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Flip angle dependence of the localized single-voxel 1H NMR solved spectroscopy (PRESS) pulse sequences are the voxel
spectroscopic sequences STEAM and PRESS using numerically localization methods of choice (11, 12) . This arises from an
optimized Shinnar–Le Roux (SLR) and conventional sinc RF ability to acquire single-excitation localized spectra with
pulses has been evaluated. Phantom experiments were used to easy implementation of water and fat suppression pulses
evaluate voxel profiles from MR images of the selected voxels. (13–16) . Moonen et al. used several criteria in comparing
Information on the total excited volume was recorded from the

the two sequences, including the actual size of the selectedintegrated area under the water peak in the localized spectrum at
volume, sensitivity to spin displacement, and other relateddifferent flip angles (u Å 07–1807 ) . The voxel profiles for both the
issues. They found, using the conventional sinc RF pulses,STEAM and PRESS sequences using the SLR RF pulses were
that the actual volume selected by STEAM was 67% higherfound to be identical, unlike the case for the sinc RF pulses. The
than that selected by PRESS (14) .SLR RF pulses in the PRESS sequence were found to be more

sensitive to flip angle variations. Localized, water-suppressed 1H With the implementation of new RF pulses numerically
NMR spectra recorded from the frontal gray matter in healthy optimized using the Shinnar–Le Roux algorithm on a con-
volunteers (n Å 3) showed less lipid contamination using the SLR ventional whole-body NMR scanner (17) , the differences
RF pulses compared with the sinc RF pulses. q 1998 Academic Press in excited volumes and slice profiles between the STEAM

Key Words: flip angle localized NMR spectroscopy. and PRESS techniques at flip angles u1,2,3 Å 907 and u1,2,3 x
907 for STEAM and [u1 Å 907 u2,3 Å 1807 and u1 x 907 u2,3

x 1807] for PRESS have not yet been reported. The goals
INTRODUCTION of this work were (a) to record the voxel profiles localized

by STEAM and PRESS using the SLR and sinc RF pulses,
Slice-selective excitation using a variety of shaped radio- (b) to compare the sensitivity to flip angle variation of the

frequency (RF) waveforms in combination with magnetic numerically optimized SLR RF pulses with the conventional
field gradients is an important area of research in both mag- sinc RF pulses, and (c) to compare the contamination of
netic resonance imaging (MRI) and spectroscopy (MRS). intracranial lipids in healthy volunteers using the STEAM/
In many spin-echo-based MRI and MRS pulse sequences, PRESS sequences with the SLR and sinc RF pulses.
both the 907 excitation and the 1807 refocusing RF pulses
are slice-selective (1–10) . The difficulties associated with

MATERIALS AND METHODSproducing optimal slice profiles with 1807 refocusing RF
pulses have been well documented (1–6, 10) .

The Shinnar–Le Roux (SLR) selective excitation pulse All experiments were performed on a 1.5-T whole-body
MR scanner (Signa, General Electric, Milwaukee, WI)design algorithm was originally proposed by Shinnar and

Le Roux, and put in usable form by Pauly and Le Roux. equipped with self-shielded gradient coils. The two pulse
sequences studied were the standard product STEAM andMacovski and co-workers have presented a mathematical

basis for pulse design and an efficient algorithm for comput- PRESS sequences. The SLR versions of the two sequences
were originally developed by GE Medical Systems whileing a variety of optimized RF pulses (7, 8) . The performance

of 907 and 1807 RF pulses used in spin-echo-based sequences the sinc versions were locally implemented. Phantom and in
vivo studies were carried out at the University of Wisconsinand chemical-shift-selective saturation pulses has been re-

ported. Clinical Science MR Center and the University of California,
Los Angeles (UCLA), Medical Center MR facility, respec-In localized 1H magnetic resonance spectroscopy, the

stimulated echo acquisition mode (STEAM) and point-re- tively (both sites had exactly the same make and model of
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119FLIP ANGLE EFFECTS IN STEAM AND PRESS

