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A T, insensitive solvent suppression technique—band selec-
tive inversion with gradient dephasing (BASING)—was devel-
oped to suppress water and lipids for 'H magnetic resonance
spectroscopy (MRS). BASING, which consists of a frequency
selective RF inversion pulse surrounded by spoiler gradient
pulses of opposite signs, was used to dephase stopband
resonances and minimally impact passband metabolites.
Passband phase linearity was achieved with a dual BASING
scheme. Using the Shinnar-Le Roux algorithm, a highpass
filter was designed to suppress water and rephase the lactate
methy! doublet independently of TE, and water/lipid bandstop
filters were designed for the brain and prostate. Phantom and
in vivo experimental 3D PRESS CSI| data were acquired at 1.5
T to compare BASING with CHESS and STIR suppression.
With BASING, the measured suppression factor was over 100
times higher than with CHESS or STIR causing baseline dis-
tortions to be removed. It was shown that BASING can be
incorporated into a variety of sequences to offer improved
suppression in the presence of B, and T, inhomogeneites.

Key words: magnetic resonance spectroscopy (MRS); water
and lipid suppression; 'H PRESS CSI; RF pulse design.

INTRODUCTION

In vivo 'H chemical shift imaging (CSI) (1, 2) may suffer
from inadequate water and/or lipid suppression resulting
in baseline distortions and inaccurate estimates of spec-
tral intensity. In CSI studies of brain and prostate tumors
(3-5) using PRESS localization (6), we have found that
the most commonly used suppression techniques—
CHESS (7) and STIR (8)—can be too sensitive to local T,
and/or B, variations to be adequate. Although optimized
CHESS sequences (9, 10) can reduce these dependencies,
we sought a more general approach that is less sensitive
to the range of T, values and B, inhomogeneities inher-
ent in different experimental setups.
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One means of obtaining T,-insensitive water suppres-
sion is to incorporate a frequency selective 180° crushed
spin-echo (SE) pulse to flip and rephase the on-resonance
passbands, which include the metabolites of interest and
exclude the moieties to be suppressed (11, 12). Previous
applications have been to noninterleaved 2D CSI where
slice selection is achieved with the excitation pulse and
is not required for the SE pulse. Although excellent sup-
pression was achieved, this approach may not be optimal
for a sequence such as PRESS, which already contains
two SE pulses for spatial selection. The addition of fre-
quency-selective SE pulses could potentially exacerbate
B, dependent signal amplitude and phase variations
across the volume of interest (VOI) and would compli-
cate the echo-time dependence on RF pulse placement.

A practical alternative to frequency selective rephasing
is frequency selective dephasing. Here, the suppression
sequence is designed so that the stop band(s) (e.g., water
and/or lipids) are placed on-resonance, acted upon by
the RF field and dephased through the use of B, crusher
gradients. An advantage of this approach is that the off-
resonance passband metabolites are minimally impacted
by the soft RF pulse. Dephasing techniques, which pre-
viously have been developed for suppression at high
fields, include the single-echo WATERGATE (13} and
MULTIGATE (14) sequences and dual-echo excitation
sculpting (15). These methods are primarily applicable
toward nonlocalized spectroscopy as the embedded SE
pulses may not be slice selective as is required for PRESS
localization.

To achieve our aims of obtaining T;-independent sup-
pression, robustness to B, inhomogeneities as well as
spatial SE excitation, we developed a frequency-selective
dephasing scheme—band selective inversion with gradi-
ent dephasing (BASING)—for long TE scans at 1.5 T.
Using the Shinnar Le-Roux (SLR) algorithm (16-18) fil-
ters with sharp transition bands were designed to sup-
press water and lipids. Our results also show that BAS-
ING may have unique applications for visualizing weakly
coupled spins.

This paper first derives the theoretical excitation pro-
file of the BASING pulse and describes the design meth-
odology. Several design examples are then provided
along with CSI phantom and in vivo results obtained
with BASING incorporated into the PRESS sequence.
These examples include a general purpose single stop-
band (highpass) filter for water suppression and lactate
methyl proton rephasing, as well as water and lipid
bandstop filters targeted for the brain and prostate. The
robustness of BASING suppression to B, scaling errors
was also investigated.
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THEORY

BASING is applied after initial RF excitation and consists
of a frequency selective 180° RF pulse surrounded by two
crusher gradient pulses of opposite signs. Figure 1a
shows a single BASING pulse implemented with PRESS
excitation. Due to the opposite polarity of the crusher
gradients, the spins that are flipped by the BASING pulse
are dephased and the spin echo is destroyed. The spins
that are not flipped are refocused (albeit with a frequency
dependent phase variation) as they experience no net
gradient field. If the passband phase variation is simu-
lated, it can be corrected via postprocessing of the spec-
tra.

