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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 = n/J (n = 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 10°.
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

Key Words: magnetic resonance spectroscopy (MRS); in vivo
lactate editing; point resolved spectroscopy (PRESS); RF pulse
design; human tumors.

INTRODUCTION

which include choline (Cho, 3.2 ppm), creatine (Cr, 3.0 ppm), an
N-acetyl aspartate (NAA, 2.0 ppm), is also important and may
useful in helping to differentiate between active tumor, necrosi:
and normal parenchyma in cancer stud&9¢11. In addition,
signals from mobile lipids may themselves prove relevant in th
study of human cancefsf-15.

In order to obtain reliable estimates of lactate signal intensity
the CH; component (1.3 ppm) must be separated from coresone
lipids. To achieve this goal, numerous editing methods, incorpe
rating a wide range of approaches, have been propdseeBj.
Multiple quantum (MQ) filters 16 —29 offer excellent lipid sup-
pression, but, as yet, no MQ-based sequences have been de
oped which provide 100% retention of lactate signal intensity &
well as visibility of the singlets of interest. An alternative to
multiple quantum filtering is spectral editing usidglifference
methods 26—39. This class of techniques requires two separat
acquisitions, but has the distinction of allowing for the observatio
of and discrimination between coupled and uncoupled spir
while, for the lactate doublet, achieving full sensitivity. Becaus:
suppression is not obtained within a single scan, difference met
ods are significantly more sensitive than MQ filters to motior
artifacts. Nevertheless, for many applications, subtraction tec
niques remain effective and are expected to retain an importe
role due to their practicality and ease of implementation. More
over, as shown in this paper, suppression may be enhanc
through the use of a regularization algorithm which compensat
for phase and frequency variations between successive exci
tions.

We present a family ofl-difference lactate editing tech-
niques for use at 1.5 T which incorporates a pair of frequenc

The detection of lactatén vivo using magnetic resonance

L . - . ~selective inversion pulses applied to the methine quartet (4

spectroscopy (MRS) may aid in the diagnosis and evaluation (% n P ppied € quartet ( .
) : m). The techniques meet four important design criteria i

several disorders. Abnormal concentrations of lactate may e

correlated with nonoxidative glycolysis and have been observe _t_they (1) prowde_ T2-independent smg.let suppression wit
R S ; resilience to B1l-scaling errors, (2) can be incorporated into tt
in vivoin ischemic tissuel-3), brain tumors4—7), and head and T .
neck tumors §). Information gained from uncoupled moietiesPRESS 38’_39 volume localization sequence, (3) offer arbi-
trary echo times for TE>= 1/J, and (4) readily allow for the

1 To whom correspondence should be addressed. design of filters with steep transition bands that may be re
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FIG. 1. Dual BASING with PRESS excitation. The time separation of the two BASING pulseg, (B RF,) is given byAtg,s. Thel-index refers to
selectivity for the methine quartet, while thendex refers to that for the methyl doublet.

quired to maintain visibility of the choline resonance. None dbcalization technique such as PRESS. If desired, temporal
the previously developed methods meets all of these faasymmetric RF inversion waveformd4—46 may be used,
criteria as techniques which depend upon selectively invertimdnich, for a given amount of passband and stopband rippl
the methyl doubletZ8) can be sensitive to B1 errors, anccan be made to possess sharper transition bands than th
techniques which depend upon applying a single inversi@associated with symmetric pulses of equal duration, thus pr
pulse to quartetd6) can be sensitive to a phase shift betweeviding a means to improve the visibility of the choline reso-
the two cycles. The method introduced by Schapml. (32) nance while reducing RF pulse durations.

compensated for this phase shift but only provided for an echoTwo different schemes are presented, one for echo times TE
time of TE = 2/J. Iltem #4 above is particularly pertinent ton/J (h = 1, 2, 3, ...) and another, which also provides for wate
lower field strengths such as at 1.5 T, where Cho is separagegpression, for arbitrary TE 1/J + T, where T, is depen-
from the center of the lactate methine quartet by only 60 Hdent upon RF and gradient timing parameters. For Scheme 1
To our knowledge, nd-difference edited spectra previouslynovel phase cycling scheme is employed which is based upi
have been acquired at 1.5 T allowing for the simultaneoskifting the RF carrier frequency to enhance lipid suppression
detection of lactate as well as all singlets upfield of antie presence of B1 inhomogeneities. For Scheme 2, which is
including Cho. principle insensitive to B1 scaling errors, editing is achieved b

