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Two T2-independent J-difference lactate editing schemes for
the PRESS magnetic resonance spectroscopy localization sequence
are introduced. The techniques, which allow for simultaneous
acquisition of the lactate doublet (1.3 ppm) and edited singlets
upfield of and including choline (3.2 ppm), exploit the dependence
of the in-phase intensity of the methyl doublet upon the time
interval separating two inversion (BASING) pulses applied to its
coupling partner after initial excitation. Editing method 1, which
allows for echo times TE 5 n/J (n 5 1, 2, 3, . . .), alters the
BASING carrier frequency for each of two cycles so that, for one
cycle, the quartet is inverted, whereas, for the other cycle, the
quartet is unaffected. Method 2, which also provides water sup-
pression, allows for editing for TE > 1/J by alternating, between
cycles, the time interval separating the inversion pulses. Experi-
mental results were obtained at 1.5 T using a Shinnar Le–Roux-
designed maximum phase inversion pulse with a filter transition
bandwidth of 55 Hz. Spectra were acquired from phantoms and in
vivo from the human brain and neck. In a neck muscle study, the
lipid suppression factor, achieved partly through the use of a novel
phase regularization algorithm, was measured to be over 103.
Spectra acquired from a primary brain and a metastatic neck
tumor demonstrated the presence of lactate and choline signals
consistent with abnormal spectral patterns. The advantages and
limitations of the methods are analyzed theoretically and experi-
mentally, and significance of the results is discussed. © 1998 Academic

Press
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INTRODUCTION

The detection of lactatein vivo using magnetic resonance
spectroscopy (MRS) may aid in the diagnosis and evaluation of
several disorders. Abnormal concentrations of lactate may be
correlated with nonoxidative glycolysis and have been observed
in vivo in ischemic tissue (1–3), brain tumors (4–7), and head and
neck tumors (8). Information gained from uncoupled moieties,

which include choline (Cho, 3.2 ppm), creatine (Cr, 3.0 ppm), and
N-acetyl aspartate (NAA, 2.0 ppm), is also important and may be
useful in helping to differentiate between active tumor, necrosis,
and normal parenchyma in cancer studies (4, 9–11). In addition,
signals from mobile lipids may themselves prove relevant in the
study of human cancers(12–15).

In order to obtain reliable estimates of lactate signal intensity,
the CH3 component (1.3 ppm) must be separated from coresonant
lipids. To achieve this goal, numerous editing methods, incorpo-
rating a wide range of approaches, have been proposed (16–37).
Multiple quantum (MQ) filters (16–25) offer excellent lipid sup-
pression, but, as yet, no MQ-based sequences have been devel-
oped which provide 100% retention of lactate signal intensity as
well as visibility of the singlets of interest. An alternative to
multiple quantum filtering is spectral editing usingJ-difference
methods (26–34). This class of techniques requires two separate
acquisitions, but has the distinction of allowing for the observation
of and discrimination between coupled and uncoupled spins
while, for the lactate doublet, achieving full sensitivity. Because
suppression is not obtained within a single scan, difference meth-
ods are significantly more sensitive than MQ filters to motion
artifacts. Nevertheless, for many applications, subtraction tech-
niques remain effective and are expected to retain an important
role due to their practicality and ease of implementation. More-
over, as shown in this paper, suppression may be enhanced
through the use of a regularization algorithm which compensates
for phase and frequency variations between successive excita-
tions.

We present a family ofJ-difference lactate editing tech-
niques for use at 1.5 T which incorporates a pair of frequency
selective inversion pulses applied to the methine quartet (4.1
ppm). The techniques meet four important design criteria in
that they (1) provide T2-independent singlet suppression with
resilience to B1-scaling errors, (2) can be incorporated into the
PRESS (38, 39) volume localization sequence, (3) offer arbi-
trary echo times for TE.5 1/J, and (4) readily allow for the
design of filters with steep transition bands that may be re-1 To whom correspondence should be addressed.
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quired to maintain visibility of the choline resonance. None of
the previously developed methods meets all of these four
criteria as techniques which depend upon selectively inverting
the methyl doublet (28) can be sensitive to B1 errors, and
techniques which depend upon applying a single inversion
pulse to quartet (26) can be sensitive to a phase shift between
the two cycles. The method introduced by Schuppet al. (32)
compensated for this phase shift but only provided for an echo
time of TE 5 2/J. Item #4 above is particularly pertinent to
lower field strengths such as at 1.5 T, where Cho is separated
from the center of the lactate methine quartet by only 60 Hz.
To our knowledge, noJ-difference edited spectra previously
have been acquired at 1.5 T allowing for the simultaneous
detection of lactate as well as all singlets upfield of and
including Cho.