in the center of the phantom was obtained. The RF amplifier
gain setting was determined for a 907 pulse by maximizing
the signal while attempting to maintain an ideal voxel profile
(flat top, sharp transition regions on each side) . A water
spectrum from the selected volume was subsequently ac-
quired using the spectroscopy mode of the STEAM pulse
sequence (without read or phase-encoding gradients) . The
flip angle was varied by altering the gain setting on the RF
amplifier. A spectrum and an MR image were acquired for
each flip angle setting. The spectra provided information as
to the variation of the total signal from the voxel as a function
of flip angle. The MR images displayed the spatial variation
of the voxel profile as a function of flip angle. This entire
sequence was then repeated using the PRESS pulse se-
quence.

Details of the acquisition parameters for both STEAM
and PRESS include TE Å 65 ms and TR Å 2000 ms. It
is evident that an insufficient repetition time could lead
to partial saturation of magnetization (20 ) . We measured
T1 of (a ) pure water and (b) water doped with CuSO4 at

FIG. 1. (a) SLR/sinc 907 and (b) SLR/sinc 1807 RF waveforms used a concentration of 1.4 mM, and they were 2.8 and 1.2 s,
in STEAM and PRESS. Three four-zero truncated sinc RF pulses, 1.6 ms respectively. A 256 1 256 image matrix was acquired in
each, were used for the 907 excitation pulses in STEAM-sinc version, and

approximately 9 min. Spectroscopy acquisition parame-3.2-ms RF pulses were used for both the 907 and 1807 RF pulses in the
ters included a spectral width of 2500 Hz and 2048 pointsPRESS-sinc version. In the STEAM-SLR version, the 907 RF pulses were

1.8 ms in length. In the PRESS-SLR version, the durations of the 907 and per acquisition. The full width at half-maximum of the
1807 RF pulses were 3.6 and 7.8 ms, respectively. water resonance for all spectra was approximately 2 Hz.

An apodization filter of 2 Hz exponential line broadening
was applied to each free-induction decay after zero-filling
to 4096 points. The area under the water resonance wasMR scanner) . The in vitro results were reproduced in both

facilities (18) . calculated by integration.
The expected sharper voxel profiles with the SLR RFThe RF pulses studied are shown in Fig. 1: (a ) the SLR-

optimized 907 RF pulse and the conventional Hamming- pulses versus the sinc RF pulses should give rise to re-
duced spectral lipid contamination for a voxel positionedwindowed sinc RF pulse; (b ) the SLR-optimized 1807 RF

pulse and the conventional Hamming-windowed sinc RF close to the skull marrow. In order to investigate this
effect, an 18-ml voxel was localized in the frontal gray /pulse. The durations of the four-zero truncated sinc 907

RF pulses in the STEAM and PRESS sequences were 1.6 white matter region of healthy volunteers ( n Å 3) . The
spectra from the STEAM sequence using the SLR and theand 3.2 ms, respectively. The sinc 1807 RF pulse was also

3.2 ms long in the PRESS sequence. The SLR 907 RF pulse sinc RF pulses were compared. The following parameters
were used: TR/TE Å 1500 ms/20 ms, total number ofwas 1.8 ms long in the STEAM sequence. The durations

of the SLR 907 /1807 RF pulses were 3.6 and 7.8 ms, excitations (NEX) Å 128, and CHESS water suppression
( three consecutive frequency-selective RF pulses fol-respectively, in the PRESS sequence. The minimum echo

time (TE) for the PRESS-sinc RF pulse sequence was 35 lowed by dephasing B0 gradient pulses ) . In the STEAM/
SLR sequence, the RF pulses in the CHESS sequencems versus 65 ms with the PRESS-SLR version due to the

longer duration of the SLR RF pulses and crusher gradient were also SLR RF pulses.
A software package developed by GE Medical Systemspulses. This could be reduced by decreasing the duration

of the crusher gradients through the use of a higher gradi- (Milwaukee, WI) was used to process the cerebral 1H MR
spectra which were processed with the following parame-ent strength of 23 mT/M (19 ) .