To achieve our aims, we have utilized the dual band selectiogcling Atg,s. To address problems resulting from motion-in-
inversion with gradient dephasing (BASING) sequence (Fig. tluced phase variations, we have developed a phase regulariza
which was recently introduced for solvent suppression and T&gorithm designed to reduce cancellation artifacts. This has ps
independent lactate rephasid@), BASING is similar in concept ticular application to difficult-to-scan areas such as the neck whic
to MEGA which was developed for water suppression by Me&ontain a high concentration of lipids.
scheret al. (41). Rosset al. (42) independently developed a This paper describes and analyzes the acquisition and pi
J-difference editing technique for TE 1/J using two symmet- cessing techniques that are introduced. Experimental data :
rically placed adiabatic inversion pulses surrounding one hagdired from phantom anah vivo studies at 1.5 T are shown
spin—echo (SE) pulse. The technique was applied to lactate edibich verify the efficacy of the techniques. These data includ
ing of rat brains with implanted gliomas & T where Cho is spectra collected from human brain, and head and neck tumo
separated from the Lac methine quartet by 240 Hz which signifhich demonstrate abnormal intensity patterns. To our know
icantly relaxes the RF transition bandwidth design constrairgdge, this paper presents the first spectra containing bc
compared to that required at 1.5 T. Volume selection was prcholine and lactate resonances acquiredivo from head and
vided using integrated OVS—ISI&J), which, unlike PRESS, is neck tumors. The significance of the results and the limitatior
not a single shot localization technique. of the techniques are discussed.

Our approach is predicated upon the premise that the phase
of the lactate doublet can be controlled by adjusting the time
interval (Atg,s) Separating the two inversion pulses applied to
the methine quartet4(). Since it is therelative rather than BASING for Lactate Editing
absolute placement of these pulses that determines the intensity
and sign of the absorption spectrum doublet components, thiSASING comprises a frequency selective 180° pulse sul
allows editing to be readily accomplished with a multi-echoounded by BO crusher gradients of opposite signs that cau

METHODS
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dephasing of flipped spins. The dual BASING implementation a)

(Fig. 1) consists of two such pulses, with their crushers on RF
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 theorg{). 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 intengigycan
be shown to be related to the time interval separating the two
BASING pulses Atgag (Fig. 1b), in the manner M,

Mgy ¢ cos@ml[TE — 2Atgas]), [1]

Cr (3.0) 7
NAA (2.0) ]
Lac (1.3)

for Atgas < TE/2. " Cycle2 !

Equation [1] shows thaktg, g can be adjusted to rephase the "1 (scheme 1) :
doublet independently of TE and render it eithgright or 0 '
inverted relative to the uncoupled spins for applicability to ‘:
editing. Three important cases which arise are: '

(1) For all TE, the doublet will baipright when Atg,g is | "x\
half the echo timeAtzas = TE/2). o
(2) For all TE > 1/J, the doublet will beinverted when 000

Algas = (TE N ]'./J)/Z' In practice, the minimum echo time for FIG. 2. (a) Maximum phase BASING highpass filter (one stopband)
complete Inversion of the doublet IS given by fiE= 11 + designed to invert the methine quartet and pass resonances upfield of Cho
Tmine WhereT,,, is the twice the duration of the second PRESgym). (b) Inversion profile of the BASING pulse. For Editing Scheme 1
spin—echo pulse (including crusher gradients) plus twice tfgs-1), the Cycle 1 and Cycle 2 carrier frequencies are separated by 99 H
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 CYC!€ 1:Atgas = TE/2.

behave as for a conventional PRESS experimamrightfor ~ CYcle 2:Atgas = (TE — 14)/2. ,
TE=n/J, (n =2, 4, 6, ...), andnvertedfor TE = n/J, (n = For both editing schemes, addition of successive Cycle 1 ai

Cycle 2 acquisitions yields the singlets and cancels the lacts
1,3,5,...). . . )

methyl doublet, while subtraction of successive acquisition

The above results suggest the possibility of two editingancels the noncoupled spins and yields the doublet. ES
schemes (denoted as ES-1 and ES-2), each requiring tows for shorter echo times (TE 1/J), whereas ES-2 can

