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Design of Cosine Modulated Very Selective Suppression
Pulses for MR Spectroscopic Imaging at 3T

Joseph A. Osorio,?" Duan Xu,? Charles H. Cunningham,® Albert Chen,2 Adam B. Kerr,*
John M. Pauly,* Daniel B. Vigneron,'? and Sarah J. Nelson'?

The advantages of using a 3 Tesla (T) scanner for MR spectro-
scopic imaging (MRSI) of brain tissue include improved spectral
resolution and increased sensitivity. Very selective saturation
(VSS) pulses are important for maximizing selectivity for PRESS
MRSI and minimizing chemical shift misregistration by saturat-
ing signals from outside the selected region. Although three-
dimensional (3D) PRESS MRSI is able to provide excellent qual-
ity metabolic data for patients with brain tumors and has been
shown to be important for defining tumor burden, the method is
currently limited by how much of the anatomic lesion can be
covered within a single examination. In this study we designed
and implemented cosine modulated VSS pulses that were op-
timized for 3T MRSI acquisitions. This provided improved cov-
erage and suppression of unwanted lipid signals with a smaller
number of pulses. The use of the improved pulse sequence was
validated in volunteer studies, and in clinical 3D MRSI exams of
brain tumors. Magn Reson Med 61:533-540, 2009. © 2008
Wiley-Liss, Inc.
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Point-resolved spectroscopy (PRESS) combined with
three-dimensional (3D) phase encoding is commonly used
for acquiring clinical magnetic resonance spectroscopic
imaging (MRSI) data. This provides metabolic data with
excellent quality for patients with brain tumors and has
been shown to be important for defining tumor burden
(1-5). This method is currently limited by how much of
the anatomic lesion can be covered within a single exam-
ination. One of the major reasons for this is that the PRESS
selection is rectangular, whereas the head is more ellipti-
cal in shape. Another complication is the effect of chemi-
cal misregistration for the selected volumes of different
metabolites. While these issues may be partially addressed
by using graphically prescribed outer volume suppression
(OVS) pulses to conform the PRESS selected volume to the
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borders of the brain and to avoid contamination from
subcutaneous lipid, the limits on power deposition based
upon the estimated specific absorption rate (SAR) restrict
the number of such pulses that can be applied at 3 Tesla
(T) (6,7).

At lower field strengths, OVS was successful in a clini-
cal setting shown through the use of very selective sup-
pression (VSS) pulse design (7). These pulses can be used
with body coil excitation (7), have a relatively large band-
width compared with previous spatial saturation schemes
(8—11) and relatively low radiofrequency (RF) peak power.
The high bandwidth minimizes chemical shift errors and
produces sharp transition bands that can be used to
sharpen the edges of the selected volume. The increased
signal to noise ratio (SNR) that is associated with higher
field strength and multi-channel phased array coils is be-
coming more frequently used for clinical applications (12).
VSS pulse characteristics therefore become an important
limiting factor for minimizing chemical misregistration
effects at the edges of the selected region.

The current study presents a cosine modulated VSS
(CM-VSS) pulse that was optimized for MRSI at 3T to
obtain improved suppression with a smaller number of
pulses. PRESS localization was combined with an im-
proved OVS scheme to obtain larger coverage for 'H MR
Spectroscopic Imaging (*H MRSI) of the human brain. This
was achieved by integrating fixed, cosine-modulated, and
graphically defined noncosine modulated, VSS pulses that
were optimized for high field strengths (13). The clinical
applicability of the CM-VSS pulse scheme was then eval-
uated in MRSI studies of supratentorial brain regions from
various head sizes, shapes, and patients with brain tumors.

METHODS
RF Pulse Design

A nonlinear phase Shinnar-Le Roux (SLR) (14) RF pulse
with a time-bandwidth of 18 was designed with the phase
optimized to minimize the peak RF power, using methods
described previously (15,16). This RF pulse was used as
the basis for creating a cosine modulated very selective
suppression (VSS) pulse (see Fig. 1a). The low stopband
ripple (0.01) and nonlinear phase of the basis RF pulse
were designed so that there would be minimal interaction
between the dual suppression bands of the cosine modu-
lated pulse. The VSS pulse had a nominal B1 0f 0.116 G, a
pulse width of 3.0 ms, and a bandwidth that was 5868 Hz.
The flip angles of the VSS pulses that were used in this
application varied from 91-105°.