To achieve our aims, we have utilized the dual band selective
inversion with gradient dephasing (BASING) sequence (Fig. 1)
which was recently introduced for solvent suppression and TE-
independent lactate rephasing (40). BASING is similar in concept
to MEGA which was developed for water suppression by Me-
scheret al. (41). Rosset al. (42) independently developed a
J-difference editing technique for TE5 1/J using two symmet-
rically placed adiabatic inversion pulses surrounding one hard
spin–echo (SE) pulse. The technique was applied to lactate edit-
ing of rat brains with implanted gliomas at 7 T where Cho is
separated from the Lac methine quartet by 240 Hz which signif-
icantly relaxes the RF transition bandwidth design constraints
compared to that required at 1.5 T. Volume selection was pro-
vided using integrated OVS–ISIS (43), which, unlike PRESS, is
not a single shot localization technique.

Our approach is predicated upon the premise that the phase
of the lactate doublet can be controlled by adjusting the time
interval (DtBAS) separating the two inversion pulses applied to
the methine quartet (40). Since it is therelative rather than
absolute placement of these pulses that determines the intensity
and sign of the absorption spectrum doublet components, this
allows editing to be readily accomplished with a multi-echo

localization technique such as PRESS. If desired, temporally
asymmetric RF inversion waveforms (44–46) may be used,
which, for a given amount of passband and stopband ripple,
can be made to possess sharper transition bands than those
associated with symmetric pulses of equal duration, thus pro-
viding a means to improve the visibility of the choline reso-
nance while reducing RF pulse durations.

Two different schemes are presented, one for echo times TE5
n/J (n 5 1, 2, 3, . . .) and another, which also provides for water
suppression, for arbitrary TE. 1/J1 Tmin where Tmin is depen-
dent upon RF and gradient timing parameters. For Scheme 1, a
novel phase cycling scheme is employed which is based upon
shifting the RF carrier frequency to enhance lipid suppression in
the presence of B1 inhomogeneities. For Scheme 2, which is in
principle insensitive to B1 scaling errors, editing is achieved by
cycling DtBAS. To address problems resulting from motion-in-
duced phase variations, we have developed a phase regularization
algorithm designed to reduce cancellation artifacts. This has par-
ticular application to difficult-to-scan areas such as the neck which
contain a high concentration of lipids.

This paper describes and analyzes the acquisition and pro-
cessing techniques that are introduced. Experimental data ac-
quired from phantom andin vivo studies at 1.5 T are shown
which verify the efficacy of the techniques. These data include
spectra collected from human brain, and head and neck tumors,
which demonstrate abnormal intensity patterns. To our knowl-
edge, this paper presents the first spectra containing both
choline and lactate resonances acquiredin vivo from head and
neck tumors. The significance of the results and the limitations
of the techniques are discussed.

METHODS

BASING for Lactate Editing

BASING comprises a frequency selective 180° pulse sur-
rounded by B0 crusher gradients of opposite signs that cause

FIG. 1. Dual BASING with PRESS excitation. The time separation of the two BASING pulses (RFB1 and RFB2) is given byDtBAS. The l-index refers to
selectivity for the methine quartet, while thek-index refers to that for the methyl doublet.
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dephasing of flipped spins. The dual BASING implementation
(Fig. 1) consists of two such pulses, with their crushers on
orthogonal axes, surrounding a wideband spin–echo pulse. An
important feature is that passband spin rephasing occurs inde-
pendently of the BASING pulse shape so long as the two phase
profiles are identical (see Eq. [2] below). Therefore, the BAS-
ING pulses need not possess linear phase to produce zero phase
spectra. The effects of the pulses upon weakly coupled spins
such as the lactate methine and methyl protons can be assessed
using product operator theory (47). Emphasis will be placed on
detection of the methyl doublet (1.3 ppm) due to its higher
SNR and larger chemical shift separation from water.