% Lac (4.1)

O~ HLO (4.7 ppm)

100 200 Hz

excitations (Cycle 1 and Cycle 2): provide for water suppression for both cycles since th® H

Editing Scheme 1(ES-1)—for TE=n/J,n = 1, 2, 3, ... resonance (4.7 ppm) may be placed within the BASING stoy
Cycle 1: The methine quartet is placed within the BASIN®and. The two schemes offer different editing sensitivities t
inversion band withAtgas = TE/2 (for n odd) andAtg,g = Bl errors (see below).

(TE — 1/J)/2 (forn even). )
Cycle 2: The methine quartet is removed from the BASIN&F Pulse Design
inversion band. A maximum phase BASING pulse (Fig. 2) was designe:
Editing Scheme 2(ES-2)—for TE > 1/J + T,,- The using the Shinnar—-LeRoux (SLR) transfor@6( 48, 49, in
methine quartet is placed within the BASING inversion bancbnjunction with the Parks—McClellan (PM) FIR filter design
for both cycles but the time separating the BASING pulses @égorithm 60) to generate an equiripple frequency response
changed between cycles. The design parameters were for 1% inversion ripple and 0.1
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BASING passband ripple. The transition bandwidth of thg)
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- 'k
form (MathWorks, Inc., Natick, MA), was kindly provided by
Dr. John Pauly, Stanford University. 10°F
Implementation of ES-1 10°F
The BASING pulses for Cycle 2 of ES-1 were not turned 16°F
off, but instead, the RF carrier frequency was shifted to move r
the inversion band downfield of the lactate quartet (Fig. 2b). 107
The amount of frequency shift (99 Hz) was set to be equivalent o , ) ,
to a multiple of the fundamental BASING passband ripple 6 5 4 3 2 1 ppm

frequency generated via the PM algorithm. As shown below,
this type of frequency shifting offers a means of enhancingb)

singlet suppression. Attenuation

The Bl-dependent singlet suppression factor can be deter- 1o° .
mined from the expression for the BASING excitation profile, o 160° H
which has been previously derive40f using the spin—domain 107} — 180° 3
formalism @6,5]) and Cayley—Klein rotation parameters e 200°
(e(w), B(w)) as given by 107 "

N
VN e
~7 B ]
V', le— Lipids —»]
A N
N
VAN
RN
[

a(w) =cosp(w)/2 —in,sinp(w)/2,
B(w) = —i(n,+iny)sin$(w)/2,

wherew is the chemical shift of a spinh (w) is the frequency
dependent flip angle of the pulse, and the venter in, + jn,, 10
+ kn, is the axis of rotation.

Starting with initial transverse magnetization intendity, FIG. 3. Theoretical singlet attenuation factors for ES-1. (a) BASING

the frequency-dependent excitation proN/Ié’y (w) after app"_ passband ripple magnitude for Cycle 1 and Cycle 2 implementations showi
. . overlap of the excitation profiles when the RF carrier frequency is shifted b
cation of dual BASING is : i,
a integral of the fundamental equiripple frequency. (b) Frequency-depende
attenuation factog(w) (Eq. [3]) for flip angles of 160°, 180°, and 200°.

4 35 3 25 2 15 1 05 ppm

M:y(w) = (apas(w) - a*BAS(w))z BéE(w) Mo, [2]

By setting the amount of frequency shift between Cycle :
whereag,g refers to the two BASING pulses (assumed to bgng Cycle 2 to be a multiple of the fundamental ripple
identical), andBsg is the spin—echo pulse rotation parametefrequency generated using the PM algorithieg,,<,(») and