Two parallel symmetric suppression bands were pro-
duced using a single RF pulse that was modulated directly
by a cosine function (cos2mf,t). The cosine modulated VSS
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FIG. 1. a: RF pulse without cosine modulation. b: Cosine modulated
VSS pulse.

(CM-VSS) pulse was generated on the MR scanner in real
time and produced two suppression bands of equal thick-
ness that were spatially located, and displaced, using the
desired volume edge prescription using:

3(f—fo) +3(f+ fo)

2

FT(cos 2mf,t) = [1]

where fis the frequency relative to the center of the acqui-
sition volume, and * f, is determined from the desired
suppression band separation. This separation was com-
puted as the difference from the center of the acquisition
volume to the center of the suppression band. The RF
pulse waveforms before (a) and after (b) cosine modulation
are shown in Figure 1.

The excitation of the cosine modulated pulse was opti-
mized to generate similar suppression as a single VSS
pulse while maintaining an adequate power level. This
was accomplished by doubling the VSS pulse flip angle to
achieve the desired suppression. The CM-VSS pulse flip
angles ranged between 182-193°. The duration of the CM-
VSS pulse remained the same as a conventional VSS pulse
with duration 3 ms.

Crusher gradients were used to eliminate any residual
transverse components of magnetization following each
VSS pulse, each with a duration of 1 ms. Conventional
suppression pulse schemes that generated one suppres-
sion band for each VSS pulse use an equal number of
crusher gradients as VSS pulses (7). The CM-VSS pulse
scheme required only one crusher gradient for every pair
of suppression bands that were generated from a single
cosine modulated pulse.

The phased modulated low peak power characteristic of
the CM-VSS pulse allowed for 12 fixed-suppression bands
in addition to the 6 graphically prescribed bands for a total
of 18 suppression bands. The pulse sequence used with
this suppression pulse scheme is shown in Figure 2. Eight
of the 12 fixed cosine modulated suppression bands were
used to generate an octagonal selection region in axial
slices. The six additional graphically prescribed bands
were also used to generate elliptical volume selectivity in
the axial plane that specifically conformed the selected
region to the shape of the individual head. The remaining
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four cosine modulated suppression bands were imple-
mented for the superior and inferior sides of the volume
selection.

Data Acquisition

The CM-VSS pulse scheme was tested in phantom exper-
iments, normal volunteers, and patients with brain tumors
using a PRESS pulse sequence on a GE 3T MR scanner.
Signal was received using an eight-channel phased array
head coil, with body coil excitation. Chemical shift-selec-
tive saturation (CHESS) pulses were used for water sup-
pression. The total acquisition time was 4.5 minutes (TR/
TE = 1100/144 ms) for a single slice of MRSI data. These
acquisitions used spectral arrays of 16 X 16 X 1 with full
k-space sampling and fields of view corresponding to a
nominal isotropic spatial resolution of 1 cc. Uniformity of
the desired range of chemical frequencies was achieved by
prescribing a PRESS box that was larger than the region of
interest (overpress), and using CM-VSS pulses to suppress
signals arising from beyond the region of interest. At 3T,
an overpress factor of 1.2 has been shown to significantly
improve uniformity and selectivity of MRSI (13). Data
were reconstructed using processing software that was
customized for the analysis of MRSI studies (17).

The number of slices being considered varied depending
on the desired coverage. On average, there were five or six
slices acquired. For tumor patients, each slice was indi-
vidually prescribed to maximize coverage to include max-
imal tumor coverage, and maximal coverage of surround-
ing normal tissue. For full coverage, the PRESS box selec-
tion included portions of subcutaneous lipid layers,
mostly arising in the corners of the box selection. before
PRESS box selection, a train of six CM-VSS pulses and six
graphically-prescribed conventional VSS pulses all sepa-
rated by crusher gradients were used to provide outer
volume suppression of unwanted signal. The magnetic
field homogeneity was optimized using higher order
shimming over the volume of interest before each MRSI
slice acquisition using the manufacturer-provided rou-
tine which is based upon the method described by Kim
et al. (18).

