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Although MR spectroscopic imaging (MRSI) of the prostate has
demonstrated clinical utility for the staging and monitoring of
cancer extent, current acquisition methods are often inade-
quate in several aspects. Conventional 180° pulses can suffer
from chemical shift misregistration, and have high peak-power
requirements that can exceed hardware limits in many prostate
MRSI studies. Optimal water and lipid suppression are also
critical to obtain interpretable spectra. While complete sup-
pression of the periprostatic lipid resonance is desired, con-
trolled partial suppression of water can provide a valuable
phase and frequency reference for data analysis and an assess-
ment of experimental success in cases in which all other reso-
nances are undetectable following treatment. In this study, new
spectral-spatial RF pulses were developed to negate chemical
shift misregistration errors and to provide dualband excitation
with partial excitation of the water resonance and full excitation
of the metabolites of interest. Optimal phase modulation was
also included in the pulse design to provide 40% reduction in
peak RF power. Patient studies using the new pulses demon-
strated both feasibility and clear benefits in the reliability and
applicability of prostate cancer MRSI. Magn Reson Med 46:
1079–1087, 2001. © 2001 Wiley-Liss, Inc.
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Recently, 3D magnetic resonance spectroscopic imaging
(MRSI) studies have demonstrated clinical utility for de-
termining the location and spatial extent of cancer within
the prostate (1–3) and its spread outside the gland (4).
Prostate cancer can be metabolically identified with high
specificity by an elevation in the choline-to-citrate peak
area ratio relative to normal prostatic tissues. The high
specificity of MRSI complements the high sensitivity of
MRI for identifying cancer, and MRSI is now used rou-
tinely in clinical/research MR staging exams at our insti-
tution to provide a combined anatomic/metabolic assess-
ment of prostate cancer extent. For the combined MRI/
MRSI prostate exam to be accepted in general clinical
practice, robust acquisition techniques must be developed
and implemented. The conventional point-resolved spec-
troscopy (PRESS) (5–7) technique is often limited by inad-
equate water or lipid suppression and chemical shift mis-
registration.

Spectral-spatial excitation pulses (8–11) have demon-
strated the ability to address these problems (8,12). This
type of RF pulse excites a slice, but only at a specific range
of frequencies. They are also known as echo-planar spin-
echo (EPSE) pulses, because they use a gradient waveform
that is essentially the same as echo-planar imaging (EPI).
The spectral-spatial PRESS sequence uses two EPSE 180°
pulses to define both spatial and spectral profiles (8). How-
ever, the complete suppression of the water resonance
provided by these pulses is undesirable for clinical MRSI
since residual water signals can serve as valuable refer-
ences for phase and frequency correction. The detection of
residual water in each voxel is also critical for monitoring
treatment response. Following hormone ablation or radia-
tion therapy, choline, creatine, and citrate levels can de-
crease to noise levels (1,2). In these cases, the observation
of residual water provides assurance that cellular atrophy,
not a hardware or software error, resulted in the detection
of no metabolite resonances.

Another RF excitation problem commonly facing pros-
tate MRSI studies is the peak power limitation inherent in
body coil transmission. RF pulses with the necessary spa-
tial selectivity have high peak power requirements, which
in many large patients can exceed the RF power limit.
Reducing the peak power of these pulses is critical for the
widespread clinical applicability of prostate MRSI. Re-
cently, methods have been developed for designing non-
linear phase pulses with reduced peak power (13–15).
These pulses have been applied for high-bandwidth, high-
selectivity spatial suppression pulses for MRI (15) and
MRSI (21), but not for 180° excitation pulses. The goal of
this study was to develop new dualband EPSE 180° pulses
in order to: 1) provide a low-level excitation of the water
resonance; 2) exclude excitation of the lipid resonances; 3)
fully excite the creatine, choline, and citrate resonances;
and 4) add optimal nonlinear phase-modulation to the
spectral-spatial pulses to minimize peak power.

