 mexpliom) f(r). [1]

collecting data corresponding to signal-free spectral regions

(20). TheN, complex-valued CS phase encoded sigaaés well as
Therefore, a reduction of the minimum total measuring tinthe K complex-valued signalsn, of individual metabolite
is not only necessaryfor advanced applications of spectroresonances with frequencies, may be functions of spatial
scopic U-FLARE imaging, it is alspossiblebecause it follows and/or spectral coordinates depending on the experiment ¢
from the second statement that the conventional proceduied out after the evolution periott. The module labelled
mathematically leads to a solution of a strongly overdeteiMRI” in Fig. 1a represents a 2D or 3D U-FLARE sequence
mined system of equations. Alternative reconstruction metfor example, or it may be simply replaced by immediate
ods, e.g., VARPRO21) or HLSVD (22) processing the data in spin-echo acquisition (see below). The signalsdepend on
the time domain, require extensive prior knowledge, startirige time constartic as well as on the corresponding relaxatior
values, and/or model functions. Frequency domain techniquesiesT,, andT,, and in the case of coupled resonances on tt
e.g., line shape fitting model23, 24, depend on the avail- coupling constants,. The complex-valued functiohin Eq.
ability of data that can be processed by FT and are th[ig represents the effect &, inhomogeneities, i.e., the signal

k=0
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attenuation due to dephasing as well as the local shift bécause the real-valued diagonal elementd$- cdre always
resonance frequencies. Note that the funcfi@independent greater than zero, and it is given B* = 8, f(;)|*. The

of the resonance indek for signalsm, originating from a calculation ofm by Eq. [3] will be referred to as the “APE
sufficiently small or homogeneous volume within the sampleeconstruction” in contrast to the conventional reconstructio
Its magnitude can often be described by an exponential funmentioned earlier.

tion | f(7,)| =~ exp(—|7;|/T™,) with the effective decay time An early application of the APE procedure is the Dixon
T, due to B inhomogeneities. An encoding time = 0 s method for the separation of water and fat){ Knowing the
corresponds to a completely refocused spin-echoffith= 0 MRI signal consists of contributions from water and fat only
s) = 1. In the absence oB, inhomogeneities and for the and supplying their chemical shifts, andw,, respectively, as
special case oN, equidistant samples as well asKk = N, prior knowledge, the two phase-encoded sigisglss s(7, =
equidistant frequencies,, the sum in Eq. [1] is equivalent to 0 s) ands, = s(t, = w/(w, — w;)) can be used to calculate
the discrete FT of a signal represented by its Fourier coeffire individual signalsn, (for water) andm, (for fat) from Eq.
cientsm,. It is important to note that the sign of depends on [3]. The value ofr, is chosen so that the two resonance:
which side the pseudo-echolr) is sampled with respect to its develop a phase difference of 180°, which simplifies the re
maximum. Increasing (decreasing) the delay between the @@hstruction as it amounts to adding/subtracting the signals
and 180° pulses in Fig. 1a corresponds to a “right” (“left”) shifand s,. However, if uncorrected, different attenuation of the
of the echo position and implies sampling the echo “befordivo signals due t®, inhomogeneities as well as the frequency
(“after”) its maximum, i.e., atr; < 0 s (r; > 0 s), as is shift Awg will lead to reconstruction error2§).

schematically shown in Fig. 1b for simple spin-echo acquisi- To implement the APE method outlined above, two prob
tion. lems must be considered:

The problem to solve the set df, equations given by Eq. )
[1] for the K unknown signalsn, with K = N, turns out to be 1. The numbeN, and the values of the CS phase encodin

a linear least squares problem, which in matrix notation can B&1€ST, must be chosen appropriately to set up the experimer
expressed as 2. The influence 0B, inhomogenetities, i.e., the frequency

shift Aws as well as the attenuation factorf(r;)| must be
determined to reconstruct metabolite signals.

s=FAm
with s 1= (So, Sp, « - ., S0 ' The Choice of CS Phase Encoding Times
andm := (my, my, ..., me )" 2] ProvidedN,, = K is obeyed, the encoding times may be

chosen arbitrarily, in principle, with no restriction on their
respective differences as long as the nonsingularity of matrix
is maintained. However, a major problem of spectroscopi
U-FLARE as of most NMR experiments is the contaminatior
of the measured signalg by random noise. The choice of
encoding times should therefore aim to reduce the noise in tl
spectroscopic images that will be reconstructed by the AP
method. From the general theory of linear least squares prc
?ems @9) it is known that the covariance matrix of is given

where the symbol “1” denotes transposition. THg X N,
diagonal matrix= is defined byF, : = §,f(;)| and represents
the amplitude attenuation due &, inhomogeneities. If the
latter are related to the efficient decay tiffi&, and provided
that the generalized range of encoding tirfies= max(r;) —
min;(7;) < T, F may be replaced by the unity matrix.
Furthermore, th&,, X K matrix A represents the phase factor
Ay 1= expli(w, + Awg)T;] incorporating the frequency shift
Awg due to field inhomogeneities. It has been pointed ou

earlier 0) that if theK resonance frequencieg were known

it would be sufficient, in principle, to providd, = K signals V(m) = ¢%B"B) = ¢2B*B*". [4]
s; to solve Eq. [2]. The only restriction on the choice of CS

phase encoding times would be the necessity of a nonsingylafe - denotes the standard deviation of random noise in tt

matrix B : = FA. We will show, however, that usill, > K gghaiss . From Eq. [4] it follows that the standard deviation of
renders the solution more robust. In this general case, the I%Ee in the reconstructed sigrral, will be

squares solution to Eg. [2] can be written as

m=B's=A'Fls [3]