A useful figure of merit for evaluating the editing capabili-aCYcz(w) can overlap in a constructive manner so as t
ties of the sequence is the reciprocal of the frequency-dep@fprove cancellation. This can yield a theoretical lipid
dent singlet suppression factor which we denote as the attgfenuation factor that is smaller than the design BASINC
uation factor, x(w). This is calculated by dividing the passpand ripple magnitude. Figure 3a shows the BASIN
difference between the Cycle 1 and Cycle 2 BASING prOfneé’assband ripple magnitude-1 My, (w) for the pulse shown
(Eq. [2]) by the nominal magnetization intensity, which ign Fig. 2. M}, (w) was generated using a Bloch equatior
assumed to equiise”M, since, upfield of 3.2 ppmygas has  simulator while assuming = 1. It is demonstrated that a
a magnitude close to 1. Thus, the frequency-dependent attgyuency shift of 99 Hz (three ripples) causes the Cycle
uation factor is independent @ and is given by and Cycle 2 passband ripples to be well aligned within th

desired suppression region (upfield of 2 ppm). The resultin
X (@) = (acyer(o) * acyer(0))? — (acyed®) = acvea(®))?,  singlet attenuation factoy(w), given by Eq. [3], is plotted
[3] in Fig. 3b. For a perfect 180° BASING pulse, attenuation i
as low as 10° near 1.3 ppm which is more than two orders
where acyci(w) and acyco(w) are the relevant spin—-domainof magnitude smaller than the design BASING passban
parameters that describe the Cycle 1 and Cycle 2 BASIN@ple. The resilience of singlet suppression to RF scalin
profiles. errors is also plotted.
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Implementation of ES-2 receiver bandwidth was 1250 Hz and 512 points were sar

. . . . pl i ho time TE. Th I free i
Implementation of ES-2 was achieved by cycling the t|m% ed starting at echo time e accumulated free indu

position of the first BASING pulse (Rf) and associated Eon ‘;ec?‘ys (fl.:IIDS) wzre apoc;l'luzedd W|th1%|;fxpo.nentlgl ]Icme
dephasing gradients. For Cycle At{,s = (TE/2), RR5, was roadening liter and zero-iie 0 . points etore
applied justafter the first PRESS spin—echo pulse RF2, Wh"gourler transformgtlon. Baseline correctlor! was |mpler
for Cycle 2 Ataas = (TE — 1/J)/2), RF,, was applied just mgnted by averaging the mean value of the first and last -
beforeapplication of RF3 (for minimum echo time ). For points of the phased spec'Fra to determlne the D.C. offset
both cycles, the second BASING pulse (BFwas applied just For ES-1, water suppression was achlgved through the use
after RF3. Experimental results demonstrated a need to ciiree€ CHESS84) minimum phase saturation pulsés), each
brate for a zero-order phase discrepancy associated with Cy#i&0 Hz bandwidth. The flip angle of the final CHESS pulse
1 and Cycle 2 acquisitions. This phase error, measured toWas adjusted manually to a value between 100° and 130°
between 30° and 60°, was traced to inadequate BO-eddy curr@gftieve optimal suppression. For ES-2, water suppression w
compensation that failed to properly adjust for the ;RF provided by the BASING pulses.

dephasing gradients. Note that, for ESe2, ¢, is equal to A brain metabolite phantom (G.E. Medical Systems, Mil-
acve independently of B1, which implies that, in principle waukee, WI) which contained 3.0 mM Cho, 10.0 mM Cr, 12.£
complete singlet suppression is achieved at all passband frev NAA, 7.5 mM myo-Inositol (ml), 12.5 mM glutamate

guencies. (Glu), and 5.0 mM lactate (Lac) was scanned with both editin
schemes using a PRESS-selected volure/,(zZ) measuring
Phase Regularization 20 X 20 X 20 mnt. For the ES-1 acquisition, TE was 144 ms,

whereas, for the ES-2 experiment, it was necessary to incree
to 240 ms, thus reflecting a value ®f,;, = 96 ms. The
er experimental parameters were as follows: pulse repetiti