METHODS

Pulse Design

The frequency passband for detecting prostatic metabo-
lites at 1.5T was designed to pass a range of frequencies
from the choline resonance at 3.2 ppm (96 Hz, referenced
from water) to the citrate resonance at 2.6 ppm (120–140
Hz), while not exciting lipids below 1.6 ppm (200 Hz). A
second passband of approximately 100 Hz was centered
about water. The 10% amplitude of this band was de-
signed to attenuate water by a factor of 100 after the two
180° pulses in the PRESS sequence. Frequencies greater
than 50 Hz downfield of the water peak were designed to
be not excited by these pulses.
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Spectral-spatial EPSE pulses consist of a series of sub-
pulses, each applied during one sublobe of an oscillating
gradient. These were designed using an extension of the
method outlined by Pauly and coworkers (11). Using the
Shinnar Le-Roux (SLR) algorithm for RF pulse design (16–
20), the effect of each EPSE pulse was described by a pair
of complex polynomials (a(kz,kv), b(kz,kv)). One polyno-
mial, b, is proportional to sin(f/2), where f is the flip
angle. The second polynomial is a, and in this case it is
completely determined once b is determined (20). The 2D
b(kz,kv) is designed by choosing a spectral profile and a
spatial profile. The RF pulse is produced by inverting the
SLR transform first in the spectral (nonlinear) axis, and
then in the spatial axis. The spatial subpulses are small-tip
angle rotations, so a linear design suffices in this axis.
These subpulses produce the spatial selectivity of the
EPSE pulse. Conceptually, the amplitude of the subpulses
are multiplied by an envelope, which defines the spectral
profile of the EPSE pulse. In practice, a full 2D inverse SLR
design (11) was used, which gives a higher-fidelity selec-
tive profile. The PRESS spectrum is given in terms of the
transforms of these two polynomials:

S~z,v! 5 ~b1*~z,v!!2~b2~z,v!!2. [1]

Since the two 180° pulses are identical, the spectrum
S(z,v) 5 |b(z,v)|4. Hence, the b(z,v) profile was designed
to be the fourth root of the desired SE profile.

To produce the dualband EPSE pulse, we started with a
dualband profile in the spectral axis of b(kz,kv). To create
this dualband spectral profile, a complex, dualband digital
filter was designed in Matlab (Math Works Inc., Natick,
MA) The RF pulse design tools (supported by NIH Re-
search Resource Grant P41 RR09784) are available on the
internet (zoyd.stanford.edu), and this dualband pulse is
provided as a design example. As shown by Star-Lack et al.
(8), even if the spectral phase profile of each pulse is
nonlinear, by using two identical 180° pulses the nonlin-
ear profiles exactly compensate each other, thereby pro-
ducing a linear phase, completely refocused echo. Since
the phase profiles of the two 180° pulses compensate each
other, a maximum-phase design can be used to minimize
the spectral transition width (20). This was done by de-
signing a linear-phase, equal-ripple filter, and then decom-
posing it into minimum- and maximum-phase compo-
nents (20). The key issues in the design of this pulse were
the specifications of the band edges and transition widths.
The passband edges were determined by the location of
metabolite signals. An initial value for the transition width
was calculated by methods outlined by Pauly et al. (20) for
calculating these same parameters in single band pulses.
The design equation for single band pulses that relates
transition bandwidth, pulse duration, and ripple ampli-
tudes is (adapted from Ref. 20):

D`~d1,d2! 5 T*BW [2]

where D` is a function of the in-slice and out-of-slice
ripple amplitudes d1 and d2, T is the length of the pulse,
and BW is the width of the transition band. The initial
transition width was computed from these parameters.

The remaining Parks-McClellan parameters for the digital
filter were calculated as follows. Over the attenuated pass-
band, the slice profile was specified to be 0.10, yielding an
overall water attenuation of 100-fold when both 180° EPSE
pulses were applied. Finally, the initial ripple amplitude
parameters were set at 0.010 (stopband), 0.001 (attenuated
passband), and 0.001 (unity passband).