No—1

2 [Bgl*ro=B"k- o, [5]
provided A is nonsingular. TheK X N, matrix A* is the I=0
pseudo-inverse2@) of the phase matrid with A" = (A"A) ™
A". Here,A" denotes the Hermitian conjugateAfvith A = where|B”|, is the Euclidean norm of thkth row vector of
exp[—i(w, + Awg)7;] = A%. The matrix inversd=* exists matrixB*. To find a quantity that incorporates the influence o
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TABLE 1
Values of ||B*|. Calculated According to Eq. [5] for Different Choices of N,,*

N,

Metabolite © [ppm]) 8 10 12 14 16 OptimizedN,, = 16
H,O (4.70) 0.562 4.52 0.665 0.315 0.292 0.325
PCr (3.93) 0.717 0.389 0.345 0.315 0.295 0.302
Ins (3.62) 4.62 0.378 0.343 0.314 0.294 0.306
Cho (3.29) 0.644 0.421 0.382 0.354 0.331 0.325
PCr (3.04) 0.673 0.421 0.382 0.352 0.330 0.325
Glu (2.36) 0.535 0.394 0.342 0.314 0.293 0.310
NAA (2.02) 0.677 451 0.346 0.313 0.293 0.320
Lip (1.50) 4.61 0.391 0.663 0.314 0.292 0.311
1B/ min 0.414 0.369 0.336 0.310 0.290 0.292
At [ms] —2.383 —1.853 —1.516 —1.283 -1.112 —

2 Calculations are based on metabolite resonances visifl& at 136 msin vivowith B, = 4.7 T, T, = 30 ms, andT, := (N, — 1)|A7| = 16.68 ms.
All encoding schemes except the optimized scheme are equidistant, and the sampling times are assumed to be centered with respect to the maxin
pseudo-echo iik,. The value of|B*|| = max(|B*|) is printed in boldface.

noise omall components ofn we define the matrix norm & * In the more general case with > 2 signals to be recon-
by structed, the minimization dfB || implies an optimization of
N, CS phase encoding times, which is a nontrivial numerice
[B*| := max(||B*|). [6] problem because the probability of being trapped in loce
k

minima increases with increasing,. Moreover, the optimi

zation is hampered by the fact that the dependence of t
From the definition of[B”| it follows that its value is inde attenuation factorf(;)| on the encoding times, is a priori
pendent of any global frequency shift such as that due to fiallknown. An approximation could be given assuming that th
inhomogeneitiesAwg (30). A more empirical description of pseudo-echo itk, decays exponentially,f(t;)| ~ exp(— ||/
the propagation of noise has been given earBé),(and itwas T*)). There exists a lower limit ofiB*|| given by @0)
shown that minimizing a function similar {®*|| considerably
enhances the robustness of the solution [3].

Returning to the example given by the Dixon method and 1B = 1 . 8]
neglecting the influence of field inhomogeneities for the VEJ-N;’(}l|f(7,-)|2
present B = A), it is easy to see that the phase mathixs
given by

If B, inhomogeneities can be neglected, all the terms in th
sum are approximately equal to 1, and the limit become
A= ( 1 1) [B*|lmn = 1/V'N,, which has already been verified for the
€ & Dixon method. Then, noise is propagated from the experime
tal signalss into the reconstructed signalm as by peak
integration in the case of an “ideal spectrum” where each pe:
(shaped like a Dirac delta function) is located at a singl
A+ = 1 ( €, —1> [7] spectral coordinate and its intensity is determined by a “on
(e, — &) \~€& 1) point” integration.

To allow a comparison of both CS phase encoding/recol
with the abbreviatiore, := exp(w,r,) for n = 0, 1. It is struction methods using the same experimental data, it
straightforward to show thalA*|| = V/2/|e, — e,| and that necessary to choose a subsetMNf out of a total of N,
this quantity will reach a minimum ife,/Je;, = —1. This equidistant samples. Although one is not forced to choose
corresponds tar, = (2n + 1)7/(w, — w,) with n € N, equidistant subset to perform the APE reconstruction, w
which suggests the valug = 7/(w, — ®,) should be chosen found that if N, is sufficiently greater than the number of
to satisfyT, = 7, < T™,. Thus, the Dixon method is a speciaresonance, the norm of matrixB* is only insignificantly
case of the APE method using optimized phase encoding tinggeater than its lower limit given by Eq. [8]: Table 1 gives &
corresponding to a minimum ¢B *||. Note that for the Dixon numerical demonstration of how the value||&| (and of all
method||B*| = 1/V2. [B*|l) depends on the number of samples for a fixed set «

and its pseudo-inverse is
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K = 8 resonances typically visible in the vivo experiments Both effects can be addressed using a water reference m
at 4.7 T of this study. The resonance frequencies of thesgrement performed under the same conditions as the expe
metabolites were provided as prior knowledge assuming thmaent used to obtain the signads except for the water sup
the temperature-dependent chemical shift of water is 4.70 pppnession 834—-37. Neglecting noise contamination, the watelr
Each value of|B*||, was calculated according to Eq. [5] forreference signal can be expressed as

N, = 8, 10, 12, 14, and 16 assuming exponentially decaying

amplitudes withT™, = 30 ms, which was observed in the data ry:=r(7) = ryexplipw)exdi(oy + AwB)Tj]|f(Tj)|, [9]

on average. In each case the same range of encoding times

Tl = 16.68 ms wadglivided into Nu, — 1 intervals of equal with amp”tuderwl phaseqbw, and frequencyww. For the

length Ar. This value ofT, will be discussed in the Experi resonant water signal witb,/27 = 0 Hz, the phase of the
mental section. It can be seen that the maximum|Bf|l« reference signal is given by

(printed in boldface in Table 1) is decreasing with increasing

N, and that it approaches its theoretical lower limit, which was &(7) = oy + AwgT;. [10]
calculated according to Eq. [8]. The tendency of the norms . :

|B*||« to converge atB i, With increasingN,, is also visible.
The last column of Table 1 contains the values|Bf ||,
obtained under the same conditions after performing a num
ical optimization forN, = 16. The following CS encoding
times (in ms) were found to lead to a (local) minimum|Bf |
using a simplex minimization algorithn82):

