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Conventional double-quantum editing techniques recover only
ne metabolite at a time, and are thus inefficient for monitoring
etabolic changes involving several metabolites. In this paper, a

timulated-echo-enhanced selective double-quantum coherence
ransfer (STE-SelDQC) sequence is described, which allows simul-
aneous observation of lactate and other metabolites in a single
can while leaving fat and water signals suppressed. A frequency
elective double-quantum filter designed for lactate editing sup-
resses fat and water resonances and a stimulated-echo window of
djustable frequency and bandwidth is incorporated into the dou-
le-quantum filter for simultaneous observation of other metabo-
ites. The performance of the sequence is demonstrated in phan-
oms and rat brain tissue. © 1999 Academic Press

Key Words: double-quantum filter; stimulated-echo; lactate.

INTRODUCTION

Accurate measurement of lactatein vivo using1H MR spec-
roscopy often requires spectral editing to isolate the la
ethyl resonance from intense lipid peaks at 1.33 ppm.
ient-selected multiple-quantum coherence transfer techn
an generate edited spectra with good sensitivity in a s
can, so that they are less sensitive to motion than ed
echniques which require subtraction of sequentially acqu
pectra. Gradient-selected double-quantum (DQ) cohe
ethods have been used to edit MR spectra for lactatein vivo

1–4).
A general problem with editing techniques is that t

ecover spectra of only one metabolite at a time. They are
nefficient in acquiring data if more than a single metabolit
f interest and the final spectrum does not contain peaks
ther metabolites such asN-acetylaspartate (NAA) or creati
Cr) that can serve as internal concentration standards. It w
herefore be useful in many cases to be able to observ
ignals from lactate and such other metabolites simultaneo
PRESS technique has been described in whichJ-difference
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actate editing allows simultaneous acquisition of the lac
ethyl signal and singlets from choline, creatine, NAA,

ipids (5). Two other techniques based on gradient-selected
oherence transfer have been described for detection of e
actate and other metabolites in a single scan (3, 6). In those
echniques, a DQ filtered coherence transfer echo of lactat

spin echo of the other metabolites are formed and det
ither in one prolonged acquisition window (3) or in two
equential acquisition windows (6). An alternate sequence u
ng a stimulated-echo-enhanced DQ editing acquisition to
erve the edited lactate signal simultaneously with the reco
f resonances of other metabolites is described here, an
erformance is demonstrated in phantoms and rat brain

n vitro.

THEORY

A selective coherence transfer version of a metabolite-
ng DQ coherence transfer sequence is shown in Fig. 1A7).
or lactate editing, the frequency selective excitation pulse
et to excite narrow frequency windows around 1.33 and
pm, and the frequency selective observation pulse is cen
t 4.11 ppm. The magnetization outside these regions rem
riented along thez axis at the end of the sequence. I
onvenient to chooset 1 5 t 2 t 1 andt 2 5 t 1 t 1 in order
o refocus simultaneously the coherence transfer echo aB0

nhomogeneity experienced by the DQ coherence during tt 1

eriod (8). In practice,t 1 should be kept as short as possibl
inimize effects ofJ-modulation, but it has a minimum
bout 10 ms, depending on the length of the frequency s

ive excitation pulse and observation pulse and the durati
1. Then with 2t 5 68 ms,t2 is at least 44 ms, and this tim

s available to obtain NMR signals from the non-edited
abolites simultaneously with the edited lactate signal.

One sequence that can be used to do this is shown in Fi
he insertion of three identical frequency selective 90° pu

nto thet2 period forms a stimulated-echo window and ge
tes a stimulated echo from the magnetization of un-e
etabolites whose resonances fall within that window (9, 10).
he stimulated-echo window can be shifted along the chem

ma-
.,
l:
1090-7807/99 $30.00
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216 LEI AND PEELING
hift axis by adjusting the carrier frequency and the bandw
f these three 90° pulses as long as the lactate methyl
ance and lipid resonance at about 1.33 ppm, the la
ethine resonance at about 4.11 ppm, and the water reso
t about 4.7 ppm are not affected. A pair of echo-time (
rusher gradient pulses and a mixing-time (TM) crusher
ient pulse (9, 10), adjusted so that the single-quantum lac
oherence is not affected, are used to select the stimu

FIG. 1. The conventional selective double-quantum coherence tran
ouble-quantum coherence transfer pulse sequence for simultaneous la
ere, the gradient pulses, including the crusher pulses, the double-quant
ere all 1 ms in duration.G2 5 2G1 5 64 mT/m,GTE 5 2GTM 5 15 mT
th
so-
te
nce
)
-

e
ted

cho. Timing of the stimulated-echo window can be adju
o that the stimulated echo is generated at the end ot2,
ogether with the coherence transfer echo of lactate.