A 1-liter spherical phantom containing water doped with ters: (1 ) apodization with an exponential filter (2 Hz line
broadening) and (2) zero-filling the raw data from 2048CuSO4 (Fisher Scientific Co., New Jersey) at a concentration

of 1.4 mM was positioned in a quadrature transmit /receive to 4096 complex points and fast Fourier transformation
to obtain the spectral frequencies. Water signal was usedhead coil. A standard spin-echo localizer MR image was

acquired. Using the imaging capabilities of the STEAM to correct the phase of the metabolite peaks in the time
domain.pulse sequence, an image of an 8-ml cubic volume localized
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FIG. 2. Voxel spatial profiles, extracted from the central row of pixels in each of the voxel images, for STEAM-SLR, STEAM-SINC, PRESS-SLR,
and PRESS-SINC pulse sequences at a flip angle of 907 for STEAM and 907 /1807 for PRESS.

Informed consent was obtained from each volunteer prior transition region at the edge of the voxel was reasonably
sharp, a region immediately adjacent to the selected regionto the examination in accordance with human ethics commit-

tee guidelines. is excited to approximately 5% of the signal observed at
the center of the voxel. This results in appreciable signal
originating from outside the selected volume. In contrast toRESULTS AND DISCUSSION
the nonoptimized RF pulse responses, the profiles for the
optimized RF pulses are essentially identical for STEAM907 /1807 Flip Angle Voxel Profiles
and PRESS. Using the full width at half-maximum (FWHM)

Figure 2 shows the voxel profiles for the STEAM and of the profiles extracted from the central pixels shown in
PRESS pulse sequences using SLR and sinc RF pulses with Fig. 2, our calculations showed the following: (a) the vol-
the flip angle set at 907 (907 and 1807 for PRESS). These ume excited by the STEAM-sinc sequence was 65% more
profiles were obtained by extracting the central row passing than that using the PRESS-sinc sequence, in conformity with
through the middle of the voxel from each of the voxel the previous report (14) , and (b) the volume excited by the
images. Note the extremely flat top of the SLR voxel profile STEAM-SLR sequence was 10% more than that using the
as compared with that of the sinc pulse. This is important PRESS-SLR sequence.
to ensure that metabolites will be uniformly excited across
the dimensions of the voxel. Also notice the sharp transition Flip Angle Dependence
region at the edge of the voxel. This is important to ensure
that all signal arises from the selected voxel and not a blurred The STEAM and PRESS localization techniques exhibited

very different responses to variation of flip angle with respectregion in the general area of the selected volume. Very little
signal was observed outside the selected volume whereas to voxel profile and total signal. A complex relationship

between the integrated signal and flip angle was observedwith a standard truncated sinc RF pulse, even though the
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corners of the voxel. The slice profile degradation effect
becomes significant for a flip angle error of approximately
77–87. For u õ 907, the voxel profile retains its flat top and
sharp transition regions; however, the amplitude is decreased
in agreement with the theoretical dependence. Increased sig-
nal from regions adjacent to the selected voxel is evident in
the STEAM-sinc sequence as compared with the STEAM-
SLR sequence. This effect is also appreciated in the three-
dimensional (3D) surface plots derived from the voxel MR
images for three different flip angle settings of 747 (A), 907
(B), and 1107 (C) as shown in Fig. 5i for the STEAM-SLR
(left) and STEAM-sinc (right) sequences.

PRESS with SLR and sinc RF pulses. A plot of total
signal, as calculated from the area under the water resonance
in the MR spectrum, versus flip angle for the PRESS-SLR
sequence (Fig. 3c) exhibits very little agreement with the
theoretical sin5 u dependence. Maximum signal occurs ex-
perimentally at a flip angle of 757 (corresponding to a 757–
1507–1507 pulse sequence). A plot of the corresponding
voxel profiles, taken from the central row of pixels in the
voxel MR images, with varying flip angle is shown in Fig.
4c. At u Å 907, the voxel profile is ideal (flat top and sharp