As ¢ is unique within the range G ¢ < 2, it must be
corrected for cyclic “wrap around” at these limits. Equatior
Ff()] allows the determination oAwg by linear regression,
which is very accurate3(Q) as well as computationally more
efficient than spectral peak picking because no zero fillin
followed by FT of the inflated data must be performed. More
over, for the APE method, FT and peak picking may not b
7= (—8.394,-7.074,-6.372,—5.005,~4.420, possible because the CS encoding times do not necessa
—3.477,—2.247,—1.374, 0.395, 2.016, 2.863, satisfy the sampling theorem.
The attenuation factorsf(r;)| can be determined from Eq.
4.262,4.711, 5.922, 6.965, 8.240 [9] by dividing the magnitude of the reference signal by its

. . maximum value:
We conclude that choosiny, = 16 equidistant CS phase

encoding times from the set df,, = 64 samples conventien Ir(7)]
ally used for proton spectroscopic U-FLARE will allow nearly [ f(m)| = ! , [11]
optimal noise propagation for the APE reconstruction method mf){|r(7”)|]

while it still leads to a reduction of the minimum total mea-

suring time T, by a factor of 4. In the experiments of thiswhich implies normalization to an arbitrary scale.
study, N, = 16 will always satisfy the conditioiN, = K
necessary for solving Eq. [2]. As the chemical shift of water
must be supplied to set up the prior knowledge for the APE
algorithm, it must be determined, e.g., by measuring the frgz qware and Pulse Sequence

guency difference between the signals of water and NAA (2.02

ppm) @3) in a spectrum acquired with an additional single The pulse sequence used is shown in Fig. 2. It is derive
voxel experiment. Furthermore, successful application of tfi@m the improved spectroscopic U-FLARE sequence prc
APE method requires temperature variations across the sanmif¥éed by 14) and has been implemented on our 4.7 T/40 cr

EXPERIMENTAL

to be negligible. Bruker Biospec system (Bruker Medizintechnik GmbH,
Karlsruhe, Germany). This is equipped with self-shielded grz
Treatment of B Inhomogeneities dients of inner diameter 200 mm, capable of switching 17

tm;l’/m in 450 us. RF pulse transmission was accomplishe

After the CS encoding times have been chosen and . :
. . using a 98-mm diameter saddle-type resonator, which fq
experiment has been performed, the twofold influenc® of . ;
hantom measurements was also used for signal detecti

inhomogeneities must be taken into account before the rec@r

struction of metabolite signals according to Eq. [3] is pos- pectroscopic images were obtained in coronal slice orient
sible: 9 9 9 POS tion in vivo from the brains of healthy 400-g male Wistar rats

anaesthetized with 0.8-1.5% halothane in 7:30ND,. An
1. The frequency shiflws must be determined for each18-mm diameter surface coil placed directly above the head
voxel to set up thé\,, X K phase matriXA according toA;, = the rat was used for signal reception. The phantom consisted
expli(wx + Aws)T]. 7 cylindrical tubes of 5 mm diameter filled with aqueous
2. TheN, attenuation factorsf(;)| must be provided for solutions of myoinositol (Ins, 100 mM), phosphocreatine
each voxel to account for the decay of signal amplitudes. (PCr, 80 mM), glutamate (Glu, 77 mM), N-acetyl-aspartate
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FIG. 2. Pulse sequence for displaced spectroscopic U-FLARE. The gray shaded gradient pulses are spoilers, whereas those filled with black (white)
(phase) gradients. The sequence is divided schematically into six parts: (A) frequency selective water presaturation; (B) spatially selpotisatlimtion;
(C) frequency selective excitation; (D) and (E) CS phase encoding and evolution period; (F) U-FLARE imaging sequence.

(NAA, 57 mM), glutamine (GIn, 29 mM), taurine (Tau, 19Part F represents on€TE period of the U-FLARE sequence.
mM), and choline chloride (Cho, 14 mM), respectively. Thes& slice selective Gaussian pulse of 3@6 duration with a flip
tubes were inserted into a test tube of 28 mm diameter filledigle ofa = 135° was used for refocusing the echoes, whic
with water. All metabolite concentrations were chosen to pravere acquired under a constant readout gradient after phe
vide ratios that mimic thén vivo situation 88). Spectroscopic encoding along,. The readout gradient was switched on 75(
images of the phantom were obtained from slices perpendicules before the acquisition to support the separation of even a
to the cylinder axis. odd echoes42). Only the even echoes were acquired (dis
Water presaturation was performed using three consecutplaced variant of U-FLARE). The spoiler immediately follow-
Gaussian RF pulses of 15 ms duration (FWHM-bandwidth 166g the slice gradient also contributed to the separation of tt
Hz) followed by spoiler gradients (Fig. 2, part A). For tile  echoes and served to destroy unwanted FID/SSFP sign
vivo experiments, two 90° RF pulses with optimized sinc-likarising directly from the refocusing pulses. Part F was repeat
shape 89) were used for spatially selective lipid presaturatior88 times in all: Six dummy cycles were performed withou
The slice gradients and transmitter frequency offset were ather signal acquisition or phase encoding gradient before t
justed to achieve minimum signal from outside the skull (pasignal was acquired 32 times using the alternate phase enc
B). Frequency selective excitation was performed using tiveg scheme 43) for k,. Four complete dummy experiments
hard pulse sequence1 27 — 54— + — 5.4 — 27 — 1 (40) were performed without signal acquisition to reach dynami
with 7 = 1.25 ms and an effective flip angle of 79.2°. In thequilibrium.
evolution period (parts D and E) the position of an optimized A matrix of 32X 32 complex data points was acquired afte
180° refocusing pulset() of 2.5 ms duration was shifted with one excitation at a readout bandwidth of 10 kHz and an ect
respect to the excitation pulse and the start of the U-FLAREeparation ofATE = 5 ms. Although this delay between
imaging sequence, while the deltty between these two wassubsequent echoes does not satisfy the conditibE " > A8,
kept constant (cf. Fig. 1a). The gradient in part E was used fd(in Hz) for some'H metabolite signals, no deleterious effect
preparation of the phase encoding in the readout direétjon due toJ modulation was observed in the experiments. C!
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phase encoding was performed tat = 136 ms to detect signals to be expected and correction for the frequency shif
signals from coupled resonances of Glu and 1h4).( The Awg,

