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Spectral localization using the stimulated-echo acquisition mode
(STEAM) is one of the most popular methods in volume-localized in
vivo NMR spectroscopy. The localized volume signal is generated via
stimulated echoes from spins excited by three 90° RF pulses, and the
conventional STEAM sequence detects the stimulated-echo signal.
From an analysis of the STEAM pulse sequence using the coherence
transfer pathway formalism, stimulated anti-echoes are also formed
by the same pulse sequence, which constitute the other half of the
localized signal in the STEAM experiment. A new scheme of pulsed
field gradients for the selection of stimulated anti-echoes was pro-
posed, and localized spectroscopy in the stimulated anti-echo selec-
tion mode was achieved on a phantom and from in vivo rat brain.
© 1999 Academic Press

Key Words: stimulated anti-echo; STEAM; coherence pathway
selection; pulse sequence.

INTRODUCTION

half-signal loss in the stimulated-echo sequence is provided. Tt
introduces a signal that was not selected and observed in t
conventional STEAM experiment. This signal, named the stimu
lated anti-echo (STAE), constitutes the other half of the localize
signals in stimulated-echo experiments. Using pulsed field grac
ents for coherence pathway selection, the detection of stimulat
anti-echo signal was demonstrated in spatially localized NMF
spectroscopy with phantom amdvivo experiments.

THEORY AND METHOD

Consider a general three-pulse sequence for volume loce
ization,
a(p)—T1—B(d2)—T—y(P3)—T5—, (1]

wherea(,), B(p,), andy(ds) are three RF pulses with pulse

Spatially localizedn vivo NMR spectroscopy has evolved toPhasess, ¢, and ég; 7, 7, and 5 are delays between RF
a stage where clinical applications are being widely exploreﬂfﬁ'ses- The phase factors accumulated during the free prec
Among many methods, spectral localization using direct voHon between pulses are assumed tothe: w7y, 0, = w,,,

ume excitation with selective RF pulses in the presence
magnetic field gradients is the most popula+3. Localized

@pd w3 = 0573, Which are generally caused I8, inhomoge-
neity and chemical shift differences, as well as field gradient

volume signals are usually generated as either stimulated e@Rplied for coherence pathway selection.

oes (STE) or double spin echoes (DSE), depending on the

The observable terms of the density matrix for noninteract

— Leni
pulse sequences used. The double-spin-echo localizatig@ Uncoupled = 7 spins, affected by all three RF pulses, can
method (PRESS) uses a sequence of 90°~180°-180° slig-expressed as

selective RF pulse$( 6), while in the stimulated-echo acqui-

sition mode (STEAM) T7-10, a sequence of three 90° slice- o * —il,C0S2¢3 — 2, + 1 + 6, — 0, + 05)

selective RF pulses is applied. The STEAM sequence has

the 5 (1 - cosy)sina(l — cosp)/2

intrinsic disadvantage of losing half of the signal strength as

compared to the double-spin-echo sequence with the same
echo time. This imposes quite a limitation in localized spec-

+ I|XSIn(2¢)3 - 2(1)2 + d)l + 01 - 62 + 63)

X (1 — cosvy)sina(l — cosp)/2

troscopicin vivo applications, where the metabolites of very

low concentration are of primary interest.

In this report, an analysis of the mechanism governing the
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+ il,cod =y + Py + b3 — 6; + 63)siny sina sin B
—il,sin(—¢, + ¢, + b3 — 6, + O3)siny sina sin B
Bo- T il,cod by — b, + P3 + 0, + 03)siny sina sin B

—il,sin(p; — ¢, + P53+ 0, + 05)sin y sin « sin B.
(2]
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TABLE 1
Signal Amplitude Dependence, Phase Factors, and Coherence Transfer Pathways (P) for the Observable Signals Generated by a
General Three-Pulse Sequence

Signal Amplitude dependence Phase factors P
DSE (1 - cosvy)sin a(l — cosB)/2 2p; — 2, + Py + 0, — 0, + 65 (-1,1,-1)
STE siny sin a sin B —¢py + Py + Py — 0, + 65 1,0,-1)
STAE siny sin a sin B by — poy+ P+ 6, + Oy (-1,0,-1)