When the methine quartet is placed within the BASING
inversion band, and the PRESS spin–echo pulses are suffi-
ciently wideband to include both the methyl doublet and the
methine quartet, the in-phase doublet signal intensityMd can
be shown to be related to the time interval separating the two
BASING pulses,DtBAS (Fig. 1b), in the manner

Md } cos(pJ@TE 2 2DtBAS#) , [1]

for DtBAS , TE/2.
Equation [1] shows thatDtBAS can be adjusted to rephase the

doublet independently of TE and render it eitherupright or
inverted relative to the uncoupled spins for applicability to
editing. Three important cases which arise are:

(1) For all TE, the doublet will beupright when DtBAS is
half the echo time (DtBAS 5 TE/2).

(2) For all TE . 1/J, the doublet will beinverted when
DtBAS 5 (TE 2 1/J)/2. In practice, the minimum echo time for
complete inversion of the doublet is given by TEmin 5 1/J 1
Tmin9 whereTmin is the twice the duration of the second PRESS
spin–echo pulse (including crusher gradients) plus twice the
duration of the BASING pulse.

(3) If neither the quartet nor the doublet is placed within the
frequency selective BASING inversion band, the doublet will
behave as for a conventional PRESS experiment—upright for
TE 5 n/J, (n 5 2, 4, 6, . . .), andinvertedfor TE 5 n/J, (n 5
1, 3, 5, . . .).

The above results suggest the possibility of two editing
schemes (denoted as ES-1 and ES-2), each requiring two
excitations (Cycle 1 and Cycle 2):

Editing Scheme 1(ES-1)—for TE 5 n/J, n 5 1, 2, 3, . . .
Cycle 1: The methine quartet is placed within the BASING
inversion band withDtBAS 5 TE/2 (for n odd) andDtBAS 5
(TE 2 1/J)/2 (forn even).

Cycle 2: The methine quartet is removed from the BASING
inversion band.

Editing Scheme 2 (ES-2)—for TE . 1/J 1 Tmin. The
methine quartet is placed within the BASING inversion band
for both cycles but the time separating the BASING pulses is
changed between cycles.

Cycle 1:DtBAS 5 TE/2.
Cycle 2:DtBAS 5 (TE 2 1/J)/2.
For both editing schemes, addition of successive Cycle 1 and

Cycle 2 acquisitions yields the singlets and cancels the lactate
methyl doublet, while subtraction of successive acquisitions
cancels the noncoupled spins and yields the doublet. ES-1
allows for shorter echo times (TE5 1/J), whereas ES-2 can
provide for water suppression for both cycles since the H2O
resonance (4.7 ppm) may be placed within the BASING stop-
band. The two schemes offer different editing sensitivities to
B1 errors (see below).

RF Pulse Design

A maximum phase BASING pulse (Fig. 2) was designed
using the Shinnar–LeRoux (SLR) transform (46, 48, 49), in
conjunction with the Parks–McClellan (PM) FIR filter design
algorithm (50) to generate an equiripple frequency response.
The design parameters were for 1% inversion ripple and 0.1%

FIG. 2. (a) Maximum phase BASING highpass filter (one stopband)
designed to invert the methine quartet and pass resonances upfield of Cho (3.2
ppm). (b) Inversion profile of the BASING pulse. For Editing Scheme 1
(ES-1), the Cycle 1 and Cycle 2 carrier frequencies are separated by 99 Hz.
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BASING passband ripple. The transition bandwidth of the
30-ms pulse was 55 Hz which allowed for inversion of the
methine proton while passing all moieties upfield of Cho. The
RF pulse design software, which runs on the MATLAB plat-
form (MathWorks, Inc., Natick, MA), was kindly provided by
Dr. John Pauly, Stanford University.

Implementation of ES-1

The BASING pulses for Cycle 2 of ES-1 were not turned
off, but instead, the RF carrier frequency was shifted to move
the inversion band downfield of the lactate quartet (Fig. 2b).
The amount of frequency shift (99 Hz) was set to be equivalent
to a multiple of the fundamental BASING passband ripple
frequency generated via the PM algorithm. As shown below,
this type of frequency shifting offers a means of enhancing
singlet suppression.