position of the refocusing pulse in part D of the sequence was8. calculation of magnitude signals,| using Eqg. [3],
shifted inN,,, = 64 steps ofA7/2 = —556 us corresponding 9. FT interpolation “N,, N,) — (64, 64).”

to a spectral bandwidth of 899 Hz and giving rise to pseudo-

echoes irk,. The phase encoding steps were chosen to sampléhe main resonanceK(= 7) to be expected for the
the pseudo-echo symmetrically around its maximum. With@ghantom attc = 136 ms were NAA (CH, 2.02 ppm), PCr
field of view (FOV) of 48 48 mnt and a slice thickness of (CH,, 3.93 ppm and CH 3.04 ppm), Cho (N(Ck),, 3.24

3 mm the nominal voxel size was 16 1.5 X 3 mn?. Two ppm), Ins ([4, 6]CH, 3.62 ppm), GluyCH,, 2.36 ppm), and
experiments were accumulated, and four identical repetitionsiter (4.88 ppm). Other signals of NAA were not detecte
were performed for subsequent image reconstruction with bditbcause of signal attenuation due to the frequency select
the conventional and the APE method. WitR = 1.9 s the excitation sequence applied@H, 4.40 ppm) and due to the
measuring time per repetition was approximately 4 min. Thanall values of their transfer functionstat= 136 ms BCH,
same experiment was then repeated only once without wa2es2 ppm and8’'CH, 2.70 ppm). The same applies to othel
suppression to obtain the water reference signal. The resonasigeals of Ins ([1, 3]CH, 3.54 ppm, [2]CH, 4.06 ppm, anc
frequency of water was adjusteddq,/27 = —400 Hz & 2.7 [5]CH, 3.28 ppm), some of which are visible but too small
ppmin vivo) to avoid signal loss by frequency selective excitcompared with the noise level) to be used for reconstructin

tation. spectroscopic images. This also holds for other signals of G
(aCH, 3.76 ppm,BCH, 2.06 ppm, and3’'CH, 2.10 ppm).
Data Processing and Evaluation Signals of GIn and Tau were not detected in our experimen

_ _ ~ because of the low metabolite concentrations and the trans
For the conventional reconstruction of spectroscopic Wunctions of the coupled resonances (see next section). Dis|
FLARE images, the complex data set of dimensionx322 X garding signals of GIn and Tau—as was also done for tr
64 (N, X N, X N,o) was processed using the Interactive Datgumerical demonstration in Table 1—enhanced the robustne
Language (IDL, Research Systems, Inc., Boulder, C&) ( of the APE algorithm as the ratiti,/K was increased. The
according to the following protocol: chemical shift of water was obtained from the conventionz
L spectra; no significant variations across the slice in the pha
1. DC (_:orrectlo_n 'r.k”' . . . tom or in the rat brain were observed.
2. spatial apodl_zanon_ using a standar_d Hamming window, For thein vivo data, the chemical shift of water was 4.70
i' €S a]El(I)_dlzz_itlin tUSIZnE?GSa sme-lbell vv_mtdow,d 3D FET ppm, and a broad lipid signal (Lip) due to imperfect presatu
- zero ing ink,, to complex points an .’ ration was identified at 1.3 ppm. Furthermore, the label Ch
5. interactive definition of spectral intervals of 'nteresrteﬂects choline containing compounitsvivo, and Cr+ PCr
(width: 5 to 6 points), stands for total creatine. As Glu and GIn will not be resolvec

6. correction of the position of these intervals for the fret'heir common signal will be referred to as GIx. The signals o

gutency_ Shgt?wf‘ flhue to?o |nh]f)mogene!t|es;| the sh(;f_ts V\;ere ns at 3.62 and 3.54 ppm were not resolviedvivo. The
clermined from he water relerence sighal according 10 Ssonance at 3.62 ppm was dominant for = 136 ms.

[1(;]’ Kint tion inside th ted int | Therefore, this chemical shift was chosen for the APE recol
8. E?_a. tm eglrat_lon ‘|‘n5| E e:ogfc& 'E‘ ervals, struction. Thus, in addition to the 7 resonances considered f
' interpolation "N, N,) (64, 64). the phantom measurements, consideration of the lipid sign

For the calculation of spectroscopic images using the APgd toK = 8 resonances to be reconstructed fromitheivo
method we employed a combination of IDL and C routines aftfta. o
made use of the LAPACK library (Linear Algebra Package) 10 choose 16 CS phase-encoding times was based on

(45). While steps 1 and 2 were the same as above, the folloRH"Pose of minimizing the value ¢B"|. As the shape of the
ing protocol was executed: pseudo-echo ik, and thus the matrix of attenuation factéis

varied across the sample, a unique choice could not be optin

3. Selection o, = 16 CS phase encoding steps out of thfor all voxels simultaneously. Moreover, for a general appli

total of N, = 64 (see below), cation of the APE method this shape will be unknown ir
4. accumulation of four repetitions of the experiment tadvance. That is why the value [A*| was used to estimate

provide the same total measuring time as for the conventionlaé robustness of the algorithm. The encoding times wel

reconstruction, selected as close to the echo maximum as possible because
5. FFT with respect t&, andk,, choice most likely ensures optimaNR.For the phantom data
6. correction for amplitude attenuation due to field inhomave found that choosing every second CS phase-encoding s

geneities according to Eq. [11], (A7, = At = —2.224 ms foij = 0, ..., 15) centered with