Alternatively, the passband phase can be made linear
by incorporating two identical BASING pulses into the
excitation sequence as shown in Fig. 1b. The dual BAS-
ING pulses, which are placed on opposite sides of one of
the PRESS spin-echo pulses, are phase compensating,
which results in an echo forming at the normal PRESS
echo time of TE = 2 - T,,. Dual BASING is similar, in
concept, to MEGA (19, 20) which was developed by
Mescher and Garwood and initially applied at 4.7 T,
using Gaussian shaped inversion pulses, with STEAM
(21) excitation.

In this paper, we present and analyze both the single
and dual BASING approaches and incorporate SLR pulse
design methods to meet specific passband, stopband and
transition band design criteria. At 1.5 T, sharp transition
bands are required so to optimize passband metabolite
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FIG. 1. Single (a) and dual (b) BASING pulses incorporated into
the PRESS excitation sequence. The dual BASING scheme is
phase compensating with the PRESS echo forming at the normal
PRESS echo time of TE = 2 « T, (for T,3 > T,,). For the dual
BASING scheme, the crusher gradient directions are different for
the two pulses.
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(choline, creatine, citrate, NAA, lactate) SNR and achieve
adequate suppression while still allowing for sufficient
tolerance to B, inhomogeneities (22).

The SLR algorithm is a powerful tool that allows for
the use of linear finite impulse response (FIR) filter de-
sign techniques to address the nonlinear RF pulse design
problem. RF pulses may be created using the Parks-Mc-
Clellan (PM) algorithm (23) to produce equiripple filters
with excitation profiles possessing specified characteris-
tics including passband and stopband ripple magnitudes
(8,,6,) and transition bandwidths. Pulses with linear,
minimum, or maximum phase may be created. Generally,
minimum and maximum phase pulses have sharper ex-
citation profiles but, in some cases, are undesirable as
they cannot always be completely refocused. Pauly et al.
(18) derived parameter relations that analytically specify
the inputs into the PM algorithm to create (among others)
crushed spin-echo (SE) RF pulses. We show that the SE
SLR parameter relations also may be used to design BAS-
ING pulses and that dual maximum or minimum phase
BASING pulses may be completely refocused.

The BASING pulse behavior can be analyzed using the
Cayley-Klein parameters (a,8) and the spin domain rota-
tion matrix R:

fE]

B a*
where
a = cosd/2 — in,sing/ 2 [2a]
B = —i(n, + iny)sing/2 [2b]

The vector n is the axis of rotation and ¢ is the rotation
angle of the magnetization vector. The Cayley-Klein pa-
rameters are subject to the constraint:

aa* + BB* =1 [3]

Starting with the magnetization vector situated in the
transverse plane M, ,” = M, + iM, ", the transverse mag-
netization M,,” resulting from an RF induced rotation
(while ignoring T, and J-coupling effects) is (from ref.
(24)):

M, = (@*)’M,, — B*M_* [4]

The Cayley-Klein parameters describing a composite
rotation comprised of several individual rotations can be
calculated by multiplying together consecutive matrices
R each describing an individual rotation. For example, by
considering an RF induced rotation along with rotations
about the z-axis produced by crusher gradients (see be-
low), Pauly et al. (18) showed that the profile M, (SE) of
the crushed spin-echo pulse (positive gradient - RF -
positive gradient) is:

M (SE) = — B*M* (5]

The excitation profile M{, (BAS) of the BASING pulse
(positive gradient - RF - negative gradient) can be deter-
mined in a similar fashion. The spin-domain rotation
matrix R, representing a rotation induced by a positive B,



Improved Water and Lipid Suppression with BASING

crusher gradient of magnitude G directed along a spatial
axis x is

e WXz g
R - [

0 e""“‘”z]’ where <p(x)=—x{yj G(ndt}

The rotation matrix associated with a negative crusher of
value —G is R.*. Using these results for R_ and R_* along
with R (Eq. [1]), which describes an RF induced rotation,
the total BASING rotation matrix Rg,g is
o _ 367 ipl( x)
Rpas = R.RRC = [ :|

Beigc(x» a*

Using Eq. [4] to relate the resulting transverse magneti-
zation to the matrix elements of Bp,g, the profile
M, " (BAS), after integration across a voxel, is

M;(BAS) = (a*)* M, (6]

The absolute value of the BASING magnetization
is IM7 (BAS)| = (aa*)|M,,| while the SE magnetization
magnitude (from Eq. [5]) is |[M,(SE)| = (BB*)IM,,|.
Hence, from Eq. [3],

[M;,(BAS)| = 1 — [M;(SE)| (71

Equation [7] shows that the BASING and SE pulses are
complementary and that a highpass BASING pulse (one
stopband) can be designed using the SLR algorithm to
generate a lowpass spin-echo (SE) pulse with the SE
passband targeted on the region that is to be suppressed
{e.g., water). Similarly, a BASING bandstop pulse for
both water and lipid suppression can be created from an
SE bandpass filter. The SLR parameter relations must be
set properly as the BASING passband and stopband rip-
ple scaling factors, required for input to the PM algo-
rithm, will be switched with those of the SE pulse (see
Experimental Methods).