The B1-dependent singlet suppression factor can be deter-
mined from the expression for the BASING excitation profile,
which has been previously derived (40) using the spin–domain
formalism (46, 51) and Cayley–Klein rotation parameters
(a(v), b(v)) as given by

a ~v ! 5 cosf ~v !/ 2 2 inz sin f ~v !/ 2,

b~v ! 5 2i ~nx 1 iny! sin f ~v !/ 2 ,

wherev is the chemical shift of a spin,f (v) is the frequency
dependent flip angle of the pulse, and the vectorn 5 inx 1 jny,
1 knz is the axis of rotation.

Starting with initial transverse magnetization intensityM0,
the frequency-dependent excitation profileMxy

1 (v) after appli-
cation of dual BASING is

Mxy
1 ~v ! 5 ~aBAS~v ! z aBAS

* ~v !!2 bSE
2 ~v ! M0, [2]

whereaBAS refers to the two BASING pulses (assumed to be
identical), andbSE is the spin–echo pulse rotation parameter.

A useful figure of merit for evaluating the editing capabili-
ties of the sequence is the reciprocal of the frequency-depen-
dent singlet suppression factor which we denote as the atten-
uation factor, x(v). This is calculated by dividing the
difference between the Cycle 1 and Cycle 2 BASING profiles
(Eq. [2]) by the nominal magnetization intensity, which is
assumed to equalbSE

2M0 since, upfield of 3.2 ppm,aBAS has
a magnitude close to 1. Thus, the frequency-dependent atten-
uation factor is independent ofb and is given by

x ~v! > ~aCYC1~v! z aCYC1
* ~v !!2 2 ~aCYC2~v! z aCYC2

* ~v !!2,
[3]

whereaCYC1(v) and aCYC2(v) are the relevant spin–domain
parameters that describe the Cycle 1 and Cycle 2 BASING
profiles.

By setting the amount of frequency shift between Cycle 1
and Cycle 2 to be a multiple of the fundamental ripple
frequency generated using the PM algorithm,aCYC1(v) and
aCYC2(v) can overlap in a constructive manner so as to
improve cancellation. This can yield a theoretical lipid
attenuation factor that is smaller than the design BASING
passband ripple magnitude. Figure 3a shows the BASING
passband ripple magnitude 12 Mxy

1 (v) for the pulse shown
in Fig. 2. Mxy

1 (v) was generated using a Bloch equation
simulator while assumingb 5 1. It is demonstrated that a
frequency shift of 99 Hz (three ripples) causes the Cycle 1
and Cycle 2 passband ripples to be well aligned within the
desired suppression region (upfield of 2 ppm). The resulting
singlet attenuation factorx(v), given by Eq. [3], is plotted
in Fig. 3b. For a perfect 180° BASING pulse, attenuation is
as low as 1025 near 1.3 ppm which is more than two orders
of magnitude smaller than the design BASING passband
ripple. The resilience of singlet suppression to RF scaling
errors is also plotted.

FIG. 3. Theoretical singlet attenuation factors for ES-1. (a) BASING
passband ripple magnitude for Cycle 1 and Cycle 2 implementations showing
overlap of the excitation profiles when the RF carrier frequency is shifted by
a integral of the fundamental equiripple frequency. (b) Frequency-dependent
attenuation factorx(v) (Eq. [3]) for flip angles of 160°, 180°, and 200°.
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Implementation of ES-2

Implementation of ES-2 was achieved by cycling the time
position of the first BASING pulse (RFB1) and associated
dephasing gradients. For Cycle 1 (DtBAS 5 (TE/2), RFB1 was
applied justafter the first PRESS spin–echo pulse RF2, while
for Cycle 2 (DtBAS 5 (TE 2 1/J)/2), RFB1 was applied just
beforeapplication of RF3 (for minimum echo time TEmin). For
both cycles, the second BASING pulse (RFB2) was applied just
after RF3. Experimental results demonstrated a need to cali-
brate for a zero-order phase discrepancy associated with Cycle
1 and Cycle 2 acquisitions. This phase error, measured to be
between 30° and 60°, was traced to inadequate B0-eddy current
compensation that failed to properly adjust for the RFB1

dephasing gradients. Note that, for ES-2,aCYC1 is equal to
aCYC2 independently of B1, which implies that, in principle,
complete singlet suppression is achieved at all passband fre-
quencies.