7. set up of the array of resonance frequenaig$or all K respect to the echo maximum led|a*|| = 0.260,which is
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1.0 T ‘ T fj has been normalized to the same (arbitrary) scale. All signe
0.8 | expected atc = 136 ms are clearly identified except for GIn
oo /W‘ Cho : - Ins ﬂ PCr | NAA " ' and Tau whose signal intensities are below the noise level. Tt
‘ ! (\ : ” [ is due to the relatively low concentrations of 29 mM for GIn
04- /\ | g 1‘ U - and 19 mM for Tau. Spectroscopic U-FLARE experiment:
, Co ] JM . K\ w‘w A 4 il f! carried out under identical conditions on spherical phanton
V““u’\j“&JM”V’"\‘UMﬂw”w’ V\)\w/ VEul i iy ! iy, N LAY "J‘ filled with solutions of Gln and Tau at concentrations of 5(
s 2 14 3 2 14 3 2 14 s >, mM each provided spectra with clearly identifiable signals
SR both metabolites. These observations verify the choice of re
0.8 Glu Gin Tau onances, for which images were reconstructed. Furthermo
06 \ no significant baseline distortion is visible in these spectr:
) which means the water suppression is very efficient.
0.4+ / The results of the conventional image reconstruction for th
02} | iy (IR phantom measurements are displayed in Fig. 4. The wal
0.0 \,““U“/\}”\,/’MfJ Va1V ARA W, i g image in the top left corner was reconstructed from the unsu
4 3 2 14 3 2 14 3 2 1 pressed water reference signal and shows the array of tut

. . . . _inside the test tube. The circles in the other images have be
FIG. 3. Typical magnitude spectra acquired from the phantom using the . . . .
spectroscopic U-FLARE sequence with= 136 ms. Each spectrum belongsOVerlaid for orientation. These results are to be compared wi
to a voxel inside the tube of the corresponding metabolite and has bdk®se obtained by the APE method, which are shown in Fig.
normalized to the same (arbitrary) scale. The unit of the chemical shift axistkere, the metabolic map in the top left corner shows th
ppm. reconstruction of the suppressed water signal. In agreeme
with the quality of water suppression in the spectra of Fig. &
there is no significant signal visible. The metabolite images al
in good agreement with their counterparts of the convention
reconstruction. All tubes can be clearly identified, and nois
contaminations appear to be on the same level as in Fig.
a\Ii/linor deviations of tube shapes are due to noise and part
this choice ofAr implies thatT, = (N, — 1)|A7| = 16.68 ms, rizlruir:teere;ﬁ;tt;gnd may appear enhanced because of the F
which was used for the numerical comparisons given N A guantitative comparison of the results obtained by bot

Tagle %[ h lati £t _ s for APE in st reconstruction methods is given in Table 2. For each res
ue to the accumuiation of four €xperiments for In St§ ce, the magnitude intensity is given for the voxel of max

n
4, the d"?‘ta setwas not e>_<act|y the same as the _Set_ used forirﬁl?m signal. The discrepancy between the two methods is d
convent!onal reconstruction. HOWGV‘?T’ the variation of tlﬁ't% the fact that in the conventional approach peak integratic
qo_nvenuonal results fOF all four repetitions prove_d to be N€Qas carried out over a limited number of spectral points only
ligible compared tp noise. _Note that step 8, Wh'ch was pe’|£hus, the integrals do not necessarily provide the total sign
formed by c_alculatlng _the sm_gu_lar va_lue decomposition of tnﬁtensities. The concentratiomsweighted by the number of
phase matrixA (26)_W|th optimized linear algebra _SOftwareprotonsp in each molecular group are given for comparison
(45), had to be carried out only once for the experiment. They reveal that the ratios of the singlet signals within eac
reconstruction method are consistent with the expectation. T
value of|A"||, was calculated, to estimate the noise contam
nation for each metabolite signal according to Eq. [5]. Th
standard deviations of noise determined from the region oL

The conventional reconstruction required about 17 s onsale the phantom provide a measure of accuracy for the inte
SUN SPARC20 workstation (SUN Microsystems, Inc., Moursities |Mee| and |mcon|. They also reinforce the impression
tain View, CA), while the APE reconstruction was completebtained by visual inspection of the images that both metho
after 6 s. This difference is mainly due to the fact that for therovide approximately equabNR. Moreover, there are no
conventional method, the FT must be carried out fon332 significant differences between the noise levels in images
data sets of 256 complex data points each, while the most tidiéferent metabolites, which is reflected by the fact that al
consuming operation of the APE method (step 8), was carriedlues of|A*||, are approximately equal.
out only once. _ _

Figure 3 shows typical spectroscopic U-FLARE spectfd Vivo Experiments
acquired from the phantom. Each magnitude spectrum belong&\n MRI image of the healthy rat braiim vivo is shown in
to a voxel inside the tube of the corresponding metabolite aRédy. 6a, which was acquired from the same slice selected f

about 4% above the theoretical lower limit\YN, = 0.25.
For thein vivo data, poorerB, homogeneity required the
reduction toAtT = —1.112 ms, i.e., every step centeredkin
This choice allowed a reconstruction witlA*|| = 0.281,

RESULTS AND DISCUSSION

Phantom Experiments
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H20 4.88 ppm Cho 3.24 ppm Ins  3.62 ppm