For instances when a large lipid signal was present wit
the PRESS volume of interest, a phase regularization routimtah
modeled after a method previously implemented to imprO\?e . .
the SNR of multiacquisition (multishot) MRS experimenté'm_e (TR)= 25, number of acquisitions (N 60, linebroad-
(52), was developed to improve lipid suppression. Each acqﬁr—]Ing - 1Hz. ) .
sition was individually processed so that shot-to-shot zero-!N Vivo data were acquired, using ES-1, from a 48-year-ol
order phase discrepancies and frequency shifts (both presdffale with a brain tumor diagnosed previously as a gliobla
ably motion induced) could be eliminated before findPMa multiforme. The PRESS-selected region, measuring 42
summation. This was accomplished by apodizing and Fourig? X 26 mnT, was centered near the posterior corpus collosut
transforming each FID and then automatically phasing ad@d data were collected with the following parameters: ¥R
frequency shifting the lipid Ck peak of the spectrum to al s, TE= 144 ms, NA= 128.
chemical shift position of 1.3 ppm. Any spectra whose lipid In vivo MRS of neck tissue presents a unique challenge dt
CH, peak amplitude differed from the median value by mor® susceptibility effects, motion-induced artifacts, and in.
than 20% were discarded (less than 2% of the spectra wereased lipid contamination. To determine an achievable lipi
thrown away). After all the Cycle 1 and Cycle 2 acquisitionsuppression factor, portions of the left complexus, spleniu:
from a given experiment were processed, the data were theand trapezius muscles of a normal volunteer were localize
summed or subtracted to generate either the uncoupled(PRESS box= 20 X 20 X 20 mnT), and data were processed

coupled spectra. both with and without the phase regularization algorithm fo
comparison. The potential for identifying hypoxic tumors, wa:s
Data Acquisition investigated by acquiring spectra from a metastatic neck no

To demonstrate and evaluate the editing techniques, ph%f’j1 48-year-old man diagnosed with a primary right pyriforrr

tom andin vivo data were collected at 1.5 T using a Gener nus _tumor. Editing was implemented with ES-1 using th
Electric Echo-Speed system (G.E. Medical Systems, mjR!lowing scan parameters: TR 2's, TE = 144 ms, NA=
waukee, WI) equipped with self-shielded gradients (maxf>8: PRESS box= 20 x 20 X 20 mn?. .
mum magnitude= 2.2 G/cm, slew rate= 12 G/cm/ms).  FOr the neck MRS experiments, Qata were collected using
PRESS localization was accomplished using spatially seldgur-element head, neck, and cervical phased-array coil (MF
tive SLR-designed pulses that possessed excitation profifé&vices Corp., Waukesha, WI) operating in receive-only mod
that were the Fourier transforms of a Hamming windowedhe body coil was used to transmit). The received FIDs fror
four-lobed Sinc functiong3). All BO crusher gradients were €ach coil were individually apodized (2 Hz linebroadening)
of magnitude 2.0 G/cm and 4.5 ms in duration including thieourier transformed, phased, and then combined in a manr
250 ws rise and decay times. The time between the 9designed to maximize the final SNR by scaling data from eac
excitation pulse and the first 180° refocusing pulse waeil by a factor proportional to that coil's measured SNF
minimized to a value of 10 ms. For all acquisitions, thés5, 56.
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a) Editing Scheme 1

Cycle 1 Cycle 2 Cycle 1 + Cycle 2 Cycle 1 - Cycle 2
NAA
G
2
O 1
Lac
5 4 3 2 1
PPM PPM PPM PPM
b) Editing Scheme 2
Cycle 1 Cycle 2 Cycle 1 + Cycle 2 Cycle 1 - Cycle 2
NAA
1§]
2
[$)
Lac w Lac

PPM PPM PPM PPM

FIG. 4. Brain metabolite phantom results for (a) ES-1 (TR/FE2000/144) and (b) ES-2 (TR/TE 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@@gide?), although
there was minor doublet contamination in the ES-1 singlet spectrum (Cy¢leC¥cle 2). ES-2 signal intensity was reduced due to the longer echo time.

EXPERIMENTAL RESULTS measured BASING suppression factors that were previous
reported 40).