Phase Regularization

For instances when a large lipid signal was present within
the PRESS volume of interest, a phase regularization routine,
modeled after a method previously implemented to improve
the SNR of multiacquisition (multishot) MRS experiments
(52), was developed to improve lipid suppression. Each acqui-
sition was individually processed so that shot-to-shot zero-
order phase discrepancies and frequency shifts (both presum-
ably motion induced) could be eliminated before final
summation. This was accomplished by apodizing and Fourier
transforming each FID and then automatically phasing and
frequency shifting the lipid CH2 peak of the spectrum to a
chemical shift position of 1.3 ppm. Any spectra whose lipid
CH2 peak amplitude differed from the median value by more
than 20% were discarded (less than 2% of the spectra were
thrown away). After all the Cycle 1 and Cycle 2 acquisitions
from a given experiment were processed, the data were then
summed or subtracted to generate either the uncoupled or
coupled spectra.

Data Acquisition

To demonstrate and evaluate the editing techniques, phan-
tom andin vivo data were collected at 1.5 T using a General
Electric Echo–Speed system (G.E. Medical Systems, Mil-
waukee, WI) equipped with self-shielded gradients (maxi-
mum magnitude5 2.2 G/cm, slew rate5 12 G/cm/ms).
PRESS localization was accomplished using spatially selec-
tive SLR-designed pulses that possessed excitation profiles
that were the Fourier transforms of a Hamming windowed
four-lobed Sinc function (53). All B0 crusher gradients were
of magnitude 2.0 G/cm and 4.5 ms in duration including the
250 ms rise and decay times. The time between the 90°
excitation pulse and the first 180° refocusing pulse was
minimized to a value of 10 ms. For all acquisitions, the

receiver bandwidth was 1250 Hz and 512 points were sam-
pled starting at echo time TE. The accumulated free induc-
tion decays (FIDs) were apodized with an exponential line-
broadening filter and zero-filled to 1024 points before
Fourier transformation. Baseline correction was imple-
mented by averaging the mean value of the first and last 25
points of the phased spectra to determine the D.C. offset.

For ES-1, water suppression was achieved through the use of
three CHESS (54) minimum phase saturation pulses (53), each
of 60 Hz bandwidth. The flip angle of the final CHESS pulse
was adjusted manually to a value between 100° and 130° to
achieve optimal suppression. For ES-2, water suppression was
provided by the BASING pulses.

A brain metabolite phantom (G.E. Medical Systems, Mil-
waukee, WI) which contained 3.0 mM Cho, 10.0 mM Cr, 12.5
mM NAA, 7.5 mM myo-Inositol (mI), 12.5 mM glutamate
(Glu), and 5.0 mM lactate (Lac) was scanned with both editing
schemes using a PRESS-selected volume (x, y, z) measuring
20 3 20 3 20 mm3. For the ES-1 acquisition, TE was 144 ms,
whereas, for the ES-2 experiment, it was necessary to increase
TE to 240 ms, thus reflecting a value ofTmin 5 96 ms. The
other experimental parameters were as follows: pulse repetition
time (TR)5 2 s, number of acquisitions (NA)5 60, linebroad-
ening5 1 Hz.

In vivo data were acquired, using ES-1, from a 48-year-old
female with a brain tumor diagnosed previously as a glioblas-
toma multiforme. The PRESS-selected region, measuring 423
333 26 mm3, was centered near the posterior corpus collosum
and data were collected with the following parameters: TR5
1 s, TE5 144 ms, NA5 128.

In vivo MRS of neck tissue presents a unique challenge due
to susceptibility effects, motion-induced artifacts, and in-
creased lipid contamination. To determine an achievable lipid
suppression factor, portions of the left complexus, splenius,
and trapezius muscles of a normal volunteer were localized
(PRESS box5 20 3 20 3 20 mm3), and data were processed
both with and without the phase regularization algorithm for
comparison. The potential for identifying hypoxic tumors, was
investigated by acquiring spectra from a metastatic neck node
of a 48-year-old man diagnosed with a primary right pyriform
sinus tumor. Editing was implemented with ES-1 using the
following scan parameters: TR5 2 s, TE5 144 ms, NA5
256, PRESS box5 20 3 20 3 20 mm3.