Equation [7] also indicates that the SE and BASING
sensitivities to B, inhomogeneities are complementary.
The SE passband (where the nominal flip angle is 180°)
will be more sensitive to RF scaling errors than the BAS-
ING passband (where the nominal flip angle is zero). This
is consistent with our previously stated design goal of
adding pulses to PRESS, which minimally impact the
passband metabolites. Conversely, the BASING stopband
will be more sensitive than the SE stopband. The effects
of B, inhomogeneities on the BASING stopband are fur-
ther discussed later.

The profile M,fy (D__BAS) of the dual BASING scheme
(Fig. 1b), which consists of a BASING pulse followed by
an SE pulse followed by another BASING pulse can be
calculated using Eqgs. [5} and [6]. For two BASING pulses
described by the parameters a, and a, surrounding an SE
pulse described by the parameter B, the resulting dual
BASING excitation profile is

M, (D__BAS) = - (a})* BY(a})*M,,]* (8]

= A* M;, (SE)
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where A = «, - o} is real when &, = «,. M;,(SE) is given
by Eq. [5].

Equation [8] shows that the two BASING pulses are
phase compensating when they each have the same ex-
citation profile as governed by « and that the suppression
factor is the square of the single pulse BASING suppres-
sion factor. Hence, to achieve linear phase, the two BAS-
ING pulses need only be identical but not themselves
linear phase. This is an important result as it indicates
that either maximum or minimum phase BASING pulses
may be preferred so to minimize the RF pulse time given
ripple amplitude and transition bandwidth specifica-
tions. Note that Eq. [8] also shows that as long as one
BASING pulse occurs before, and one BASING pulse
occurs after the SE pulse, passband phase linearity is
achieved. Hence, there is much flexibility in pulse place-
ment.

Using the design guidelines for SLR SE pulses given in
Ref. (18) while switching the passband and stopband
magnitudes, both single and multi-stopband BASING
equiripple FIR filters may be designed with the PM algo-
rithm. Figure 2 shows sample maximum phase BASING
RF pulses designed for 'H metabolic imaging at 1.5 T.
Also shown are the resulting theoretical magnetization
profiles.

The highpass filter, shown in Figs. 2a—2¢, suppresses
water and, when incorporated into dual BASING, may be
used to rephase the lactate methyl doublet (1.3 ppm)
independently of TE since the J-coupled lactate methine
quartet (4.1 ppm} is also placed within the inversion
band. Using the product operator formalism (25), it is
possible to show that the lactate rephasing criteria de-
pend only on the relative placement of the two identical
BASING pulses and that TE-independent rephasing oc-
curs when the two pulses are separated in time by TE/2.

The bandstop filter shown in Figs. 2d-2f suppresses
both water and lipids for spectroscopic imaging of the
prostate gland. The resonances that are passed include
choline (3.2 ppm), creatine (3.0 ppm), and citrate (two
overlapping doublets: 2.8-2.5 ppm). The next section
describes the pulse designs in more detail.

EXPERIMENTAL METHODS

Several experiments were performed to evaluate BASING
and compare it with CHESS and STIR in the brain and
prostate. Data were collected using a General Electric
(GE) 1.5 T Echo-Speed system (General Electric Medical
Systems, Milwaukee WI) equipped with self-shielded
gradients (maximum magnitude = 2.2 G/cm). PRESS ex-
citation was used to restrict the selected volume and
isotropic 3D phase encoding was used to sample a cube
in k-space for CSI imaging. The time bandwidth product
(TB) of the PRESS slice selective pulses was 7.2, The
crusher gradient pulses had a magnitude 2.2 G/cm and
were 4.5 ms in duration including the 250 ps rise and
decay times. Reconstruction was performed on a SUN
SPARC10 using routines for the reconstruction and au-
tomatic phasing of spectra (26).