FIG. 4. Spectroscopic U-FLARE images of the phantom obtained by conventional Fourier transform reconstruction and peak integration. The wate
in the top left corner was reconstructed from the unsuppressed water reference signal. The circles have been overlaid for orientation. As GhuldntbTau
be detected (cf. Fig. 3), the corresponding images are not shown. In the lower right corner, a schematic representation of the phantom is shoala)(not

the spectroscopic U-FLARE experiment. The black squadee to Glu at 3.76 ppm and GIn at 3.78 ppm. The NAA signal
indicates the position of the voxel, for which the magnitudat 2.52 and 2.70 ppm were too small (compared with the noi:
spectrum is shown in Fig. 6b as a typical example. Metabolievel) for reconstructing metabolic maps. Signhals of Tau wer
assignments correspond td6]. Apart from the dominant not detected, which is in agreement with its low concentratio
singlet resonances of NAA, C+ PCr and Cho, signals from of 2 mM (38) and which corresponds to the results obtained b
coupled resonances of Gk Glu + GIn, Ins, and NAA are the phantom measurements (cf. Fig. 3). Recently, howeve
visible. The Ins resonance at 3.62 ppm is affected by a shouldéner authors have reported the detection of Tau with intens

H20 4.88 ppm Cho 3.24 ppm Ins 3.62 ppm

OO O ¢

PCr 3.04 ppm NAA 2.02 ppm Glu

FIG.5. Metabolic maps of the phantom calculated with the APE algorithm using a selection of 16 out of the total of 64 CS phase encoding steps. Th
in the top-left corner shows the reconstruction of the suppressed water signal.
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TABLE 2 a signal distribution that is more consistent with that of th

Comparison of the Results for the Phantom Measurement as  larger signals than their conventional counterparts. It should |
Obtained by the APE and the Conventional Reconstruction considered that the signal assigned to Glu may also contair
Method (“CONV”) small contribution of GIn. However, as only the chemical shif
of the larger signal of Glu at 2.36 ppm was provided as pric

Metabolite IMarel*  IMeon]®  c - p° Oppe’ Ocony’ . . _—
Gopm)  k  [aud] [ag M} A [au]  [ad] ‘IanV\{,Iedge for the APE reconstruction, we termed this sign:
Glu.
Cho (3.24) 1 54.9 58.7 126 0.260 7.2 8.0
Ins (3.62) 2 65.9 58.3 100 0.253 7.1 6.4
PCr (3.93) 3 67.3 50.1 160 0.254 7.0 7.4 CONCLUSIONS
PCr (3.04) 4 97.6 82.3 240 0.258 7.1 6.5
NAA (2.02) 5 85.6 73.7 171 0.256 6.7 7.4 . .
Glu (2.36) 6 618 465 154 0253 70 We have' presented a method for .chemlcal shlft phgse €
coding dedicated to the spectroscopic U-FLARE imaging se
2 Magnitude signal given for the voxel of maximum intensity inside th€uence, which avoids time consuming equidistant samplir
corresponding phantom tube. along the CS dimensiok,. The suggested phase encoding
® Product of concentration [mM] and number of protons in the correspondcheme is combined with a reconstruction algorithm that e
ing molecular group. : : : :
¢ Standard deviations of the magnitude noise intensities calculated from h)q|eOItS prior kn0W|edge about the chemical shifts of the resc

region outside the phantom and given in the same (arbitrary) units as the sidﬂl@pces present in the sgmple unde_r' |nvest[gat|on. To provi
intensities. the resonance frequencies, an additional single voxel expe

ment must be carried out to obtain the chemical shift of wate

unless it is already known from previous studies. Efficien
ties that suggest a highar vivo concentration in the rat brain water and lipid suppression is a prerequisite for the applicatic
(14, 47. This matter is currently under investigation. of the method to proton Sl to make sure that metabolite signe

The spectroscopic U-FLARE images of the rat brain olare free from severe signal interferences. A reference expe

tained by the conventional method are shown in Fig. 7. As ment for acquiring the unsuppressed water signal has to |
Fig. 4, the water image in the top-left corner was reconstructedrried out to correct for effects &, inhomogeneities.
from the unsuppressed water reference signal. All images ar@ he results of this study confirm the applicability of adjuste
restricted to the area of the rat brain as defined by the referebemical shift phase encoding fit spectroscopic U-FLARE
image. These conventional images are to be compared witiaging. In phantom anéh vivo experiments, signals of all
those reconstructed with the APE algorithm shown in Fig. &etabolites that can be reconstructed by conventional Four
The water image reconstructed from the data acquired witiansformation followed by peak integration can also be recol
water suppression shows noise and a small contamination dtreicted by the APE method. However, APE can be applied
to lipid signals only. Best consistency between both recoonly one quarter of the data set instead of using the full set
struction methods is visible for the singlet signals of NAA64 CS phase encoding steps as in the conventional meth
Cho, and Cr+ PCr (3.04 ppm), whereas the resonances B8bth methods provide similar image quality aBNRper unit
lower intensity are more severely affected by noise. Amongeasuring time if the subset of phase encoding steps is chos
these, the APE images of Glu and €rPCr (3.93 ppm) reveal appropriately. In contrast to the conventional method, how

NAA
Cho ﬂ
P - Cr+PCr
Ins Glx
Cr+PCr
NAA
. | W
4 3 2 1
&, b. 6 [ppm]

FIG. 6. (a) MRI image from the rat brain: The same slice was selected for the spectroscopic U-FLARE experiment. The black square marks the |
of the voxel, for which the magnitude spectrum is shown in (b) as a typical example.
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H20 4.70 ppm Cr+PCr 3.93 ppm Ins  3.62 ppm Cho 3.24 ppm

§

Cr+PCr 3.04 ppm Glu 2.36 ppm NAA 2.02 ppm Lip

2 ® i &

FIG. 7. Spectroscopic U-FLARE images of the rat brain obtained by the conventional Fourier transform method. As in Fig. 4 the water image in the 1
corner was reconstructed from the unsuppressed water reference signal.