Pulse Optimization

All initial parameters were determined based on the single
band design, and then were interactively optimized to
achieve the following criteria: 1) water signal suppression
by a factor of 100 in the downfield stopband, 2) lipid
suppression by at least a factor of 1000, 3) less than 2%
passband ripple, and 4) less than 5% ripple in the atten-
uated passband. Since there was greater latitude in water
suppression, the requirement on the attenuated passband
ripple was less stringent than that for the metabolite pass-
band. Tradeoffs between the parameters were determined
empirically. Increased passband width led to increased
peak RF power and increased passband ripple. Further-
more, the minimum passband width was determined by
the frequency range of the metabolite resonances of inter-
est. The transition width determined by Eq. [2] was used as
a minimum value, since widths less than that value led to
an observable increased out-of-slice ripple. Optimal de-
sign values resulted from modifying the passband widths
while keeping a fixed transition width. In the optimized
pulse design, the water band extended from –159 Hz to
–83 Hz, and the full passband extended from –34 Hz to
138 Hz. The downfield stopband began at –186 Hz, and
the upfield stopband began at 180 Hz.

Once the spectral profile was designed, the next step
was the choice of spatial profile. The number of sublobes
was determined by the requirement that the N/2 excitation
sidelobes not contaminate the desired spectral stopbands.
In this case we used 1.2-ms sublobes, so that the sidelobes
were centered at 6416 Hz. Two constraints limited the
spatial profile: 1) the gradient area that could be applied

FIG. 1. Modified PRESS sequence with two dualband minimum-
phase EPSE pulses (RF2 and RF3) applied in the x and z directions.
The amplitude of the waveform is displayed on the “RF” line, with
the gradient waveforms displayed on the lines labeled Gx, Gy, and
Gz.
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during the 1.2-ms sublobes, which limited the minimum
volume that could be excited; and 2) the peak RF power
that would be required. As the subpulses become more
selective, the peak power increases. The spatial profile is
determined by the time-bandwidth product, which is the
duration of the pulse multiplied by its passband width. In
order to keep an acceptable overall peak RF power, the
time-bandwidth product of the subpulses was chosen to be
7.2. With a 1.2-ms subpulse duration, this corresponded to
a bandwidth of 6 kHz. With the 4.0 G/cm gradients, this
allowed PRESS volumes as small as 3.5 mm on a side,
which is much smaller than required. Hence, the gradient
system was not a limitation for these pulses.

A second phase-modulated dualband pulse with less
peak power requirements was also designed. For a given
slice profile, a conventional linear phase pulse generally
requires the highest peak power of any pulse with that
same magnitude profile. Minimum- and maximum-phase
pulses are only slightly better. By introducing phase into
the profile, the peak RF power can often be reduced dra-

matically, usually by the square root of the time-band-
width product. To produce the minimum peak power
pulse, we alternately flipped combinations of the passband
zeros of the maximum phase b and searched for the min-
imum peak power. Using custom Matlab design tools,
phase modulation was introduced in the spectral dimen-
sion, and a new pulse was created which had the same
profiles as the original pulse, but with reduced peak RF
amplitude. Since the RF power is reduced, the spatial
selectivity could be improved by using a higher time-
bandwidth in the spatial dimension.

Phantom Studies

Ten phantom MRSI experiments were performed to test
the new dualband EPSE PRESS sequence against conven-
tional PRESS sequences. A modified PRESS excitation
pulse-sequence was created which incorporates the two
identical phase-modulated dualband spectral-spatial EPSE
pulses (Fig. 1).

FIG. 2. a: RF and gradient waveforms of the maximum-phase dualband EPSE pulse. b: 2D spectral-spatial excitation profile after one
application of the dualband pulse. Minimal stopband ripples in the frequency dimension and negligible ripples in the spatial dimension are
evident. c: Frequency profile after one application of the dualband pulse. d: Semi-log plot of the frequency profile after two applications of
the dualband pulse, as required for PRESS. Theoretical water attenuation is 100-fold. The passband includes resonances ranging from
choline to citrate. The stopband includes lipids and shows a theoretical lipid suppression higher than 104.
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All experiments were performed on a GE 1.5T Signa MR
imager with spectroscopy capability and 4.0 G/cm gradi-
ents (General Electric Medical Systems, Milwaukee, WI).
The body coil was used for excitation, and signal reception
was provided by a endorectal coil (Medrad Inc., Pitts-
burgh, PA) combined with a pelvic phased-array coil. A
phantom solution was made to represent approximate
physiologic concentrations of the major prostatic metabo-
lites. Choline (4 mM), creatine (10 mM), citrate (33 mM),
and lactate (12 mM) were dissolved in 600 mL of water and
transferred to a 10-cm-diameter plastic sphere.