The CHESS water suppression and STIR lipid suppres-
sion sequences that were used were part of the GE prod-
uct software (EPIC 5.5). The CHESS sequence consisted
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The BASING pulses were
designed using an SLR RF
pulse package that was written
and kindly provided by Dr.
John Pauly, Stanford Univer-
sity, and that runs on the
MATLAB (MathWorks Inc.,
Natick, MA) platform. Minor
modifications were made to
the package that included the
addition of multiband filter ca-
pabilities as well as specifica-
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FIG. 2. (a) A maximum phase BASING highpass (one stopband) filter designed to suppress water
and rephase the lactate methyl protons, and (b, c) the resulting excitation profile. (d, e, f} A BASING
bandstop filter designed to suppress water and lipids in the prostate. The theoretical dua! BASING
excitation profiles were determined from Eq. [8] under the asumption that M, (SE) = 1.

of three consecutive minimum phase pulses each fol-
lowed by crusher gradients (2.2 G/cm) placed on two
axes and that were 14.5 ms in duration. The time band-
width product (TB) of the pulses was TB = 3.9. For our
implementations, we chose a bandwidth bw = 75 Hz.
The flip angle of the first and second CHESS RF pulses
was set to 90° while the flip angle of the third pulse was
adjusted manually to a value between 100° and 130° so to
obtain maximum suppression. The sech/tanh adiabatic
inversion pulse (27) used for STIR (TB = 7.36, bw = 90
Hz, TI = 220 ms) was centered at 1.3 ppm when imple-
mented. Due to potential problems from RF pulse over-
lap, when STIR was implemented only two CHESS
pulses could be applied.

so0 Hz  prostate gland designed to
pass choline to citrate reso-
nances. Before human stud-
ies were initiated, the BAS-
ING excitation profiles were
verified with both brain and
prostate metabolite 3D CSI

100 200

phantom experiments.

Dual BASING Highpass Filter for Water Suppression and
Lactate Rephasing

The absolute and relative intensities of choline (3.2
ppm), creatine (3.0 ppm), NAA (2.0 ppm). and lactate
(1.3 ppm) have been shown to be useful for differentiat-
ing between regions of active tumor, normal tissue, and
radiation induced necrosis in primary and metastatic
brain tumors (28-31). To suppress water and pass the
aforementioned metabolites while rephasing the lactate
methyl protons, the BASING filter shown in Fig. 2 was
developed. The pulse, implemented as part of the PRESS
sequence (Fig. 1b), was tested on a brain metabolite
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phantom (GE Medical Systems, Milwaukee, WI) and a
brain tumor patient.

The water suppression filter, which is shown in Figs.
2a—2c¢, was 30 ms in duration with a stopband width of
130 Hz (TB = 3.9). To achieve adequate suppression,
while minimally impacting on the passband metabolites,
the design passband and stopband ripples (8,,8,) were
both set to be 0.5%. After two applications, as required
for the dual BASING scheme (Eq. [8]), the final stopband
ripple was then 8,° = 0.0025% and passband ripple was
approximately 28, = 1% (Figs. 2b, 2c). This allowed for
a targeted suppression factor of over 10* (80 dB). Using
the Parks-McClellan (PM}) algorithm for equiripple filter
design, the resulting transition bandwidth of the 30 ms
maximum phase pulse was 45 Hz. This allowed for +10
Hz tolerance to any B, induced frequency shift before the
passband choline resonance (3.2 ppm) was attenuated by
5%. Conversely, a —10 Hz frequency shift was allowed
before the lactate methine proton (4.1 ppm) inversion
factor was reduced by 5%. When implemented on the
G.E. Echo-Speed system, the minimum TE for PRESS
excitation with the BASING pulses was approximately
110 ms.

An experimental profile was generated by applying a
small B, gradient of value 0.02 G/cm along the x-axis
during the application of the BASING pulses and imag-
ing the water signal to create an axial projection image of
the PRESS selected region. The PRESS box size (x,y,z)
was 140 X 40 X 20 mm®. The imaging parameters were
TR = 1's, TE = 144 ms, acquisition matrix (x,y) = 256 X
128, FOV = 18 cm, NEX = 2, With the B, test gradient
applied, the resolution of the BASING profile was 6.1
Hz/pixel. A profile was calculated by dividing the image
acquired with the test gradient applied into one acquired
without the gradient applied. In this manner. the effects
of B, inhomogeneities were removed.

For both phantom and in vivo spectroscopy experi-
ments, two sets of CSI spectra were acquired to compare
CHESS and BASING water suppression factors. The CSI
parameters were TR = 1s, TE = 144 ms, NEX = 2, phase
encoding steps = 8 X 8 X 8, FOV = 80 mm, resolution =
1 cc, scan time = 17 min. For the phantom data, the
PRESS box size was 40 X 40 X 30 mm®.