For the neck MRS experiments, data were collected using a
four-element head, neck, and cervical phased-array coil (MRI
Devices Corp., Waukesha, WI) operating in receive-only mode
(the body coil was used to transmit). The received FIDs from
each coil were individually apodized (2 Hz linebroadening),
Fourier transformed, phased, and then combined in a manner
designed to maximize the final SNR by scaling data from each
coil by a factor proportional to that coil’s measured SNR
(55, 56).
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EXPERIMENTAL RESULTS

Figure 4 shows reconstructed brain metabolite phantom
spectra acquired with ES-1 (4a) and ES-2 (4b). Complete
suppression of the Cho, Cr, and NAA singlets was provided by
both schemes as is shown in the ‘‘Cycle 12 Cycle 2’’ spectra.
However, there was slight doublet contamination (see arrow)
of the ES-1 singlet spectrum (Cycle 11 Cycle 2) which
presumably resulted from imperfections of the flip angle of the
inversion pulses which were applied to the methine quartet in
Cycle 1 but not in Cycle 2. Compared with ES-1, the metab-
olite signal intensities were reduced using ES-2 due to the echo
time increase. Another difference between ES-1 and ES-2
spectra is that the residual resonances (mI, Cr, Glu) in the range
of 4.0–3.5 ppm, which is in the transition band of the BASING
pulse, have different profiles. Since mI and Glu contain cou-
pled components, it is expected that the resulting lineshapes
will be complicated functions of echo time,DtBAS, and the
BASING excitation profile. The analysis of these lineshapes is
beyond the scope of this paper. Note finally that the amount of
water suppression provided by ES-2 (.104) was similar to

measured BASING suppression factors that were previously
reported (40).

The results from the brain tumor scan are displayed in
Fig. 5. Figure 5a shows the outline of the PRESS box
superimposed upon a T1-weighted 3-D SPGR scan (TR5
26 ms, TE5 6 ms, flip angle5 40°, 1.5 mm resolution)
which was acquired after the injection of Gd-DTPA. The
spectra in Fig. 5b show clear and identifiable lactate and
lipid signals of similar magnitude. Although not greater than
one, the ratio of Cho/NAA in the singlet spectrum (Cycle
1 1 Cycle 2) was also abnormal (57). If a conventional
PRESS scan at TE5 144 ms had been performed, the lipid
and lactate signals would have almost canceled (see Fig.
5b—Cycle 2), thereby offering a misleading indicator of
overall signal intensity near 1.3 ppm.

The results from the neck muscle scan of the normal
volunteer are shown in Fig. 6. Reconstruction without the
phase regularization algorithm yielded a lipid suppression
factor of 127, which was measured by dividing the inte-
grated peak area across the frequency range of 0.9 –2.1 ppm
of the ‘‘Cycle 1 2 Cycle 2’’ spectrum into the integrated

FIG. 4. Brain metabolite phantom results for (a) ES-1 (TR/TE5 2000/144) and (b) ES-2 (TR/TE5 2000/240). The ordinate scaling is identical for all
displayed spectra allowing for comparison of peak intensities. Complete singlet suppression was achieved in the coupled spectra (Cycle 12 Cycle 2), although
there was minor doublet contamination in the ES-1 singlet spectrum (Cycle 11 Cycle 2). ES-2 signal intensity was reduced due to the longer echo time.
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area of the ‘‘Cycle 11 Cycle 2’’ spectrum. The maximum
absolute value of the ‘‘Cycle 12 Cycle 2’’ spectrum in that
region was 1/47 of the maximum lipid value. With phase
regularization implemented, lipid suppression was improved

to a value of over 1000, which is comparable to suppression
factors that we have previously measured in phantom ex-
periments. Note that the 3-ppm region did not experience
large changes resulting from phase regularization. Here, the

FIG. 5. Brain tumor results from a glioblastoma multiforme: (a) Postcontrast T1-weighted SPGR axial slice (TR/TE5 26/6) showing the location of the
PRESS box. (b) Reconstructed spectra (TR/TE5 1000/144), each scaled identically, which indicate that similar amounts of lactate and lipids were present. The
ratio of Cho to NAA was also abnormal.
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singlet intensities (presumably composed of choline, creat-
ine, and carnitine) were similar in both Figs. 6a and 6b.
There were also residual ‘‘Cycle 12 Cycle 2’’ signals in the
3 ppm region which may indeed contain elements of coupled
moieties or may reflect incomplete singlet cancellation due
to the presence of the transition band of the BASING pulse.