Figure 4 shows reconstructed brain metabolite phantomThe results from the brain tumor scan are displayed i
spectra acquired with ES-1 (4a) and ES-2 (4b). Compldtéd- 5. Figure 5a shows the outline of the PRESS bo
suppression of the Cho, Cr, and NAA singlets was provided lsfPerimposed upon a T1-weighted 3-D SPGR scan TR
both schemes as is shown in the “Cycle-1Cycle 2" spectra. 26 ms, TE= 6 ms, flip angle= 40°, 1.5 mm resolution)
However, there was slight doublet contamination (see arrowjiich was acquired after the injection of Gd-DTPA. The
of the ES-1 singlet spectrum (Cycle 4+ Cycle 2) which spectra in Fig. 5b show clear and identifiable lactate an
presumably resulted from imperfections of the flip angle of tH#id signals of similar magnitude. Although not greater thar
inversion pulses which were applied to the methine quartet®fe, the ratio of Cho/NAA in the singlet spectrum (Cycle
Cycle 1 but not in Cycle 2. Compared with ES-1, the meta- + Cycle 2) was also abnormabT). If a conventional
olite signal intensities were reduced using ES-2 due to the edARBESS scan at TE 144 ms had been performed, the lipid
time increase. Another difference between ES-1 and ES3nd lactate signals would have almost canceled (see Fi
spectra is that the residual resonances (ml, Cr, Glu) in the rarfige—Cycle 2), thereby offering a misleading indicator of
of 4.0-3.5 ppm, which is in the transition band of the BASIN®verall signal intensity near 1.3 ppm.
pulse, have different profiles. Since ml and Glu contain cou- The results from the neck muscle scan of the norme
pled components, it is expected that the resulting lineshapadunteer are shown in Fig. 6. Reconstruction without the
will be complicated functions of echo timétg,s, and the phase regularization algorithm yielded a lipid suppressio
BASING excitation profile. The analysis of these lineshapesfiactor of 127, which was measured by dividing the inte:
beyond the scope of this paper. Note finally that the amountgfated peak area across the frequency range of 0.9-2.1 p
water suppression provided by ES-210% was similar to of the “Cycle 1 — Cycle 2” spectrum into the integrated
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a)

b) Cycle 2
Cycle 1 yas

*?1 b L L il
5 4 3 2 1 :
PPM

Cycle 1 + Cycle 2

—_ Cycle 1 - Cycle 2
Cho

Cr

lactate

Y PPM

FIG. 5. Brain tumor results from a glioblastoma multiforme: (a) Postcontrast T1-weighted SPGR axial slice (¥RZ&E) showing the location of the
PRESS box. (b) Reconstructed spectra (TRA E000/144), each scaled identically, which indicate that similar amounts of lactate and lipids were present.
ratio of Cho to NAA was also abnormal.

area of the “Cycle 1+ Cycle 2” spectrum. The maximum to a value of over 1000, which is comparable to suppressic
absolute value of the “Cycle + Cycle 2” spectrum in that factors that we have previously measured in phantom e
region was 1/47 of the maximum lipid value. With phasperiments. Note that the 3-ppm region did not experienc
regularization implemented, lipid suppression was improvéarge changes resulting from phase regularization. Here, tl
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a)
b
) Cycle1 + Cycle2 Cycle1 + Cycle2 Cycle1 - Cycle2
x12 “u“wmvw \VW x12
5 4 3 2 1 0 ‘5 "‘ é é 1‘ 6 I5 il ;i 2 JI (l)
PPM PPM PPM
c) Cycle1 + Cycle2 Cycle1 + Cycle2 Cycle1 - Cycle2
X12 Aoy 2y 0 x12 e WMVAV.V Lo A ity
SRS R S
PP PPM PPM

FIG. 6. Neck muscle results: (a) Axial image (TR/TE 25/6) showing the approximate location of the PRESS box. (b, ¢) Spectra (TR/TE
2000/144) reconstructed without (b) and with (c) phase regularization where the lipid suppression factor was improved to a value bi\ethbiite
resonances situated near 3 ppm presumably consist of choline, creatine and carnitine moieties. The right four spectra of parts (b) and (c) are z(
by a factor of 12.

singlet intensities (presumably composed of choline, createck tumor patient. Due to the size of the node, the § cn
ine, and carnitine) were similar in both Figs. 6a and 6lPRESS-selected volume could be positioned so that sampled lij
There were also residual “Cycle-1 Cycle 2" signals in the signals were significantly reduced compared with those in th
3 ppm region which may indeed contain elements of coupl@auscle scan of the normal volunteer. Given the low amounts ¢
moieties or may reflect incomplete singlet cancellation ddipids, the phase regularization algorithm was not utilized. Th
to the presence of the transition band of the BASING pulseconstructed spectra show that there was a pronounced sin

Figure 7 shows the results from the MRS exam of the head goebk in the Cho region (3.2 ppm) as well as similar amounts «
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a) b)