The in vivo data were acquired from a 34-year-old male
brain tumor patient diagnosed with a glioblastoma mul-
tiforme. To aid in selecting the location and size of the
PRESS excited region, a set of T,-weighted postcontrast
(16 cc Gd-DTPA) 3D SPGR images (TR = 26 ms, TE = 6
ms, flip angle = 40°, 1.5-mm resolution) was first ac-
quired and reconstructed. The location of the PRESS
selected region (40 X 60 X 40 mm®) was chosen based
upon the imaging results. As the Gd-DTPA increases the
amount of local T, variation of water, it also renders
CHESS suppression less effective.

Single BASING Bandstop Filter for Water and Lipid
Suppression in the Brain

In cases where the region of interest is in close proximity
to the skull, it may be desired to suppress both water and
lipids in the brain. Figure 3 shows a minimum phase
BASING bandstop pulse designed to pass choline to
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FIG. 3. A 44-ms minimum phase BASING pulse designed for
water and lipid suppression in the brain at 1.5 T (a) and the
corresponding excitation profile (b, c). The transition bandwidth is
30 Hz allowing for the suppression of most lipids while passing
NAA.
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NAA resonances and suppress lipids. The pulse length
was 44 ms with 3% passband and 0.25% stopband rip-
ple. The passband width was 150 Hz and the stopband
widths were 125 Hz. The transition bandwidth was 30 Hz
which is sufficient to pass NAA and attenuate most lipid
protons. A +5 Hz shimming tolerance was allowed be-
fore a 5% reduction of the NAA signal occurred and a
—25 Hz tolerance was allowed before a 5% reduction of
the choline signal. Using this pulse on the G.E. Echo-
Speed system, the minimum TE was approximately 120
ms.

A normal volunteer was scanned first with the 3D
SPGR imaging sequence (TR = 26 ms, TE = 6 ms, {lip
angle = 40°, 1.5-mm resolution) followed by two PRESS
CSI acquisitions. The PRESS excitation box (45 X 45 X
40 mm®) was placed near the left lateral and superior part
of the head. As it was desired to include as much brain
parenchyma as possible, some slices in the superior part
of the PRESS box were contaminated with subcutaneous
lipid signals due to the curvature of the skull.

Two sets of 3D CSI spectra were acquired. For the first
CSI data set, the three-pulse CHESS manually optimized
sequence was used for water suppression. The second
data set was acquired with the three-pulse nonoptimized
CHESS sequence along with the single BASING bandstop
pulse (Fig. 3). For both CSI acquisitions, the scanning
parameters were TR = 1's, TE = 144 ms, NEX = 2, phase
encoding = 8 X 8 X 8, FOV = 80 mm, resolution = 1 cc,
scan time = 17 min.

Dual BASING Bandstop Filter for Water and Lipid
Suppression in the Prostate Gland

'H CSI in the prostate offers several promising applica-
tions as information drawn from choline +creatine to ci-
trate ratios may provide a reliable means of identifying
regions of active tumor (32). Spectroscopic imaging of the
prostate requires both water and lipid suppression since
periprostatic fat surrounds much of the gland. Frequency
selective lipid suppression is more propitious at 1.5 T in
the prostate than in the brain as the citrate chemical shift
(two overlapping doublets ranging from 2.5-2.8 ppm) is
60-90 Hz downfield of most of the lipid resonances.

For prostate MRSI, a 35-ms bandstop BASING pulse
was designed with a passband width of 125 Hz and
stopband widths of 120 Hz and is shown in Fig. 2. The
design passband ripple magnitude was 2% and stopband
ripple magnitudes were 0.006% after two applications as
required for the dual BASING scheme. The pulse had a
transition bandwidth of ~35 Hz, which allowed for a
+25/—15 Hz shimming tolerance before a 5% attenua-
tion of the passband metabolites occurred.

3D PRESS CSI using the expandable MRInnervu endo-
rectal surface coil (Medrad Inc., Pittsburgh, PA) in com-
bination with a pelvic phased array coil (G.E. Medical
Systems, Milwaukee, WI) operating in receive only mode
was performed to compare CHESS and STIR with dual
BASING in a phantom and in vivo. The metabolite phan-
tom was comprised of choline (4 mM), creatine (12 mM),
and citrate (15 mM) dissolved in 9% NaCl and buffered to
pH 6.5. The in vivo scans were performed on a 55-year-
old male. The MRS imaging parameters were TR = 1 s,

Star-Lack et al.

TE = 130 ms, NEX = 2, phase encoding steps = 8 X 8 X
8, FOV = 50 mm, resolution = 0.24 cc, scan time = 17
min. For the phantom data, the PRESS box size was
37.0 X 22.0 X 18.0 mm?®. For the in vivo scan, the PRESS
box dimensions were 44.5 X 19.5 X 18.0 mm®. Due to
constraints associated with implementation of the STIR
pulse, the CHESS sequence consisted of only two mini-
mum phase SAT pulses with the flip angle of the second
pulse manually adjusted.