T, and T, relaxation effects are not considered here. Thaulse sequences can be easily incorporated as the so-cal
first two terms, representing the signal for the DSE, approatdingle-shot” experiments to minimize spectral artifacts cause
maximal amplitude when a combination of 90°-180°-18Gfom subtraction and addition errors. This will also enable
pulse flip angles is used. The other four terms, representing thealized volume shimming based on the same pulse sequer
signals for the STE and STAE, respectively, reach maximahd from the same volume signa&)(
amplitude when an RF sequence of 90°-90°-90° pulse flipConsidering specifically the selection of the STE and STAE
angles is applied. Each term also contains the coherence trasignals from the 90°-90°-90° volume localization sequence
fer pathway information, as indicated from the phase factors in
the formula. Table 1 summarizes the amplitude dependence of
RF pulse flip angles, the phase factors, and the cohererge
transfer pathways for these three types of observable signals. If  ggo 900 900
three RF pulses are made slice selective, and applied in the
presence of three orthogonal magnetic field gradients, these [\
three types of echoes constitute the signals from the spinsinthe V V [AY v
localized volume, since they are generated by the combined L Te/2
actions of all three slice-selection pulses. In localized spectros- r
copy, the localized DSE signal is generated via the PRES% [—l

L

v
~

Ty 2

sequenceq, 6), while the STE signal is obtained through the
sequence known as STEAM, as well as other naried (.
However, the presence of the localized stimulated anti-echd
signal has not been previously demonstrated, and its applica-
tion in spatially localized NMR has not been reported. This *
signal represents the other half-signal in the stimulated-echo
pulse sequence, the loss of which results in the maximum
attainable signal amplitude for the stimulated-echo method to
be half that resulting from the double-spin-echo method, as
shown in Eq. [2] and Table 1. b

The selection of the double spin echo and stimulated echoin 900 900 900
the localization sequence has been in principle straightforwarrlF
since a different combination of RF pulse flip angles can be ,\ l\ IL >
used to maximize the signals. Furthermore, the timing delays
between RF pulses and the spectral acquisition delay can be |
adjusted to capture only the desired localized echo signals in
the acquisition window. In practice, however, the slice-seled
tion pulses can never be made in such a uniform fashion that a
clear separation can be made, since there are always sl'[gye
profile effects and RF field inhomogeneities across the sample.
This will cause significant contributions from undesired signalg;X
if no methods of coherence selection are applied.

This selection is based on the principle of coherence transfer
pathway selection, and is conventionally achieved using phase

i d 1. 12. For th £l lizeih FIG. 1. Volume-localized spectroscopic sequences with (a) STE and (b
cycling proce uresj'( ! 3 or the purpose or localize STAE selections. The difference in coherence pathway selection gradients

vivo 'SPECtrOSCOPYa it is more benEﬁCia! to use PUlSEd fiellown separately from slice-selection gradients, as highlighted by fille
gradients for coherence pathway selecti@B, (14, since the blocks.
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FIG. 2. Localized stimulated echo (a)- and anti-echo (b)-selected spectra using the pulse sequences in Fig. 1, acquired from a phantom containin
alanine (1.4, 3.75 ppm) and 10 mM glycine (3.5 ppm), dissolved in 99.9@ With a selected volume size of*6 6 X 6 mm. The spectra were obtained with
Te = 22 ms, T, = 15 ms, and 16 averages.

three pulsed gradient€3¢, G,, G3) are applied in each of following the frequency encoding gradients, with the conditior
three time-delay periods for coherence transfer pathway seldét the above-mentioned gradient proportionality is kept fo
tion. From the condition for coherence transfer pathway selgotal gradients in the three time-delay periods.

tion (14),

PG, + p,G, + PGz = 0, [3] RESULTS AND DISCUSSION

it is easy to derive that with a gradient ratio 6f:G,:G; = The pulse sequences for localized spectroscopy with ST
1:n:1, the stimulated echo with the coherence pathway ef and STAE selections were implemented on a 9.4-T Bruke
(1, 0, —1) can be selected. Similarly, the stimulated anti-ech®iospec system. The 21-cm-bore magnet is equipped with
can be selected using gradient ra:G,:G; = —1:n:1, custom-made, actively shielded field gradient coil from Mag:
with the coherence pathway &f = (—1, 0, —1). In Eq. [3], nex Scientific Ltd. (Abingdon, UK). Gradient strengths of up to
p:1, P2, andpg are the coherence levels, a@d, G,, andG; 100 mT/m were used for slice and coherence pathway sele
are the field gradients applied during the three time-delaipn.
periods. The quantity can be an arbitrary number, under the Experiments were demonstrated on a 25-ml cylindrica
condition that complete dephasing of transverse magnetizatfgmantom containing 10 mM alanine and 10 mM glycine, dis
is achieved by gradier®, during the mixing period. solved in 99.9% DO. Figure 2 shows the absorption-mode
For comparison, the three-90°-pulse localization sequenegperimental spectra from the localized STE and STAE vol
combined with STE and STAE selections, is shown in Fig. Lime signals, acquired with the pulse sequences shown in Fi
Three slice-selection pulses are applied in the presence of thte&he H,O signal is set on resonance at 0 Hz. The spectra we
mutually orthogonal field gradients, and the slice-selecti@acquired from a voxel of &< 6 X 6 mm, with 16 acquisition
gradients are accompanied by refocusing gradient lobes saeferages, and were processed directly by Fourier transform
that slice magnetization is refocused. With the addition dibn, without any line broadening or window function. Only
coherence-selection gradients, the refocusing gradient lolfiest order phase correction was performed. Voxel shimmin
can be placed in different time-delay periods, not necessanilys achieved by optimizing field homogeneity using th@®H
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signal from a larger voxel with the same shape and at the same
position.