Two sets of PRESS MRSI spectra were acquired in each
phantom exam to compare the new dualband scheme with
existing methods employing the band-selective inversion
with gradient dephasing (BASING) water suppression
scheme (22). The data acquisition parameters for all phan-
tom experiments were TE 5 130 ms, TR 5 1 s, 8 3 8 3
8 phase-encoding steps, MRSI resolution 5 1.00 cm3, and
total scan time 5 8.5 min. The PRESS box size was 60 3
60 3 40 mm3. No spatial suppression pulses were used in
the phantom MRSI experiments.

Patient Studies

Research MRI/MRSI exams employing the new dualband
pulses were performed on five prostate cancer patients.
Following routine diagnostic MRI, SI data was obtained
first with the BASING sequence and then with the dual-
band EPSE sequence in three patients and with the dual-
band scheme alone in two patients. Identical PRESS boxes
were selected for both BASING and EPSE acquisitions.
The PRESS sequence used in the patient studies included
a train of very selective saturation (VSS) prepulses (21)
separated by crusher gradients to provide spatial suppres-
sion to null periprostatic lipids. Data acquisition parame-
ters for all patient MRSI exams were TE 5 130 ms, TR 5
1000 ms, 16 3 8 3 8 phase-encoding steps, MRSI resolu-
tion 5 0.34 cm3, and total scan time 5 17 min. The PRESS
box size was typically approximately 50 3 25 3 30 mm3.

Data Analysis

All 3D MRSI spectral data were reconstructed offline on a
Sun UltraSparc 10 system. The MR images were analyti-

FIG. 3. a: RF (real and imaginary components) and gradient waveforms of the quadratic phase modulated version of the dualband pulse.
b: Magnitude 2D spectral-spatial excitation profile after one application of the phase-modulated dualband pulse. Minimal stopband ripples
in the spectral dimension are evident. c: Frequency profile after one application of the phase-modulated dualband pulse. d: Semi-log plot
of the frequency profile after two applications of the phase-modulated dualband pulse, as required for PRESS. Spectral profile is nearly
identical to that of the nonmodulated pulse.
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cally corrected for the reception profile of the endorectal
coil (1,23). The spectra were apodized with a 1 Hz Gauss-
ian filter and Fourier transformed in the time and three
spatial dimensions. Software developed in our laboratory
was used to automatically frequency align, phase and cal-
culate peak height, area, and signal-to-noise ratio (SNR) for
each spectral resonance. The corrected MR images and 3D
MRSI data were aligned and displayed using custom-de-
signed IDL tools (Research Systems, Inc., Boulder, CO)
which presented the MRSI grids and location of the PRESS
box overlaid on the MR images. Following zero-filling in
the time domain, spectral analysis was performed in the
frequency domain using peak area integration over the
width of each spectral region (choline: 12 points; creatine:
8 points; and citrate: 19 points) with no line-shape as-
sumptions. The data were analyzed to determine the
amount of water suppression, compare the SNR of each
metabolite peak obtained with the new pulses with those
acquired with current acquisition methods, and to deter-
mine the degree of chemical shift misregistration errors.
To quantify the effects on spectral peak intensities due to
these frequency-induced spatial displacements, we com-
pared the (choline 1 creatine)/citrate (CC/C) ratio of the
voxels on the left and right edges of the 6 3 6 spectral
arrays acquired with both the dualband and BASING
pulses. In the three patients for whom MRSI data was
acquired with both the dualband and the conventional
180° pulse BASING method, peak area ratios were com-
pared between the two datasets.