FIG. 3. Flip angle dependence of (a) STEAM-SLR, (b) STEAM-sinc, transition regions on the sides) . For u ú 907, significant
(c) PRESS-SLR, and (d) PRESS-sinc pulse sequences. The three curves voxel profile degradation occurs with the signal from the
plotted are the total signal as measured from the integrated area under the

edge of the voxel decreasing faster than the signal from thewater peak in the MR spectra (MRS), the normalized gray scale value
middle of the voxel and the addition of lobes outside thefrom the central pixel of the MR images (MRI), and the theoretical flip

angle dependence (sin3u for STEAM and sin5u for PRESS, where u is the excited voxel. For u õ 907, again voxel profile degradation
flip angle of the three RF pulses in STEAM, and u is the flip angle of the is observed with the signal from the edge of the voxel now
excitation pulse and 2u is the flip angle of the refocusing pulse in PRESS). decreasing slower than signal from the middle of the voxel.

The 3D surface plots clearly demonstrate these effects as
shown in Fig. 5ii. With PRESS-SLR, slice profile degrada-with the SLR RF pulses compared to the simple sin3 (u) and
tion becomes significant for a smaller flip angle error ofsin5 (u) dependences with hard-pulse STEAM and PRESS
approximately 27–37. The PRESS-SLR sequence is thussequences.
much more sensitive to flip angle variation as observed in theSTEAM with SLR and sinc RF pulses. The experimental
deterioration of voxel profile as compared with the STEAMvariation of total signal, as calculated from the area under
sequence.the water resonance in the MR spectrum, as a function of

A plot of the signal at the exact center of the excitedflip angle (u) showed close agreement to the theoretically
voxel versus flip angle shows a better correlation with theexpected sin3u dependence of the STEAM signal (Fig. 3a
theoretical curve (central pixel curve in Fig. 3c) . This sug-using STEAM-SLR and Fig. 3b using STEAM-sinc se-
gests that the deviation from theoretical response of the totalquences) . It would appear that the flip angle setting with
signal is due mainly to the increased volume localized bySTEAM is not crucial since, aside from the desire to max-
the SLR pulses. It should be noted that the RF pulses wereimize signal at u Å 907, the total signal simply follows the
optimized for a single flip angle setting of 907 (or 1807 forsin3u dependence as predicted theoretically. However, by
two of the PRESS-SLR RF pulses) and were not optimizedobserving the variation in voxel profile, where the central
for other flip angles. The user must adjust the gain on therow of pixels from the voxel MR images has been extracted,
RF amplifier to match these optimum flip angles.as a function of flip angle (Fig. 4a using STEAM-SLR and

The fact that maximum total signal occurs for a flip angleFig. 4b using STEAM-sinc sequences) , it is clear that for u
of 757 has an important implication with regard to the settingú 907, significant degradation of the profile occurs, even
of the flip angle with the PRESS-SLR sequence. In additionthough the total signal still follows a sin3u dependence. The
to the coarse method of setting the flip angle by calibrationsignal from the edges of the voxel does not decrease as fast
with respect to a rectangular RF pulse which excites theas the signal from the middle of the voxel, with increasing

flip angle, with the effect being most pronounced at the entire volume, two methods generally used for fine tuning
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FIG. 4. Variation of voxel profile at different flip angles for (a) STEAM-SLR, (b) STEAM-sinc, (c) PRESS-SLR, and (d) PRESS-sinc pulse
sequences. Plotted are the central row of pixels extracted from each of the MR voxel images recorded at u Å 307, 507, 707, 857, 907, 957, 1107, 1307,
and 1507.

the 907 flip angle in spectroscopic pulse sequences are: (1) versus flip angle for the PRESS-sinc sequence (Fig. 3d)
show good correlation with the theoretical sin5u dependence.vary the RF amplifier gain setting while observing the MR

spectrum until the maximum area under the water resonance A plot of the corresponding voxel profiles, taken from the
central row of pixels in the voxel MR images, with varyingis obtained and (2) vary the RF amplifier gain setting while

observing the voxel profile until maximum signal consistent flip angle is shown in Fig. 4d. Even at u Å 907 /1807 the
voxel profile is not flat-topped with sharp transition regionswith a good voxel profile is obtained. Either method could

be used with the STEAM sequence and the same gain setting to zero signal outside the selected voxel. The contamination
from the voxel boundaries is significant at u ú 907. Thiswould be achieved. However, if method 1 were used with

the PRESS-SLR sequence it is clear that the severely de- effect is again appreciated in the 3D surface plots derived
from the voxel MR images for three different flip anglegraded voxel profile corresponding to u Å 757 would result.