EXPERIMENTAL RESULTS

Dual BASING Highpass Filter for Water Suppression and
Lactate Rephasing

Figure 4 shows results from the brain phantom experi-
ments. Figure 4a shows the axial water image acquired
using the dual BASING sequence with the test B, gradi-
ent applied along the x axis. Figure 4b shows the mea-
sured profile calculated by averaging the center 30 rows
of the image in Fig. 4a and dividing the result into an
average of the center 30 rows of an image acquired with-
out the test gradient. The experimental profile matches
the theoretical profile shown in Fig. 2b.

Figures 4c and 4d show representative spectra from the
CHESS and the dual BASING phantom CSI experiments.
Using the dual BASING scheme, the measured water
suppression factor was over 10 and no residual water
signal was evident. The lactate methyl protons were
rephased and upright as shown Fig. 4d. As the BASING
spectra were successfully phased with a zero order cor-
rection, this indicates that the dual BASING scheme
vielded a linear passband phase with an echo time TE =
2 - T,, when incorporated into PRESS. Ata TE of 144 ms
(1/)), the lactate peaks acquired without BASING were
inverted due to J-coupling effects (Fig. 4c). The average
choline, creatine and NAA metabolite peak height sig-
nal to noise ratios taken from 48 voxels in both data
sets were virtually identical (dual BASING: 28.7,
CHESS: 27.3).

Figure 5 shows the in vivo results from the brain tumor
scan. Here, there were larger B, and T, variations and the
residual CHESS water peak heights (Fig. 5b) were, in
places, over 30 times those of the metabolite peak
heights. In comparison, the BASING suppressed water
was reduced by up to an additional factor of 200 to levels
indistinguishable from the noise (Fig. 5d). Even though
the stopband width of the CHESS suppression pulses (75
Hz) was less than that of the BASING pulses (130 Hz), the
B, field homogeneity was sufficient to analyze 93 voxels
for comparison. For these 93 voxels, the residual water
peaks were frequency shifted by less than = 8 Hz, i.e,
well within both the CHESS and BASING stopbands.

For the 93 voxels analyzed, the mean residual CHESS
magnitude water peak height was 17 times the mean
metabolite (choline, creatine, NAA) peak heights. There
was significant variability in the amount of suppression
achieved as the maximum water to mean metabolite peak
height ratio was 57 and minimum was 1.3. In compari-
son, for a majority of the BASING voxels, the residual
water was indistinguishable from the noise. Only 10 out
of the 93 BASING voxels possessed a noticeable water
signal, which was of the order of the metabolites. A
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PRESS excited region.

J Dual BASING Bandstop Filter
for Water and Lipid

. Suppression in the Prostate
Gland

For the prostate metabolite

CHESS

H,0
NAA

Cr
Cho

Dual BASING

phantom acquisitions, the
measured mean (choline, crea-
tine, citrate) SNR was virtually
identical for CHESS and STIR
compared with dual BASING.
{CHESS + STIR SNR = 17.0,
Dual BASING SNR = 16.8).
Figure 7 shows the in vivo
imaging and spectroscopy re-
Cr sults. The T,-weighted image
was corrected using a routine
that compensates for the theo-
retical profile of the surface
coil (33). The spectra show
that, with dual BASING, both
the residual water and lipid

NAA

lactate

FIG. 4. (a) Axial projection of the PRESS box (TR/TE = 2000/144) acquired to assess the
frequency response of the highpass BASING pulse. A B, test gradient directed along the x axis was
applied simultaneously with the BASING pulses, (b) Measured profile constructed by dividing the
image in (a) into an image acquired without the test gradient applied. 1 cc CSI voxels (TR/TE =
1000/144) from a 'H brain metabolite phantom scanned with a three-pulse manually optimized
CHESS water suppression sequence (c) and with the dual BASING highpass filter (d). Using dual
BASING, the water was completely removed and the methyl lactate resonances were rephased

and upright.

nonlocalized FID was also acquired using the same exci-
tation parameters and the overall residual BASING water
peak height was less than one half the overall metabolite
peak heights.

The impact of the improved suppression can be seen in
the highlighted zoomed absorption spectra (Figs. 5c¢, 5e),
which were automatically phased. While the BASING-
suppressed spectrum exhibited no baseline offset associ-
ated with residual water, the CHESS spectrum was con-
siderably distorted as the choline base was situated near
the peak of the NAA signal.