EXPERIMENTAL

All phantom experiments were performed on a Bruker B
pec spectrometer using a 9.4 T/21 cm Magnex ma

pulse sequence for lactate editing (A) and the stimulated-echo-enhan
te editing and observation of un-edited metabolites (B). For the experimnts describe
coherence selective gradient pulses, and the stimulated-echo selective gradient pulse
2t 5 68 ms,t 1 5 18 ms,t 1 5 t 2 t 1 5 16 ms,t 2 5 t 1 t 1 5 52 ms.
sfer
cta
um
/m,
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quipped with a custom-made actively shielded field grad
oil. An inductively coupled Alderman–Grant RF probe wit
5 mm inner diameter was used for both transmission
eception. The performance of sequence 1B was tested o
hantoms. Each phantom consisted of a 1.2 cm diamete
hantom I containing lactate and GABA in saline and phan

I containing lactate andN-acetylaspartate (NAA) in salin
or lactate editing, a 20 ms sine-modulated single-lobe
ulse with double excitation bands having half-height ba
idths of 120 Hz was used as the frequency selective ex

ion pulse (11). The sine modulation and carrier frequen
ere adjusted so that the two excitation bands were cente

he –CH3 and –CH– resonances of lactate. An 8 ms single-
inc pulse with a half-height bandwidth of about 250 Hz
sed as the frequency selective observation pulse. Either a 9 ms
ingle-lobe (half-height bandwidth of about 180 Hz) or a 9 ms
hree-lobe (half-height bandwidth of about 700 Hz) sinc p
as used as the stimulated echo excitation pulse. The
ngles of all pulses were carefully calibrated (12), and all
rusher gradients and coherence transfer pathway sel
radients were adjusted experimentally to a near magic-
etting to maximize the efficiency of water/fat suppres
13). Each spectrum was acquired with 16 transients into 1
ata points with TR5 2.0 s and with gradient amplitudes a
elays as given in the caption to Fig 1. Spectral proces

ncluded zero-filling FIDs to 4k data points and a 5 Hzexpo-
ential line broadening.
In vitro experiments on rat brain were carried out o

ruker Biospec/3 7 T/21 cm spectrometer equipped with
ively shield gradients. A homebuilt 3 cm diameter saddle
as used for both transmission and reception. Rat brain t
as homogenized and placed in a 1.2 cm diameter vial for
pectroscopy. All experimental settings for lactate editin
he in vitro experiments were the same as those used i
hantom experiments. For observation of creatine and ch
esonances, an 11 ms single-lobe sinc pulse was used
timulated-echo excitation pulse with the carrier frequenc
o 520 Hz upfield of the lactate methyl resonances.

RESULTS

A lactate edited spectrum from phantom I acquired by
uence 1A is shown in Fig. 2A. The water signal and GA
ignals are completely suppressed due to selective cohe
ransfer. Figures 2B to 2D show spectra acquired using
uence 1B with the stimulated-echo windows centered o
-, a-, andb-GABA resonances, respectively, while in sp

rum 2E, the 1.8 ppm wide stimulated-echo window cover
hree GABA resoances. The amplitudes of theg- andb-GABA
eaks in 2E are smaller than those in spectra 2B an
ecause of imperfections in the excitation profile of the
ulse. The variation in the amplitude of lactate peaks am
pectrum 2A to 2E is less than 2%.
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Spectra 3A to 3C (see Fig. 3) show the results f
hantom II. For spectrum 3A, the stimulated-echo wind
as centered on the 2.02 ppm NAA resonance. As expe
oth the lactate methyl signal at 1.33 ppm and the N
inglet at 2.02 ppm were recovered. For spectrum 3B
ower of the two lactate excitation pulses was reduced
inimum, so that NAA was observed via the stimulat
cho window without lactate editing. As shown, the N

FIG. 2. Spectra obtained from Phantom I (solution of lactate and GA
n saline) using pulse sequence 1A (A) and 1B (B–E). Spectra B, C, a
ere acquired with the stimulated-echo windows (9 ms single-lobe sinc p
entered on theg-, a-, andb-GABA resonances, respectively. For spectrum
he stimulated-echo window was formed by using three 9 ms three-lob
ulses with the carrier frequency at 470 Hz upfield of the lactate m
esonance (i.e., about 2.5 ppm).
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ethyl peak was recovered, while no peak at 1.33 ppm
bserved, demonstrating that the stimulated-echo win

or NAA at 2.02 ppm did not excite the lactate met
esonance. For spectrum 3C, the carrier frequency
witched to “edit” the NAA singlet at 2.02 ppm wh
utting the stimulated-echo window on the lactate me
eak. The lactate methyl peak was recovered and no i
ity for NAA at 2.02 ppm was found, verifying the fact th
he editing efficiency was not degraded by the stimula
cho window.
Spectra from rat brain tissue are shown in Fig 4. Spec

A was acquired using sequence 1A, and only lactate sig
re present in the spectrum. Spectrum 4B was acq
sing sequence 1B with the frequency of the stimula
cho excitation pulses centered between the creatine
holine resonances. As expected, both creatine and ch
inglets were recovered together with the edited lac
ignals.