Figure 7 shows the results from the MRS exam of the head and

neck tumor patient. Due to the size of the node, the 8 cm3

PRESS-selected volume could be positioned so that sampled lipid
signals were significantly reduced compared with those in the
muscle scan of the normal volunteer. Given the low amounts of
lipids, the phase regularization algorithm was not utilized. The
reconstructed spectra show that there was a pronounced singlet
peak in the Cho region (3.2 ppm) as well as similar amounts of

FIG. 6. Neck muscle results: (a) Axial image (TR/TE5 25/6) showing the approximate location of the PRESS box. (b, c) Spectra (TR/TE5
2000/144) reconstructed without (b) and with (c) phase regularization where the lipid suppression factor was improved to a value of over 103. Metabolite
resonances situated near 3 ppm presumably consist of choline, creatine and carnitine moieties. The right four spectra of parts (b) and (c) are zoomed in
by a factor of 12.
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lipids and lactate. Since the sampled volume contained no muscle
tissue, but only elements of the nodal mass as indicated by the
hyperintensity on the T2-weighted MRI scan (Fig. 7b), the large
3.2-ppm signal, assuming it is choline, may be a marker for the
presence of active tumor (11). The significance of the apparent
lactate signal is addressed in the next section.

DISCUSSION

The experimental results demonstrate that dual BASING
may be used to edit for lactate while achieving a high degree

of lipid suppression. The two editing schemes presented
offer different features. ES-1 allows for shorter echo times
but requires additional (e.g., CHESS) water suppression and
more attention to issues relating to B1 inhomogeneities
since the spectral domain excitation profiles for Cycle 1 and
Cycle 2 can differ. ES-2 offers both water suppression and,
in principle, complete B1-insensitive singlet suppression
since the chemical shift profile of the BASING pulses is the
same for both cycles. However, the longer echo times may
reduce the SNR and it was noticed that a phase discrepancy

FIG. 7. Neck tumor results: (a) T1-weighted (TR/TE5 500/8) and (b) T2-weighted (TR/TE5 3000/85) axial spin–echo images (resolution5 2563 160,
FOV 5 21 cm, slice thickness5 5 mm) showing the location of the PRESS box. (c, d) Edited spectra (TR/TE5 2000/144), scaled identically, showing similar
amounts of lipids and lactate as well as a pronounced singlet (Cycle 11 Cycle 2) resonance in the Cho region.
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between Cycle 1 and Cycle 2 acquisitions needed to be
addressed.

A novel aspect of the implementation of ES-1 was the use of
an inversion pulse with a equiripple excitation profile coupled
with carrier frequency shifting between cycles. Aside from
allowing for attenuation factors which are less than the BAS-
ING passband ripple magnitude, resilience of suppression to
B1-scaling errors is also offered. As is shown in Fig. 3b, for
scaling errors resulting in flip angles of 160° and 200°, the
theoretical lipid attenuation factor remains less than 1023 up-
field of 2.0 ppm. This amount of achievable suppression is in
agreement with experimental results and represents more than
an order of magnitude improvement over that reported using a
complementaryJ-difference technique which cycles between a
wideband and narrowband spin–echo pulse applied to the
lactate doublet (33). A disadvantage of dual BASING editing is
that, since the lactate methine quartet is inverted twice, the
signal intensity of the methyl doublet is more sensitive to B1
scaling errors.

Compared with ES-1, ES-2 provides for arbitrary echo times
TE .5 TEmin where TEmin . 1/J. Despite the metabolite SNR
reduction that may occur, these longer echo times may be
desired in some cases to help reduce lipid contamination since
the metabolites tend to possess larger T2 values than lipids
(58–60). However, if preferred, there still may be means of
decreasing TEmin. For instance, the BASING pulse shown in
Fig. 2 was designed with small ripple magnitudes and transi-
tion bandwidths which could probably be increased with mar-
ginal performance degradation. This would allow for shorten-
ing of the BASING pulse, thus reducingTmin. Another option
is to scan at higher field strengths where the BASING pulse
time could be decreased and still yield an equivalent chemical
shift (ppm) transition bandwidth as would a longer pulse im-
plemented at 1.5 T. Alternatively, TE can be shortened without
changing the BASING pulse so thatDtBAS for Cycle 2 is less
than (TE2 1/J)/2. Although there will be a reduction in lactate
signal intensity for that cycle (see Eq. [1]), the singlets will still
cancel in the coupled (Cycle 12 Cycle 2) spectrum, thus
providing full lipid suppression. For example, a reduction of
TE from 240 to 200 ms using the 30-ms pulse in Fig. 2a
implemented with our PRESS excitation sequence would re-
duce the doublet signal intensity to 57% of its original value for
Cycle 2. Since there would be no lactate signal loss for Cycle
1 (whereDtBAS 5 TE/2), the overall SNR would decrease by
only 22% for a full experiment. The lipid component at 1.3
ppm of the singlet (Cycle 11 Cycle 2) spectrum would be
contaminated with some lactate signal but could be corrected.