Evaluation of Coverage Obtained Using Conventional VSS

To estimate the coverage that is conventionally achieved
with VSS pulses, previously scanned patients were ana-
lyzed using standard postprocessing methodologies (17).
Twenty-eight patients with histologically confirmed tu-
mors of glial origin were evaluated (14 grade II; 14 grade
IV). The patients had received varying levels of treatment,
including surgical resections, chemotherapy, and/or radi-
ation therapy. Scans were performed on a GE 3T MR
scanner with a conventional VSS pulse scheme. Twelve
VSS pulses were applied in the 3D MRSI acquisitions
using PRESS volume selection, with a TR/TE = 1100/
144 ms. CHESS pulses were used for water suppression,
and the overpress factor was 1.2. The slice thickness for
the MRSI data was 10 mm. The tumor was defined as the
area corresponding to the FLAIR abnormality. MRSI cov-
erage was defined by the spatial extent of the PRESS vol-
ume selection.
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FIG. 2. a: The section of the MRSI pulse sequence corresponding
peak power characteristic of the CM-VSS pulse allowed for 12 fixed-
total of 18 suppression bands. b: Eight of the 12 fixed cosine modu
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to the outer volume suppression scheme. The phased modulated low
suppression bands in addition to the 6 graphically prescribed bands—a
lated suppression bands were used to generate an octagonal selection
ands were also used axially to generate an elliptical volume selectivity

that uniquely conformed the selected region to the shape of the individual. The remaining four cosine modulated suppression bands were
implemented in the superior and inferior sides of the volume selection.

Application in Brain Tumors

Ten patients were scanned prospectively using both con-
ventional MRSI-VSS methodology and MRSI with the CM-
VSS scheme. The same parameters presented above were
used to compare coverage, SAR, and to evaluate the data
quality between both schemes.

RESULTS
RF Pulse Performance

The performance of the new VSS pulse is demonstrated
using spin-echo images that were acquired from a phan-
tom before (a) and after (b) cosine modulation in Figure 3.
These data demonstrate that the suppression bands add
high spatial selectivity, and there was minimal interaction
between the bands (Fig. 3). The performance of the pulse is
further demonstrated by the linear profile in Figure 3c,
which corresponds to a projection from the center of the
image in Figure 3b. Suppression bands were tailored to

obtain an ROI representative of an octagon shown in Fig-
ure 3d. Two symmetric saturation bands were generated at
distances down to 2 mm apart with no interaction between
the bands. In the phantoms, the efficiency with which the
VSS pulse saturated water was 98%.

The time taken to play out the total number of suppres-
sion bands using the modified CM-VSS scheme was less
than if the same number of suppression bands were gen-
erated using a conventional pulse scheme. This improved
water suppression by 17%. In addition, time was con-
served further from the additional crusher gradients and
the ramp time from the spatial selective gradient. The time
saved for each crusher gradient and its respective gradient
ramp time was 1.7 ms. Cosine modulation of the VSS pulse
along with the phased modulated low peak power charac-
teristic allowed for 18 saturation bands to be implemented
in human subjects while still keeping the power deposi-
tion under the FDA-approved specific absorption rate
(SAR) limit. The current CM-VSS pulse scheme duration
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FIG. 3. Demonstration of the functionality of the pulse. a: One single band VSS pulse. b: One dual-band cosine modulated VSS pulse shown
as two symmetric bands. c: A linear intensity profile generated from Figure 1b. d: Four dual-band cosine modulated VSS pulses making
an octagon shaped volume selection. e: Two spectra demonstrating the performance at the margins of the selected volume in Figure 1d.