RESULTS

Pulse Design

The final optimized pulse is shown in Fig. 2; the spectral
profile of the SE produced by the PRESS sequence using a
pair of these pulses is also plotted in one and two dimen-
sions. The 36-ms maximum-phase pulse was produced
with the following design parameters: 1.2 ms per sublobe,
30 sublobes, and a spatial time-bandwidth product of
7.2. The slice profile provided full intensity for the cho-
line, creatine, and citrate passband, but only 10% excita-
tion over the water band. The metabolite passband had a

width of 84 Hz, which allowed for 125/–15 Hz Bo inho-
mogeneities before 5% attenuation of the passband metab-
olites occurred. The magnitude of the passband ripple was
less than 1.5%. The attenuated passband had a width of
80 Hz. Frequencies corresponding to the lipid signals were
suppressed by a factor of approximately 1000.

The phase-modulated pulse waveforms and gradients
are plotted in Fig. 3. The frequency profile was identical to
that for the nonmodulated pulse. The peak RF power for
the nonmodulated pulse was 0.20G (0.83 kHz). Phase mod-
ulation of the original pulse resulted in a 40% reduction of
peak RF power, to 0.12G (0.51 kHz), and experimental
results confirmed this power reduction. The plot of the
phase-modulated pulse demonstrated the same area as the
nonmodulated pulse waveform, but the maximum ampli-
tude was greatly reduced (Fig. 4).

Phantom Studies

Figure 5 shows sample voxels from phantom spectroscopy
studies using the dualband scheme. The data were suc-
cessfully phased with a zero-order correction indicating
that the two minimum-phase EPSE pulses yielded a linear
phase spectrum when incorporated into the PRESS se-
quence. Overall, water was suppressed by a factor of
100. The mean SNR of choline for this data set was 5.2 for
the dualband scheme and 4.4 for the BASING scheme,
performed in the same exam.

Phantom tests demonstrated the intended degree of wa-
ter suppression while leaving metabolite intensities unaf-
fected. Also, chemical shift misregistration was greatly
reduced by using the dualband spectral-spatial pulses. For
the acquisition with conventional 180° pulses, the mean
CC/C ratios for voxels on the left edge of the PRESS box
exhibited substantial differences from those on the right,
which was not the case for the dualband pulse scheme. To
assess this effect, the mean CC/C intensity ratios for the
voxels on opposite edges were calculated for both phan-
tom data sets. For the conventional PRESS acquisition
with BASING water/lipid suppression, the voxels on the
left edge demonstrated a lower CC/C ratio (0.698 6 0.233)
than those on the right edge (CC/C 5 0.929 6 .505). How-

FIG. 4. Comparison of phase-modulated
and nonmodulated dualband pulses. a:
Overlaid real (solid) and imaginary (dashed)
waveforms of the phase-modulated pulse.
b: RF waveform of the nonmodulated pulse,
plotted on the same scale. The peak ampli-
tude of the phase-modulated pulse is 40%
lower than for the nonmodulated version.
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ever, virtually identical edge ratios with much lower stan-
dard deviations were observed in the dualband data set,
with the average left edge CC/C 5 0.685 6 0.020 and the
average right edge CC/C 5 0.691 6 .079. The dualband
pulse scheme produced uniform spectra across the PRESS
selected region with peak areas all identical within exper-
imental error.

Patient Studies

Diagnostic-quality MRSI data were acquired for all five
patient exams using the new RF pulse scheme with line-
widths and SNR measurements virtually identical to those
obtained with prior methods. Residual water peaks with
the intended amount of attenuation were observed in all
cases. In the three patient studies for which the phase-

FIG. 5. MRSI of phantom solution. a: 1 cc MRSI voxels acquired with the dualband EPSE pulse in a phantom containing 4 mM choline
(Cho), 10 mM creatine (Cre), and 33 mM citrate (Cit). b: The residual water peak remaining in each voxel, at 1003 attenuation, was
approximately 10 times more intense than the citrate peak. c: The 5 3 6 grid from which spectral data were acquired, displaying a uniform
residual water peak within the PRESS box.
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modulated dualband scheme was added to existing meth-
ods, the 40% reduction in peak RF power indicated by
theory was confirmed in practice. For the dualband
scheme, the peak power was far below the system limits,
but for the pulse sequence using conventional PRESS
pulses, the peak power neared system limits. The total
power of these dualband pulses was calculated to be only
slightly higher (1.11 times) than that of a typical 3.2 ms
180° slice-selective pulse. The specific absorption rate
(SAR) for a patient MRSI acquisition using this pulse was
calculated to be 1.37 W/kg and thus was far below FDA
limits.