Another issue related to implementation of ES-2 was the
phase discrepancy between Cycle 1 and Cycle 2 acquisitions
that was caused by time shifting of the BASING crusher
gradients. Although calibration was relatively straightforward
for the phantom study, a more robust solution to the problem
should be investigated beforein vivo implementation becomes
practical. One simple remedy is to fix the position of the

spoilers associated with the first BASING pulse (RFB1) at the
extrema (spoiler #1 just after RF2, and spoiler #2 just before
RF3) so that only the RF pulse need be time shifted. A
disadvantage of this approach is that the time duration between
the BASING crushers is increased and, hence, so are the
chances of signal corruption resulting from patient motion and
diffusion effects. The best solution to the problem appears to
be improved B0-eddy current compensation.

For both ES-1 and ES-2, the minimum echo time remains
greater than or equal to TE5 1/J (144 ms). Although lactate
T2’s in the brain have been measured to be as long as 780 ms
(60), this may not be the case in other parts of the body.
Moreover, shorter echo times may be desired to accurately
measure other metabolite and lipid/macromolecule concentra-
tions. As pointed out by a reviewer, TE for ES-1 could be
reduced to below 1/J, which, in an analogous fashion to the
proposed TE reduction for ES-2 described above, would result
in a reduced lactate signal for Cycle 1. In spite of this reduced
lactate signal, the echo time reduction may allow ES-1 to offer
a SNR that is competitive with T1-based lipid/macromolecule
suppression and editing schemes (61, 62) while still providing
suppression factors that are independent of relaxation times.

For any J-difference editing scheme, suppression may be
compromised by motion and other instabilities. This was a
more serious issue for the neck scans where it was found that
shot-to-shot phase variations could be observed. Experimental
data taken from neck muscle of a normal volunteer indicated
that, without phase regularization, and with NA5 256, a lipid
suppression factor of approximately 100 was achieved. While
it was shown that this was dramatically improved using phase
compensation, the amount of suppression offered without these
extra corrections may still be adequate. For the neck tumor
case (Fig. 6), the lipid and lactate signal intensities were
roughly equivalent, indicating that a noncompensated suppres-
sion factor of 100 would be more than sufficient.

A source of future concern would be instances where the
lipid SNR is not sufficient for phasing each excitation but may
still be sufficiently large to corrupt the lactate spectrum. More-
over, regardless of the suppression issues, phase regularization
also may be necessary to help obtain more accurate quantita-
tive results in a multishot experiment (52, 63). An alternative
to phasing on a lipid peak may be to phase each acquisition on
a residual water resonance—an approach which will require
altering the profile of the BASING pulses to allow for inver-
sion of the quartet but only partial inversion (and, conse-
quently, partial suppression) of water.

In general, we have no independent test to determine the
actual lactate levels in the tumor scans. The brain tumor study
had sufficient homogeneity to resolve a doublet resonance at
1.3 ppm. While magnetic field homogeneity across the neck
node was not adequate to resolve the lactate doublet, measure-
ments of tissue oxygenation using an Eppendorf polargraphic
oxygen electrode (Kimoc, Hamburg, FRG) yielded a median
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pO2 value of 0.7 mm Hg, which is highly suggestive of
hypoxia (64).

In summary, two related methods for B1-robust lactate ed-
iting that maintain visibility of singlets upfield of and including
3.2 ppm at 1.5 T have been demonstrated. Edited spectra were
obtainedin vivowhich allowed for measurements of the methyl
group signal intensity as well as the intensity of several non-
coupled spins including Cho, Cr, NAA, and lipids. Future
investigations will focus on targeted applications including the
correlation of the measured lactate and choline signal levels
with tumor hypoxia and necrosis.
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