Single BASING Bandstop Filter for Water and Lipid
Suppression in the Brain

Figure 6 shows results from the experiment using a single
BASING pulse with a sharp transition band to augment
both water and lipid suppression in the brain. With the
inclusion of BASING, the resconstructed magnitude
spectra were free of lipids and water even for voxels in
close proximity to the skull where the decrease in resid-
ual lipid peak heights was over two orders of magnitude.
Although Fig. 4 only shows data from one slice of the 3D

signals were reduced to back-
ground noise levels and there

PPM were no baseline artifacts. In

comparison, with STIR and
manually optimized CHESS,
the residual water and lipid
peak heights were up to 25
times and 6 times the metabo-
lite peak intensities, respec-
tively. This caused significant
baseline distortion for the au-
tomatically phased spectra.
Note that, even though the
maximum residual lipid peak intensity using STIR was
only 6 times the metabolite intensities, this still caused
baseline errors due to the relatively large line-widths of
the lipids and their close proximity to citrate. While the
BASING data displayed no significant residual water or
lipid peaks that were located within the stopbands, there
were residual broad resonances present between 2.3 and
2.0 ppm, which is within a BASING transition band.
These resonances were most likely comprised of methyl-
ene lipids but may also have included glutamine, gluta-
mate, and polyamines.

DISCUSSION

The BASING pulse has been shown to be complementary
to the spin-echo (SE) pulse and offers an effective means
of achieving T,-independent solvent suppression with
minimal impact on the passband metabolites. BASING
also may have unique applications to weakly coupled
systems such as lactate. Our results demonstrate that
both dual or single BASING implementations may be
used for water and/or lipid suppression. The dual BAS-
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FIG. 5. Comparison of the three pulse manually optimized CHESS water suppression scheme
with dual BASING over a selected region in a brain tumor patient. (a) Axial projection of the PRESS
selected volume and part of the CSI reconstruction grid superimposed over a corresponding
postcontrast T,-weighted SPGR (TR/TE = 26/6) 3 mm thick slice. (b) CHESS magnitude spectra
for the six voxels highlighted in (a). (c) Absorption spectrum from the single highlighted voxel
zoomed by a factor of 14. (d) Six corresponding BASING magnitude spectra scaled the same as
in b. (e) Zoomed BASING absorption spectrum. The replacement of CHESS suppression with
BASING resulted in the complete elimination of the water signal and decreased baseline artifacts.

For all spectral acquisitions, TR/TE = 1000/144.

ING scheme seems generally advantageous due to its
improved suppression factors and resulting linear pass-

band phase.

Experimental results demonstrated that BASING may
be used to either augment or replace CHESS and STIR
suppression sequences. This can result in substantial

CHESS (Absorption)

H,0

Cho

NAA

BASING (Absorption)

Cho/Cr

Lipids/lac

Star-Lack et al.

time savings by eliminating
the need to optimize CHESS
flip angles and has allowed for
the study of regions of interest
where residual water and/or
lipid resonances would over-
whelm the peaks of interest.
The phantom data showed
that there was no observable
SNR decrease associated with
using BASING which suggests
that such potentially deleteri-
ous effects as signal losses re-
sulting from diffusion or RF
hardware imperfections were
minimal. To date, we have
performed over 150 patient
studies using BASING sup-
pression and have noticed no
adverse effects of the pulse on
passband SNR. However, in
theory, due to the long dura-
tion of the applied pulses, the
BASING sequence can be sus-
ceptible to motion artifacts.
The BASING highpass filter
was shown to be useful for wa-
ter suppression and lactate
rephasing and may be applica-
ble to many parts of the body
aside from the brain. In vivo,
the water suppressed spectra
acquired with the BASING
highpass filter displayed re-
sidual stopband signals which
were well below the levels of
the metabolites. A suppression
factor improvement of over
200 was demonstrated com-
pared with a three pulse man-
ually optimized CHESS se-
quence. This reduction in
water signal intensity reduced
baseline artifacts thus en-
abling more robust quantifica-
tion of metabolite levels. The
data also suggest a potential
application of lactate edit-
ing. As the dual BASING im-
plementation successfully
rephases the lactate methyl
protons while minimally im-
pacting on the lipids that are
far off the stopband resonance,
it may be incorporated into a
T,-independent  J-difference

editing scheme (34, 35) for an echo time of TE = 1/].
In the brain, a bandstop pulse may be used for both

water and lipid suppression where the voxel of interest

includes subcutaneous fat. Experimental data showed
complete removal of baseline artifacts with the single
BASING implementation used to augment CHESS (See



Improved Water and Lipid Suppression with BASING

:i ﬂ

H,0 CHESS

NAA
Cho/Cr
ipi

-

5 4 3 2 15 4 3 2 15 4 3 2 1
ppm ppm ppm
b
BASING + CHESS
NAA
Cho/Cr

FIG. 6. 'H data sets acquired from a normal volunteer with the
PRESS box situated close to the skull. (a) Axial projection of the
PRESS selected volume and part of CSI reconstruction grid su-
perimposed on a SPGR (TR/TE = 26/6) 3-mm thick slice. Magni-
tude spectra (TR/TE = 1000/144) acquired with manually opti-
mized CHESS and OVS (b) and Single BASING + nonoptimized
CHESS + OVS (c). Incorporation of the BASING pulse effectively
removed all baseline artifacts resulting from the water and lipids.