It is imperative that the 907 flip angle be set according to settings of 747, 907, and 1107 (Fig. 5ii) .
Flip angle sensitivity can be minimized using adiabaticmethod 2 with the PRESS-SLR sequence.

The experimental results of the total signal, as calculated RF pulses (21–24) , which have been used extensively in
surface coil transmission (25, 26) . For slice selection infrom the area under the water resonance in the MR spectrum,
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123FLIP ANGLE EFFECTS IN STEAM AND PRESS

FIG. 5. 3D surface plots of voxel images for flip angles of 747 (A), 907 (B), and 1107 (C) in (i) STEAM-SLR/STEAM-sinc and (ii) PRESS-SLR/
PRESS-sinc pulse sequences.

PRESS and STEAM sequences, however, an adiabatic pas- are closer to ideal than those of the standard Hamming-
sage version of the numerically optimized SLR pulses has filtered sinc RF pulses. With these new pulses, the PRESS
not yet been implemented and future work will address these voxel profile is now greatly improved such that STEAM and
problems. PRESS now excite a voxel of nearly the same shape and

size—the PRESS sequence no longer excites a much smaller
MRS of Healthy Volunteers volume with inferior voxel profile as compared with

The STEAM sequence with SLR and sinc RF pulses was STEAM.
investigated in three healthy volunteers. The axial MR image The STEAM-SLR sequence is shown to be less sensitive
of a 25-year-old healthy volunteer is shown in Fig. 6c along to flip angle errors than the PRESS-SLR sequence. With
with the location of the selected voxel (18-ml voxel in the STEAM, u õ 907 simply results in a theoretically expected
frontal gray/white matter region). The spectrum shown in decrease in signal, with a constant decrease in signal across
Fig. 6a was acquired with the STEAM-sinc RF pulse se- the voxel. For u ú 907, nonlinearities in the voxel profile
quence. The spectrum in Fig. 6b was acquired with the result with the total signal still scaling as predicted theoreti-
STEAM-SLR RF pulse sequence. The contamination of the cally. With PRESS-SLR, nonlinearities in the voxel profile
lipids from the skull marrow was greatly reduced in the SLR result for u x 907 with the total signal not following theoreti-
sequence compared with that in the sinc sequence. The same cal predictions of scaling with flip angle (maximum total
effect was observed in the other volunteers. In the case of signal occurs for u Å 757) . For PRESS-SLR, the 907 flip
spectroscopy of tumors located close to the skull marrow, angle must not be set by maximizing the spectroscopic signal
water-suppressed 1H MR spectroscopy using sinc RF pulses from the voxel. Setting the proper flip angle by simply ob-
will result in more severe overlap of lipids with lactate versus serving the spectrum is not recommended. Compared to the
a sequence using SLR RF pulses. simple flip angle dependences with hard-pulse STEAM and

PRESS sequences, our results showed a complex relation-
CONCLUSIONS

ship between the integrated signal and flip angle with the
SLR RF pulses.The new set of RF pulses numerically optimized using

the Shinnar–Le Roux algorithm exhibits voxel profiles that In vivo results from healthy volunteers demonstrate re-
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124 RYNER, KE, AND THOMAS

FIG. 6. Water-suppressed 1H MR spectra from identical locations in the frontal lobe of a healthy volunteer: (a) STEAM-sinc and (b) STEAM-SLR.
An 18-ml voxel was localized in the frontal white/gray matter. TR Å 1500 ms, TE Å 20 ms. Number of excitations Å 128. (c) MR axial image of a
healthy volunteer showing the voxel location for MRS.
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