was 56.4 ms producing 18 suppression bands, where con-
ventional non—-CM-VSS scheme would have duration of
84.6 ms to generate the same number of suppression
bands. Practical implementation of the conventional VSS
pulse scheme allowed a maximum of 12 VSS pulses at 3T,
limiting the number of suppression bands to 12 with a
total duration of 56.4 ms. The current outer volume sup-
pression pulse scheme not only retained the total duration
of pulses to 56.4 ms to maintain adequate water suppres-
sion, but it additionally provided six extra suppression
bands. Table 1 lists the pulse parameters for the various
outer volume suppression pulse schemes. Note the use of
the CM-VSS scheme allows for a greater number of sup-
pression bands in a shorter duration. The time saved was
28.2 ms when reducing the number of crusher gradients,
while using the CM-VSS pulse scheme. This reduced the
duration of the outer volume suppression scheme by a
third, as shown in Table 1. If the duration of the outer
volume suppression scheme were unchanged, the CM-VSS
pulse scheme would achieve an additional six saturation

bands.

Application in Normal Brain MRSI

The data in Figure 4 show the feasibility of performing an
MRSI scan on a volunteer with the PRESS volume con-

formed to an octagonal-shaped axial selection region. The
high spatial selectivity of the suppression bands is dem-
onstrated in the edge transitions of the box image in Figure
4b. Figure 4c shows a spectral array from the normal
volunteer with suppression of unwanted signal from out-
side the volume selection. The efficiency of saturation of
water from the CM-VSS pulse was 93% in volunteers.

Increased spatial coverage was achieved in volunteers
from MRSI data using the CM-VSS pulse scheme. The
metabolite maps in Figure 4d demonstrate MRSI with high
spatial selectivity of the suppression bands from multiple
acquired slices. Conventional volume selection at 3T for
the volunteer scans was on average limited to 67.5 cc for a
single slice of MRSI data using 3D acquisitions with 12
VSS pulses. The mean volume selection in volunteers for
a single slice acquired with the CM-VSS pulse scheme was
102.8 cc, demonstrating a 1.5 increase in coverage. The
irregular selection was conformed to the shape of the head
as shown by the NAA map which is overlaid on the MR
image from a normal volunteer in Figure 4d.

The data shown in Figure 5 demonstrate the improved
lipid suppression throughout the acquired MRSI volume
using the CM-VSS scheme when compared with conven-
tional outer volume suppression pulse schemes. The lipid
metabolite map overlay shows the most improved lipid

Table 1
Comparison of CM-VSS Pulse Scheme and Conventional VSS: Pulses, Timing, SNR, and SAR
RF pulses Crusher Sat Selection Duration Signal-to-noise SAR
CM-VSS VSS gradients bands shape (ms) Choline NAA (W/kg)
HCM-VSS 6 6 12 18 Octagon 56.4 15.1 26.0 14
VSS 0 18 18 18 Octagon 84.6 — — —
VSSsa 0 12 12 12 Rectangle 56.4 13.5 25.9 1.2

a3PRESS MRSI with conventional outer volume suppression scheme at 3T.
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FIG. 4. In vivo volunteer data
with four CM-VSS pulses per-
forming eight saturation bands
into an octagon shaped volume
selection. a: T1 SPGR with over-
lay of MRSI. b: MRS selection
volume demonstrating the irregu-
lar contour. c: Full MRSI array
demonstrating high quality spec-
tra with desired contour selec-
tion. d: Normal volunteer multi-
slice example that used cosine
modulated PRESS MRSI; color
map of NAA peak height is shown
overlaid on the T1-weighted im-
ages. e: Enlarged spectra from
regions shaded in gray in Figure
4c.

suppression when using fixed CM-VSS and graphically
prescribed VSS pulses—total of 12 RF pulses for OVS. The
quality of the MRSI data was analyzed and compared with
the conventional MRSI sequence. Signal-to-noise calcula-
tions are shown in Table 1 demonstrating comparable data
quality to conventional MRSI.