) Cycle1 + Cycle2 d) Cycle1 - Cycle2

5

FN
ro
—
o
=
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~
—

H PPA

FIG. 7. Neck tumor results: (a) T1-weighted (TR/FE500/8) and (b) T2-weighted (TR/TE 3000/85) axial spin—echo images (resolutier256 X 160,
FOV = 21 cm, slice thickness: 5 mm) showing the location of the PRESS box. (c, d) Edited spectra (TR/2B00/144), scaled identically, showing similar
amounts of lipids and lactate as well as a pronounced singlet (Cy¢leCycle 2) resonance in the Cho region.

lipids and lactate. Since the sampled volume contained no mustdelipid suppression. The two editing schemes presente
tissue, but only elements of the nodal mass as indicated by dféer different features. ES-1 allows for shorter echo time:
hyperintensity on the T2-weighted MRI scan (Fig. 7b), the largsut requires additional (e.g., CHESS) water suppression al
3.2-ppm signal, assuming it is choline, may be a marker for thgore attention to issues relating to B1 inhomogeneitie
presence of active tumoLY). The significance of the apparentsince the spectral domain excitation profiles for Cycle 1 an
lactate signal is addressed in the next section. Cycle 2 can differ. ES-2 offers both water suppression ant
in principle, complete Bl-insensitive singlet suppressiol
since the chemical shift profile of the BASING pulses is the

The experimental results demonstrate that dual BASINg&me for both cycles. However, the longer echo times me
may be used to edit for lactate while achieving a high degreeduce the SNR and it was noticed that a phase discrepan

DISCUSSION
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between Cycle 1 and Cycle 2 acquisitions needed to bpoilers associated with the first BASING pulse (RFat the
addressed. extrema (spoiler #1 just after RF2, and spoiler #2 just befor
A novel aspect of the implementation of ES-1 was the use BF3) so that only the RF pulse need be time shifted. /
an inversion pulse with a equiripple excitation profile coupledisadvantage of this approach is that the time duration betwe
with carrier frequency shifting between cycles. Aside frorthe BASING crushers is increased and, hence, so are t
allowing for attenuation factors which are less than the BAShances of signal corruption resulting from patient motion an
ING passband ripple magnitude, resilience of suppressiondifusion effects. The best solution to the problem appears 1
Bl-scaling errors is also offered. As is shown in Fig. 3b, fase improved B0O-eddy current compensation.
scaling errors resulting in flip angles of 160° and 200°, the For both ES-1 and ES-2, the minimum echo time remain
theoretical lipid attenuation factor remains less than>10p- greater than or equal to TE 1/J (144 ms). Although lactate
field of 2.0 ppm. This amount of achievable suppression is ¥p's in the brain have been measured to be as long as 780 |
agreement with experimental results and represents more t{g@), this may not be the case in other parts of the body
an order of magnitude improvement over that reported usinggyreover, shorter echo times may be desired to accurate
complementary-difference technique which cycles between gheasure other metabolite and lipid/macromolecule concentr
wideband and narrowband spin-echo pulse applied t0 igns. As pointed out by a reviewer, TE for ES-1 could be
lactate doubletd3). A disadvantage of dual BASING editing isyeqy,ced to below I/ which, in an analogous fashion to the

that, since the lactate methine quartet is inverted twice, tB?oposed TE reduction for ES-2 described above, would rest

signal intensity of the methyl doublet is more sensitive to By,  requced lactate signal for Cycle 1. In spite of this reduce
scaling errors.

lactate signal, the echo time reduction may allow ES-1 to offe

CoTpared Wirt]h ES-1,ES-2 provide§ foLarbitrary T_Cho UMESSNR that is competitive with T1-based lipid/macromoleculs
TE >= TEy, where Tk, > 1. Despite the metabolite SNR uppression and editing schemé4,(62 while still providing

reduction that may occur, these longer echo times may pression factors that are independent of relaxation times

desired in some cases to help reduce lipid contamination S."r?cié;or any J-difference editing scheme, suppression may b
the metabolites tend to possess larger T2 values than lipids

. . mpromised by motion and other instabilities. This was

Ejsesc:eﬁa(?s.ingo'\ll'vgvelr:,olr |Fr)1 rs,ett:r:::eed,t:el:elr_%eAgll:\ll én ?ngz g}iwns i;ﬁnore serious issue for the neck scans where it was found tt