Overall, the spectral arrays appeared similar, with no
apparent loss in quality with the new pulse sequence (Fig.
6). Quantitatively the calculated peak area ratios were
virtually identical, with no significant differences. A total
of 134 voxels were selected from the peripheral zones of
the three patients and the (choline 1 creatine)/citrate ratio
was calculated to be 0.360 6 0.216 from the dualband
EPSE spectra and 0.359 6 0.191 for the data acquired with
the prior method. For these same 134 voxels, ratios of the
dualband CC/C values to the BASING values were calcu-
lated on a voxel-by-voxel basis. The mean ratio was 1.01 6
0.26, indicating that both pulses produced similar results.
To determine if there were significant differences in nor-
mal vs. abnormal tissues, the ratios were also calculated
for the 100 voxels with normal metabolite levels (0.288 1
0.105 for dualband, 0.291 6 0.081 for prior method) and
for the eight voxels with abnormal metabolite ratios
(0.900 6 0.350 for dualband, 0.817 6 0.239 for prior meth-
od). No significant differences were detected. Further-
more, for the 134 voxels in these three patients, the mean
choline SNR was 9.65 6 4.65 for the dualband spectra and
9.05 6 4.14 for the BASING spectra. The mean citrate SNR
was 39.31 6 22.63 for the dualband and 39.26 6 19.86 for
the BASING.

Figure 7 shows an example of imaging and spectroscopy
results from a prostate cancer study using only the dual-
band pulses. This patient exam demonstrated a clear ana-
tomic and metabolic abnormality in the left apical periph-
eral zone indicative of cancer. The lipid signals were
nearly completely suppressed, and there were no baseline
distortions. The 100-fold attenuation left a water peak
approximately five times as intense as the citrate peak (Fig.
7c). The MRSI data were significantly different in the left
midgland to the apex, which corresponded spatially with
a positive histologic biopsy (Gleason grade 4 1 3). In the
lesion, the choline resonance was greatly elevated and the
citrate was reduced compared to the contralateral side. In
Fig. 7, two voxels have been labeled in the axial T2-
weighted image: one healthy (H) and one indicative of
cancer (C). The (choline 1 creatine)/citrate ratio in the
healthy voxel was 0.3, whereas in the voxel centered on
the lesion this ratio was 20.7. These altered metabolite
ratios are typical for prostate cancer and agree with prior
studies (1–4).

DISCUSSION

Several different spectral-spatial, multidimensional pulse
schemes have been applied to MRSI. One of the earliest,
appropriately called spectroscopic imaging with multidi-

mensional pulses for excitation (SIMPLE), performed 3D
localization by using a 2D spatial excitation followed by a
slice-selective 180° pulse (9,24). More recently, spectral-
spatial pulses have been exploited to build water and lipid
suppression into the refocusing pulses of a PRESS se-

FIG. 6. Comparison of dualband EPSE MRSI with prior method. a:
Axial T2-weighted image of prostate, with MRSI grid overlaid. b:
MRSI spectral data acquired using dualband EPSE pulses. c: MRSI
spectral data acquired using the BASING scheme. The peak RF
power was 40% lower for the EPSE MRSI method, with no loss in
spectral quality.
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quence (22) with symmetric or asymmetric frequency pro-
files (25). The use of EPSE pulses in PRESS excitation has
a number of significant advantages. First, EPSE pulses can
be designed with very deep spectral nulls at the water
frequency band fairly easily. Since this band is not refo-
cused, water suppression does not degrade with B1 inho-
mogeneity and is not affected by T1 and T2 relaxation. In
addition, the tolerance to B0 inhomogeneity is a design
parameter that can be matched to the application. Another
important feature of EPSE pulses is that chemical shift
misregistration is negated since the spatial profile is not a
function of frequency; therefore, the spatial profile is iden-
tical for all metabolites, unlike conventional slice-selec-
tive pulses.