ever, APE does not provide spectra for the voxels, which (48) can be neglected. Using the APE method, the addition
why this method depends on correct prior knowledge abtbut measuring time necessary f8NRenhancement could be used
resonances present. In our experiments, we found that vaf@- spatial phase encoding along the third dimendignfor

tions of the resonance frequencies in the ordet 4Hz had no example. The reference experiment, which, in principle, doe
significant effect on the image reconstruction. Thus, changeswft necessarily have to be performed for the convention
the chemical shift of water across the samplett.02 ppm at reconstruction method, does not significantly increase the to
4.7 T that could be caused by temperature variationsBYC duration of an experiment. In a longer series of (multidimen

H20 4.70 ppm Cr+PCr 3.93 ppm Ins  3.62 ppm Cho 3.24 ppm

C4 - L L

Cr+PCr 3.04 ppm Glu 2.36 ppm NAA 2.02 ppm Lip 1.30 ppm

FIG. 8. Metabolic maps of the rat brain calculated with the APE algorithm using a selection of 16 out of the total of 64 CS phase encoding steps. A
5, the water image in the top-left corner was reconstructed from the same data as the images of the other metabolites.
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sional) measurements, the time needed for the reference méas. Matsui, K. Sekihara, and H. Kohno, High-speed spatially re-
surement is short compared to the duration of the whole ex- Solved high-resolution NMR spectroscopy, J. Am. Chem. Soc. 107,
periment 2817-2818 (1985).

The influence of noise and signal instabilities on the APE: S: Matsui, K. Sekihara, and H. Kohno, Spatially resolved NMR
. . L spectroscopy using phase-modulated spin-echo trains, J. Magn.
reconstruction can be controlled by appropriately adjusting the poson 67, 476-490 (1986).
Cs phase'_enCOdmg times. The r_netab_OI'te S|gn§1Is to be recoql . Pykett and R. R. Rzedzian, Instant images of the body by
StI‘UCted W|th the APE methOd W|” be I|ab|e tO S'gnal Ieakage magnetic resonance, Magn Reson. Med. 5, 563-571 (1987)
: L . .
dgpendlng on _hOW the matri n Eq. [3] is condl-tloned. 10. D. G. Norris and W. Dreher, Fast proton spectroscopic imaging
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norm||B”|| (cf. Eq. [6]), which is the factor of proportionality Rf- iauﬁerv LOCS“Z?O! proton N'}"R SPGCIFOSCODVd'” different regions
connecting the standard deviation of noise (and other random ©' the human brain in vivo. Relaxation times and concentrations o
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tructed si Is. Th f th hoi f CS ph . A. Allerhand, Analysis of Carr-Purcell spin-echo NMR experiments
recqns I’.UC e S|gnas._ ere _or.e,. e C oice 0_ ) phase-en-,, multiple-spin systems. The effect of homonuclear coupling,
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ren_der the APE ?—_lgorithm as robust as possible. As the ?_ﬁeCtl@f R. M. Henkelman, P. A. Hardy, J. E. Bishop, C. S. Poon, and D. B.
B, inhomogeneities on the shape of the pseudo-ecHq, iis Piewes, Why fat is bright in RARE and fast spin-echo imaging, J.
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tions with respect to the attenuation factdf§r,)| must be 14. W. Dreher and D. Leibfritz, Improved proton spectroscopic U-
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tive decay constarif™,. rain in vivo, Magn. Reson. Imaging. 17, 611-621 (1999).

As for APE in contrast to the conventional FT method there- A- Bax and R. Freeman, Investigation of complex networks of
. | L. h f di i spin-spin coupling by two-dimensional NMR, J. Magn. Reson. 44,
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r_na)g(Ti) - mmi_(Ti)' the adjus_tmem O_f the phase enCOdIITlge_ W. Dreher and D. Leibfritz, Detection of homonuclear decoupled
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signal attenuation due tB, inhomogeneities, this will allow encoding: CT-PRESS, Magn. Reson. Imaging. 17, 141-150
the choice of shorter evolution periodls optimized for the (1999).
detection of specific coupled nuclei. Furthermore, signal l0$g G. C. Danielson and C. Lanczos, Some improvements in practical
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due to temperature gradients. Thus, the reduction of the min- 1965)
imum tOt?.l meas“”“g t'me aChI,eved by AF?E should _preferabM C. E. Shannon, Communication in the presence of noise, Proc. IRE
be exploited for applications with 3D spatial resolution rather 37, 10-21 (1949).

than for dynamic studies. 20. J. L. Ackerman, J. Koutcher, and T. J. Brady, Minimal sampling of
the free induction decay: Applications to high speed chemical shift
REEFERENCES imaging and multidimensional spectroscopy, in “Proc., SMRM, 4th

Annual Meeting, London, 1985,” p. 133.
1. T. R. Brown, B. M. Kincaid, and K. Ugurbil, NMR chemical shift 21. J. W. C. van der Veen, R. de Beer, P. R. Luyten, and D. van

imaging in three dimensions, Proc. Natl. Acad. Sci. USA 79, 3523- Ormondt, Accurate quantification of in vivo **P NMR signals using

3526 (1982). the variable projection method and prior knowledge, Magn. Reson.
2. A. A. Maudsley, S. K. Hilal, W. H. Perman, and H. E. Simon, Med. 6, 92-98 (1988).

Spatially resolved high resolution spectroscopy by “four-dimen-  22. S.Y.Kung, K. S. Arun, and D. V. Bhaskar Rao, State space singular

sional” NMR, J. Magn. Reson. 51, 147-152 (1983). value decomposition based methods for the harmonic retrieval
3. P. Mansfield, Spatial mapping of the chemical shift in NMR, J. problem, J. Opt. Soc. Am. 73, 1799-1811 (1983).