Fig. 6). To pass NAA and attenuate lipid resonances at
1.5 T, the required passband to stopband transition width
was found to be 30 Hz. To achieve this narrow transition
band, a 44 ms minimum phase BASING pulse was re-
quired. Although, the minimum TE increased to 120 ms,
this still allowed us to scan with our normal protocol of
TE = 144 ms. However, the shimming tolerances of =5
Hz were restrictive, which may hinder implementation
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for large volumes of interest at 1.5 T. At higher fields,
these concerns may be reduced since the required dura-
tion of the BASING pulse scales inversely with the field
strength thus allowing for shorter echo times and/or
larger tolerances for B, inhomogeneities. In cases where
adequate lipid suppression may be obtained using ob-
lique outer volume suppression bands (OVS) (11, 36, 37)
or with STIR (38), the BASING highpass filter can be
used for water suppression and lactate rephasing.

In the prostate, it is essential to suppress both water
and fat as the gland is surrounded by adipose tissue
located very close to the region of interest. Frequency
selective lipid suppression is more practical for prostate
MRS than brain MRS since, at 1.5T, the citrate peaks are
situated 30-50 Hz further downfield of the lipids than is
NAA. Moreover, due to J-modulation effects, the optimal
citrate TE is approximately 130 ms (32, 39, 40). Thus, the
addition of BASING pulses to the PRESS sequence does
not negatively impact the minimal practical echo time.
The experimental data presented demonstrate that band-
stop BASING pulses may be used to completely remove
primary water and lipid resonances (see Fig. 7). How-
ever, there were still residual unsuppressed signals situ-
ated close to the citrate resonances which were within
the filter transition band and which can affect the base-
line. The origin of these signals must still be investigated
and the effect of the BASING pulse on these broad reso-
nances must still be evaluated.

Although the BASING passband is relatively insensi-
tive to B, errors, the suppression factor remains B,-de-
pendent, but less so than for the saturation pulses that are
used for CHESS. Figure 8 shows a plot of suppression
factor (dB) versus B, scaling error for dual BASING and
dual SAT pulses as might be used for CHESS or OVS (no
T, considerations). The suppression calculations were
performed using the spin domain formalism while as-
suming that the design stopband ripple amplitudes are
zero. BASING is shown to be significantly more robust.
For example, for a 10% scaling error, the dual BASING
suppression factor is over 60 dB while the dual SAT is
less than 35 dB. T, considerations will further reduce the
effectiveness of the SAT pulses. A disadvantage of BAS-
ING is that longer TEs are required.

The dual BASING scheme also may be applied to sin-
gle echo localization sequences such as required for 2D
CSI. Although excellent water suppression has been
achieved using frequency selective rephasing as with the
BASSALE cos-sinc pulse {11) or an optimized pulse (12),
it may be desired that both the excitation and spin-echo
pulses be slice selective. This is a necessity for inter-
leaved 2D CSI (38) where more than one slice per TR is
acquired. Previously, this problem has been addressed
through the use of spectral/spatial echo-planar spin-echo
(EPSE} excitation (41). However, in many cases, EPSE
excitation may not always be practical to implement
due to B, gradient hardware (slew rate and magnitude)
and B, peak power constraints. Moreover, as the B,
field strength increases, both the gradient and RF ca-
pabilities must increase as well. A practical alternative
to EPSE suppression for interleaved 2D CSI, especially
at higher f ields, may be to use dual BASING with the
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water and lipids and in the brain and prostate at 1.5 T. I
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provided by CHESS and STIR sequences. Although, the
implementation of the BASING scheme increased the
minimum TE, the echo time was still short enough to
conform to our current protocols. Shorter echo times are
expected to be achieved at higher fields. While the ex-
amples presented in this paper incorporated BASING
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FIG. 8. Dual SAT and dual BASING suppression factors plotted
as a function of B, scaling error. T, effects were not taken into
account for the dual SAT calculations. Dual BASING suppression
is shown to be significantly more robust.
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into PRESS localization, BASING also may be used with
other sequences such as interleaved 2D CSI.
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