Retrospective MRSI Coverage Analysis in Patient Data

The scans from 28 patients were retrospectively investi-
gated for PRESS MRSI tumor coverage using conventional
VSS pulses. These patients had a mean tumor volume of
80 cc that was defined by the FLAIR hyperintensity. Grade
II glioma patients had 61% of the tumor included within
the MRSI volume, while Grade IV patients had 66% in-
cluded within the MRSI volume. Nineteen of the 28 pa-
tients had tumor sizes smaller than 80 cc and only 68% of
these tumors were covered by MRSI. Nine of the 28 pa-
tients had large tumors ranging from 80 cc to 167 cc and
only 53% of these larger-sized tumors were covered by
conventional MRSI. Over the entire group of 28 patients,
the MRSI acquisitions had a mean coverage of 63% of the
abnormal region.

Application of CM-VSS Pulses to Patients With Brain
Tumors

Table 2 shows slice-by-slice coverage comparison in three
patients who were studied prospectively using the CM-
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VSS scheme, with the mean volume of brain tissue cov-
ered in patients being 120 cc per MRSI slice. When the
number of slices was consistent, there was a 1.9 times
improvement in coverage in 10 patients using the CM-VSS
scheme, over conventional MRSI. Figure 6 demonstrates a
comparison of the PRESS MRSI selected volume using
both OVS methods, conventional and optimized CM-VSS
respectively. Figure 6c is the FLAIR image of a patient
with a brain tumor, with superimposed volume selection
regions (cosine modulated VSS and conventional). Figure
6e is a spectrum showing abnormal metabolite ratios from
aregion that was not able to be included within the limited
coverage of the conventional OVS scheme.

Graphically prescribed bands were an important facet of
the current implementation of the CM-VSS pulse scheme.
The purpose of the graphic suppression bands was two-
fold, they were used to tailor the outer volume suppression
to different head shapes and sizes, and they were critical
in situations where additional suppression bands were
needed for residual magnetization from excited lipid sig-
nal. It was often the case that peri-cranial lipid was excited
when the volume prescriptions were increased to reach
the extent of the brain tissue. In situations where lipid
regions were excited, more than one suppression band was
desirable to reduce the consequence of lipid contamina-
tion. Excited lipid regions would receive two suppression
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FIG. 5. MRSI data acquired with both the CM-VSS scheme and conventional outer volume suppression scheme. The large box selection
on the Ty weighted images denotes the region excited by RF pulses in the PRESS sequence. The smaller box shows the voxel locations
corresponding to the spectra below. Overlay of lipid metabolite map is shown for corresponding T images. a: Spectra acquired using fixed
CM-VSS pulses and graphic non—-CM-VSS pulses—total of 12 RF pulses. b: Spectra acquired with only fixed CM-VSS pulses—total of 6
RF pulses. c: Spectra acquired using conventional VSS pulses for fixed and graphic prescription—total of 12 RF pulses. d: Spectra acquired
using VSS pulses for fixed prescription—total of 6 RF pulses.

bands, one from the graphic prescription, and the other
from the oblique CM-VSS pulse.

DISCUSSION
RF Pulse Performance

When moving to higher field strength scanners, it is more
likely that MRSI acquisitions can exceed the limitation on

the amount of RF power that can be deposited. This has
had an impact upon the number of OVS pulses that could
be used for MRSI studies. Although Tran et. al was suc-
cessful at introducing an effective OVS pulse that was high
spatially selective for PRESS MRSI, the pulse scheme used
was optimized for 1.5T scanners (7). The CM-VSS pulse
and OVS scheme that is proposed in this study not only
takes advantage of the previous improvements introduced

Table 2
MRSI Coverage Comparison in Three Patients [A-C]: Units Are Numbers of Voxels with 10-mm Isotropic Resolution
Slice no. Conventional [A] CM-VSS [A] CM-VSS [B] CM-VSS [C]

1-(superior) 64 — 90 80
2 64 — 110 120
3 64 132 132 130
4 64 132 132 132
5 — — 132 132
6—(inferior) — — 132 —
Average/slice 64 132 121 119
Total coverage 256 264 728 594
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FIG. 6. Brain tumor patient with "H MRSI using both cosine modulated VSS pulse scheme and conventional. a,b: T1-weighted image with
Cho-to-NAA overlay from conventional MRSI selection (a), and from MRSI using cosine modulated VSS scheme (b). c: FLAIR image with
selected regions from (a) and (b). d: Example array of spectra shown from selection using (b) cosine modulated VSS scheme. e: Spectrum
characteristic of abnormal metabolism from voxel outside of conventional coverage.

by the VSS pulse, but also improves coverage and opti-
mizes the outer volume suppression for higher field
strength scanners.