In this project, we furthered the design of EPSE pulses
for clinical MRSI studies in two significant ways. First, a
dualband pulse was developed and implemented which
allowed the independent, partial excitation of the water
resonance while maintaining full excitation over the fre-
quency range of the metabolites of interest—namely cho-

line, creatine, polyamines, and citrate. While designed for
prostate MRSI, this method could also be applied for fre-
quency ranges appropriate for other applications, such as
brain spectroscopy. The second major goal of this project
was the development of pulses with substantially reduced
peak power requirements. This is particularly important
for prostate MRSI, where selective excitation can be lim-
ited by the power restrictions inherent in body coil exci-
tation. Due to the low duty-cycle for the MRSI acquisi-
tions, the primary limitation is peak RF power, not total
power deposited. The savings in peak power can also be
used for increased spatial selectivity if desired.

The results of this study demonstrate the feasibility and
clinical benefits of an MRSI sequence employing phase-
modulated, dualband spectral-spatial pulses for prostate
cancer studies. The PRESS sequence using dualband EPSE
pulses provided improved spatial excitation compared to
the prior BASING scheme (12), while providing a reduced,
partially-excited residual water resonance. In both phan-
tom and clinical MRSI exams, the attenuated water band

FIG. 7. a: Axial T2-weighted image of the prostate of a 59-year-old cancer patient. b: Selected MRSI spectra (TR 5 1000 ms, TE 5 130 ms)
acquired with the phase-modulated spectral-spatial dualband pulse scheme. The voxel labeled “C” displayed abnormally decreased citrate
and increased choline, indicating the presence of cancer. The voxel labeled “H” (healthy tissue) demonstrated normal metabolite levels. c:
The residual water signal was 5–10-fold higher than the metabolite resonance, and provided a valuable phase and frequency reference.
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provided the intended degree of water suppression. The
residual water peak provided a phase and frequency ref-
erence which can greatly benefit MRSI analysis by increas-
ing the robustness of automatic postprocessing analysis
techniques, thereby improving the accuracy and increas-
ing the speed of data interpretation by reducing manual
intervention. These dualband EPSE pulses, with their high
spatial bandwidth and oscillating gradient lobes, also ne-
gated chemical shift misregistration errors. Uniform spec-
tral data were produced without significant differences in
the edge voxels. This can be critical for monitoring metab-
olite levels in cancerous or normal tissues close to the
edges of the PRESS-selected region. This dualband scheme
also passed prostate metabolite resonances with no loss in
intensity, and, together with the spatial suppression
pulses, provided robust lipid suppression for the clinical
MRSI exams. Both frequency-based and location-based
suppression schemes are required, since spatial suppres-
sion bands can not cover all the periprostatic lipids. How-
ever, they can suppress the adipose tissue near the rectum,
which, due to magnetic susceptibility effects, can resonate
at frequencies in the passband of the spectral-spatial
pulses. The phase-modulation that was applied to the
dualband EPSE pulses demonstrated significant reduc-
tions in peak power. The phase-modulated version of the
dualband pulse required 40% less peak RF power than the
original by theoretical calculations, and experimental re-
sults confirmed this power reduction.

In summary, new spectral-spatial RF excitation pulses
were developed for clinical MRSI studies of the prostate.
They were designed to provide both spatial and spectral
selection, but unlike prior EPSE pulses, a dualband exci-
tation scheme and additional phase-modulation was intro-
duced to provide an amplitude-reduced residual water
reference and to reduce peak power limits. These pulses
were developed and tested in theoretical simulations be-
fore being evaluated in phantom and then clinical prostate
MRSI studies. The pulse provided the desired improve-
ments in spectral excitation, a dramatic reduction in peak
RF power, and improved spatial selection as compared to
prior non-EPSE excitation methods (BASING). The initial
patient studies demonstrated substantial improvements,
with no disadvantages, over current methods employed at
our institution for clinical MRSI studies of prostate cancer.
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