. '!" . o . shot-to-shot phase variations could be observed. Experimen
Fig. 2 was designed with small ripple magnitudes and tran%féta taken from neck muscle of a normal volunteer indicate
tion bandwidths which could probably be increased with ma{ﬁat without phase regularization, and with NA256, a lipid
ginal performance degradation. This would allow for shorten- " ) L ! .
ing of the BASING pulse, thus reducing,;,. Another option suppression factor O.f apprommate_ly 109 was achleyed. Whi
is to scan at higher field strengths where the BASING pulgeWas ShOV.V” that this was dramatlcally improved using phas
time could be decreased and still yield an equivalent Chemiggmpensaﬂo.n, the amo“’.“ of suppression offered without the
shift (ppm) transition bandwidth as would a longer pulse inEXxtra co.rrect|ons may still be adequat(_e. For_ the n.e_ck tumq
plemented at 1.5 T. Alternatively, TE can be shortened withof@S€ (Fig 6). the lipid and lactate signal intensities wer
changing the BASING pulse so thAtg s for Cycle 2 is less r(_)ughly equivalent, indicating that a noncompensated suppre
than (TE— 1/J)/2. Although there will be a reduction in lactateSion factor of 100 would be more than sufficient.
signal intensity for that cycle (see Eq. [1]), the singlets will still A Source of future concern would be instances where t
cancel in the coupled (Cycle + Cycle 2) spectrum, thus I|p|d SNR is pot sufficient for phasing each excitation but may
providing full lipid suppression. For example, a reduction aitill be sufficiently large to corrupt thg lactate spectrum. Mpre
TE from 240 to 200 ms using the 30-ms pulse in Fig. 2aver. regardless of the suppression issues, phase regulariza
implemented with our PRESS excitation sequence would @S0 may be necessary to help obtain more accurate quant
duce the doublet signal intensity to 57% of its original value fdfve results in a multishot experimer, 63. An alternative
Cycle 2. Since there would be no lactate signal loss for Cydie Phasing on a lipid peak may be to phase each acquisition:
1 (whereAtg s = TE/2), the overall SNR would decrease by residual water resonance—an approach which will requil
only 22% for a full experiment. The lipid component at 1.&ltering the profile of the BASING pulses to allow for inver-
ppm of the singlet (Cycle # Cycle 2) spectrum would be sion of the quartet but only partial inversion (and, conse
contaminated with some lactate signal but could be correctéiently, partial suppression) of water.

Another issue related to implementation of ES-2 was theln general, we have no independent test to determine tl
phase discrepancy between Cycle 1 and Cycle 2 acquisiti@@ual lactate levels in the tumor scans. The brain tumor stuc
that was caused by time shifting of the BASING crushdrad sufficient homogeneity to resolve a doublet resonance
gradients. Although calibration was relatively straightforwardl.3 ppm. While magnetic field homogeneity across the nec
for the phantom study, a more robust solution to the problenode was not adequate to resolve the lactate doublet, meast
should be investigated befoie vivo implementation becomes ments of tissue oxygenation using an Eppendorf polargraph

practical. One simple remedy is to fix the position of thexygen electrode (Kimoc, Hamburg, FRG) yielded a media
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pO, value of 0.7 mm Hg, which is highly suggestive of
hypoxia ©4).

In summary, two related methods for B1-robust lactate e
iting that maintain visibility of singlets upfield of and including
3.2 ppm at 1.5 T have been demonstrated. Edited spectra wereajyg, 1057-1072 (1997)
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proton spectroscopy in cerebral tumors at 4.0 Tesla—First results,
Magn. Reson. Imaging 7, 547-555 (1989).

S. K. Mukherji, S. Schiro, M. Castillo, L. Kwock, K. E. Muller, and W.
Blackstock, Proton MR spectroscopy of squamous cell carcinoma
of the extracranial head and neck: In vitro and in vivo studies,

obtainedn vivowhich allowed for measurements of the methyiz. C. E. Mountford, L. C. Wright, K. T. Holmes, W. B. Mackinnon, P.
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 levéfs A. C. Kuesel, G. R. Sutherland, W. Halliday, and I. C. Smith, 1H

Wi

th tumor hypoxia and necrosis.
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