Applications in Single Slice and 3D MRSI

This study demonstrated improved results when imple-
menting CM-VSS pulses in a single-slice MRSI acquisition
sequence. Although the sequence was designed for maxi-
mum 2D coverage, it is not limited to single-slice acquisi-
tions and could be used to acquire 3D-MRSI data with
comparable quality, improved outer volume suppression
of unwanted signals, and significantly larger coverage over
conventional methods. The octagon selection was de-
signed to maximize coverage in the axial dimension, al-
lowing each slice to be adjusted for various head shapes
and sizes with varying geometric constraints. The single-
slice scheme proposed generates different amounts of cov-
erage for each slice within a given exam and allows for
shimming to be adjusted between acquisitions. This is a
benefit in regions near the sinuses, or close to surgical
cavities where susceptibility effects may otherwise result
in signal drop-outs. The trade-off with the use of multiple
single slice acquisitions comes at the cost of the time
needed to set up additional graphic prescriptions, and
lower SNR relative to the comparable 3D scheme.

The single-slice data in this study were acquired at full
sampling of k-space so that the intrinsic data SNR was
comparable to the current standard for 3D MRSI data that
are acquired with the same acquisition time. Maximal
coverage for a 3D data acquisition in the axial plane is
limited by the slice that has the smallest volume of brain
parenchyma. This is typically the most superior or the
most inferior slice. Although the axial coverage for the
intermediate slices would be less using the CM-VSS pulse
scheme with 3D rather than multiple 2D volume selec-
tions, the data quality would still be better than using
conventional OVS schemes with 3D selection because of
the improved suppression of unwanted signals from sub-
cutaneous lipid.

Comparison to Alternative OVS Methods

The OVS methods used in our studies perform at high
bandwidths and therefore achieve excellent high spatial

selectivity. This is important for cases where a larger ex-
citation volume is applied to eliminate chemical shift ar-
tifacts within the region of interest and for situations
where the selected volume would otherwise contain signal
from regions with limited water or lipid suppression. The
methods presented also describe pulses that achieve B1
and T1 insensitivity, while still maintaining adequate
SNR.

An approach using spin-echo MRSI outer-volume sup-
pression (SELOVS) was recently successfully applied at
3T to significantly enhance brain-MRSI localization, but
this required long computational times for the algorithm
implementation (19). In standard clinical settings there are
significant variations in head shapes and sizes that might
limit the usefulness of this technique in its current form.
Another factor to be considered is that SELOVS was lim-
ited to single-slice acquisitions, and it was expected to
exceed SAR in PRESS MRSI applications.

Further Applications

The CM-VSS pulses designed can be useful not only for
applications in the brain, but to many other situations that
are limited because of lack of suppression of unwanted
signals from outside the volume of interest. CM-VSS MRSI
is expected to be particularly valuable in prostate and
liver, where an octagon-shaped volume acquisition is of-
ten desired. The use of higher field strength scanners is
also a benefit for SENSE and GRAPPA techniques, which
can be used to improve acquisition times in MRSI. The use
of CM-VSS in conjunction with these approaches may
provide improved suppression of unwanted signals over
the conventional methodology and allow these parallel
imaging techniques to be used in a more routine setting.

CONCLUSIONS

Improved outer volume suppression pulses for PRESS
MRSI were designed and implemented on a 3T MR scan-
ner. The cosine modulated VSS pulses schemes used in
this study allowed SAR limits to be satisfied while increas-
ing coverage for high-field MRSI. The quality of the data
and efficiency of lipid suppression were demonstrated in
both normal volunteers and patients with brain tumors.
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The CM-VSS pulse scheme provided a simple, reliable and
practical approach for increasing coverage and improving
outer volume suppression of unwanted signals for clinical
MRSI examinations.
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