Figure 2 shows that the stimulated anti-echo signal can
indeed be generated experimentally from a localized volume,
by means of a different gradient combination for coherence
pathway selection, but with the same RF pulse sequence as the
STEAM experiment. The two spectra from the STE and STAE
selections have approximately the same peak intensities; how-
ever, there is a frequency-dependent phase shift in the STA
signal for off-resonance peaks, as clearly seen from the alanin
CH; peak (1.4 ppm) and the glycine Glgeak (3.5 ppm). The
intensities and phases of the STAE signal depend on the fiel
homogeneity and on the difference between the resonan
frequency and the carrier frequency. This is due to the fact th
the effects of field inhomogeneity and chemical shifts are no
“rewound” in the STAE selection, as shown in Table 1 from
the accumulated phase factors—the exact same phenomenajas
gradient-echo selections in MRI experiments. The stimulate
anti-echo can thus be considered tolBeweighting during the
echo time, as opposed 1 weighting for the stimulated-echo b
signal. There are also several reports of this chemical shift-
dependent, phase-distortion phenomenon when implementing
the localized STEAM experiment$-2Q. Itis probably due to
the partial contribution from the localized STAE signals, where
these two types of signals were not completely separated. Such
stimulated anti-echoes are present with the stimulated echoes,
but are conventionally eliminated in the STEAM experiments,
which causes losing half of the volume signal from the local-
ization sequence. The field homogeneity dependence was
largely responsible for the failure to generate and observe
STAE signals in spatially localized NMR. Coherence transfer,
anti-echoes have been reported in high-resolution experiments
(21, 22 wit igh-fld narron- bore magrets here good el 3 e somcio
homogeneity Can. be eas[ly aCh.IEVEd’ and Fhe anti-echo Sl.g.s |!T§1zllated anti-echo selection with t%e pulse sequence shown in Fig. 1. Tl
have been used in two-dimensional experiments for obtainigg 4 were obtained wiff. = 15 ms.T,, = 15 ms, and 256 averages. The
pure-phased 2D spectra3, 14. linewidths of the resonances are broader in the STAE-selected spectrum due

An in vivo demonstration of this STAE selection experimertissue susceptibility effects, particularly, the NAA peak at 2.1 ppm.
was performed on live rat brain, along with localized STEAM
spectroscopy. Figure 3 presents localizedsivo spectra ob-

tained with ST.EAM' and STAE-seIecte.d sequences from tkflue“lism of half-signal loss as compared to the double-spin-ect
same voxel (size X 3 X 3 mm) on a live rat brain. Water

suppression was achieved using the conventional CHESS es>éger|ment. A particular sequence of pulsed field gradient

guence. It clearly indicates that STAE-selected localized spebca-sed on the principle of coherence pathway selection, leads

troscopy is also achievable evém vivo. However, due to selective detection of the STAE signal. This signal, not con

larger tissue susceptibility differences presentivo, the line ventionally selected in the stimulatgd-echo exp.eriment, a
broadening effect in the STAE-selected spectrum is more §Qunts for the other half lost echo signal. Experiments wer

Y]
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rious, as can be noted from Fig. 3b. demonstrated in the context of localized spectroscopy.
Devising a new method of coherence transfer pathway s
CONCLUSION lection, to detect both localized signals simultaneously fron

the STEAM sequence, should lead to double the localize

This report, for the first time, demonstrated the presence asignal. This stimulated anti-echo signal should also find im

observation of stimulated anti-echo signals in spatially locgportant applications in imaging experiments, similar to gradi

ized NMR experiments, which provided a further understanent echo-selected MRI experiments. These will be subjected
ing of the stimulated-echo sequence and its associated mdcinther studies.
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