Phys. D: Appl. Phys. 16, L235-1238 (1983). 23. Y. Hiltunen, M. Ala-Korpela, J. Jokisaari, S. Eskelinen, K. Kiviniitty,
4. P. Mansfield, Spatial mapping of the chemical shift in NMR, Magn. M. Savolainen, and Y. A. Kesaniemi, A lineshape fitting model for

Reson. Med. 1, 370-386 (1984). 'H NMR spectra of human blood plasma, Magn. Reson. Med. 21,
5. A. Macovski, Volumetric NMR imaging with time-varying gradients, 222-232 (1991).

Magn. Reson. Med. 2, 29-40 (1985). 24. S. W. Provencher, Estimation of metabolite concentrations from
6. S. Matsui, K. Sekihara, and H. Kohno, High-speed spatially re- localized in vivo NMR spectra, Magn. Reson. Med. 30, 672-679

solved NMR spectroscopy using phase-modulated spin-echo (1993).

trains. Expansion of the spectral bandwidth by combined use of  25. R. Bruschweiler, J. C. Madsen, C. Griesinger, O. W. Sgrensen, and

delayed spin-echo trains, J. Magn. Reson. 64, 167-171 R. R. Ernst, Two-dimensional NMR spectroscopy with soft pulses,

(1985). J. Magn. Reson. 73, 380-385 (1987).



26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

APE FOR 'H SPECTROSCOPIC U-FLARE

. G. Strang. “Linear Algebra and Its Applications,” Harcourt Brace
Jovanovich, San Diego (1988).

W. T. Dixon, Simple proton spectroscopic imaging, Radiology 153,
189-194 (1984).

G. H. Glover and E. Schneider, Three-point Dixon technique for
true water/fat decomposition with B, inhomogeneity correction,
Magn. Reson. Med. 18, 371-383 (1991).

A. M. Mood and F. A. Graybill. “Introduction to the Theory of
Statistics,” McGraw-Hill, New York (1963).

A. Ebel. “Schnelle "H-NMR-spektroskopische Bildgebung mittels
angepalter Phasenkodierung der chemischen Verschiebung,”
Ph.D. thesis, Universitat Bremen (1999).

P. Bornert and W. Dreher, Chemical-Shift selective NMR imaging
using adjusted phase encoding, J. Magn. Reson. 87, 220-229
(1990).

J. A. Nelder and R. Mead, A simplex method for function minimi-
zation, Comp. J. 7, 308-313 (1965).

R. J. T. Corbett, A. R. Laptook, G. Tollefsbol, and B. Kim, Validation of
a noninvasive method to measure brain temperature in vivo using ‘H
NMR spectroscopy, J. Neurochem. 64, 1224-1230 (1995).

P. Webb, D. Spielman, and A. Macovski, Inhomogeneity correction
for in vivo spectroscopy by high-resolution water referencing,
Magn. Reson. Med. 23, 1-11 (1992).

A. A. de Graaf, J. E. van Dijk, and W. M. M. J. Bovée, QUALITY:
Quantification improvement by converting lineshapes to the
Lorentzian type, Magn. Reson. Med. 13, 343-357 (1990).

G. A. Morris, Compensation of instrumental imperfections by de-
convolution using an internal reference signal, J. Magn. Reson. 80,
547-552 (1988).

A. A. Maudsley, Spectral lineshape determination by self-decon-
volution, J. Magn. Reson. B 106, 47-57 (1995).

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

253

C. T. W. Moonen, 'H MRS of the Brain, in “ISMRM Syllabus,” p.
184, ISMRM, Berkeley (1994).

D. J. Lurie, A systematic design procedure for selective pulses in
NMR imaging, Magn. Reson. Imaging. 3, 235-243 (1985).

Z. Star¢uk and V. Sklenaf, New hard pulse sequences for the
solvent signal suppression in Fourier-transform NMR. Il, J. Magn.
Reson. 66, 391-397 (1986).

J. Mao, T. H. Marcel, and E. R. Andrew, Experimental study of
optimal selective 180° radiofrequency pulses, J. Magn. Reson. 79,
1-10 (1988).

D. G. Norris and P. Bornert, Coherence and interference in ultra-
fast RARE experiments, J. Magn. Reson. A 105, 123-127 (1993).

D. G. Norris, U. Bottcher, and D. Leibfritz, A simple method of
generating variable T1 contrast images using temporally reordered
phase encoding, Magn. Reson. Med. 15, 483-490 (1990).

“IDL User’s Guide,” Research Systems, Inc. (1995).

E. Anderson, Z. Bai, C. Bischof, J. Demmel, J. Dongarra, J. Du
Croz, A. Greenbaum, S. Hammarling, A. McKenney, S. Ostrouchov,
and D. Sorensen. “LAPACK Users’ Guide,” SIAM (1994).

K. L. Behar and T. Ogino, Assignment of resonances in the 'H
spectrum of rat brain by two-dimensional shift correlated and
J-resolved NMR spectroscopy, Magn. Reson. Med. 17, 285-303
(1991).

J. Pfeuffer, I. Tkac, S. W. Provencher, and R. Gruetter, Towards an
in vivo neurochemical profile: Quantification of metabolites in ultra-
short echo time "H MRS of rat brain accounting for macromolecule
resonances, MAG*MA 6, 15 (1998).

K. Kuroda, K. Oshio, A. H. Chung, K. Hynynen, and F. A. Jolesz,
Temperature mapping using the water proton chemical shift: A
chemical shift selective phase mapping method, Magn. Reson.
Med. 38, 845-851 (1997).



	INTRODUCTION
	FIG. 1

	METHODS
	TABLE 1

	EXPERIMENTAL
	FIG. 2
	FIG. 3

	RESULTS AND DISCUSSION
	FIG. 4
	FIG. 5
	TABLE 2
	FIG. 6

	CONCLUSIONS
	FIG. 7
	FIG. 8

	REFERENCES