FIG. 3. Spectra obtained from Phantom II (solution of lactate and NA
aline) using pulse sequence 1B with the stimulated-echo window form
hree 9 ms single-lobe sinc pulses with the carrier frequency centered
AA methyl peak at 2.02 ppm (A, B), or on the lactate methyl peaks at
pm (C). Spectra were acquired with (A) or without (B) lactate editing or
NAA editing” (C).
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DISCUSSION

Lactate editing in combination with recovery of resonan
f other metabolites has been reported previously using
cho-enhanced selective DQ coherence transfer (SEE-Se
3, 6). An alternative sequence using stimulated-echo-enha
elective DQ coherence transfer (STE-SelDQC) has been
ented here. Compared with SEE-SelDQC, STE-SelDQC
everal advantages. First, in the previously described
elDQC sequences, it takes extra time to generate the
cho, while it is possible to incorporate the entire stimula
cho part of the sequence into thet2 duration of the editin
equence in STE-SelDQC. No extra time is needed. Seco
EE-SelDQC, the minimum TE for the non-edited metabo

s long (i.e., about 160–170 ms) so that only resonances
etabolites with longT2 can be recovered (3, 6). On the othe
and, using STE-SelDQC, shorter TE (18–22 ms) is poss
epending on the duration of the frequency selective p
sed to excite the stimulated echo. Third, using SEE-SelD

he lactate coherence transfer echo and the spin echo of
etabolites cannot be refocused simultaneously. Co

uently, the acquisition windows must be prolonged or
cquisition windows must be used to accommodate the
choes. In STE-SelDQC, the timing of the stimulated-e

by
the
3

FIG. 4. Spectra obtained from rat brainin vitro using pulse sequences
A) and 1B (B), with the stimulated-echo window formed by three 11
ingle-lobe sinc pulses with the carrier frequency centered at 3.12 ppm
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indow can be adjusted so that the lactate coherence tra
cho and the stimulated echo are refocused simultaneo
inally, the STE-SelDQC sequence is more flexible than
EE-SelDQC sequence in terms of recovering non-edited

abolites. For example, the excitation frequency and the b
idth of the stimulated-echo excitation pulse can be adjust
reate a stimulated-echo window which captures any de
etabolite resonances as long as the lactate, lipid, and

esonances do not fall into the simulated-echo window.
However, there are also some limitations for the S

elDQC sequence. First, because the stimulated-echo
uency selective pulses are long (typically 8–10 ms),t 1 must
e increased in order that thet2 period be long enough

ncorporate the entire stimulated-echo part of the sequenc
efocus the lactate coherence transfer echo and the stim
cho simultaneously (t 2 5 t 1 t 1). Without the stimulated
cho part,t 1 can be as short as 10 ms, while adding
timulated-echo sequence requires thatt 1 be increased to
east 18 ms. Because the edited lactate signal is modulat

factor of cos2(pJt1), this increase int 1 results in a lactat
ignal loss of about 13%. Second, because the lactate s
uantum coherence must experience the TM and TE cr
radients duringt2, the lactate signal intensity will be d
reased by spin diffusion effects (14). However, because th
mplitudes of the TM and TE crusher gradients were smal
T/m) and the duration was short (1 ms) in this study, s
iffusion effects were minor, as can be see by comparing

actate peaks in spectra 2A and 2B. Third, because reson
f non-edited metabolites are excited and observed durint2,

t is essential to ensure that the magnetization of those m
lites remains intact at the beginning oft2 in order to obtain
aximum sensitivity. Theoretically, transverse magnetiza
f non-edited metabolites is not excited during the first pa

he sequence. However, because of RF pulse imperfection
1 relaxation between the first and the second 180° refocu
ulses, a 10% signal loss was found in the present study fo
on-edited metabolites when the editing part of the sequ
as added ahead of the stimulated-echo window. To s
xtent, this problem can be avoided by carefully tuning
ower and bandwidth of the RF pulses used for lactate ed
articularly for the two hard refocusing pulses. Fourth, u

he stimulated-echo sequence and balanced TM and TE cr
radients, two signals are refocused at the end of the stim
d-echo window, namely, the stimulated echo and FID1
ID generated by the first 90° pulse of the three 90° pul
owever, theB0 inhomogeneity experienced by FID1 is n

efocused during the subsequent part of the sequence, andT*2 is
hort enough for FID1 to decay completely before acquisi
his can be seen from Figs. 2B to 2D. The absence of
hase distortion in the GABA peaks demonstrates that onl
timulated echo was observed in this study.
Both the DQ coherence transfer and the stimulated-

equences recover 50% of the signal intensity. However
fer
ly.
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dited lactate resonance can experience further reductio
ntensity due to spin-diffusion effects and toJ-modulation
uring t 1, as described above. Furthermore, the resonan

actate and the resonances of metabolites excited by the
lated-echo sequence experience significantly different

imes, so that differences in the extent ofT2 relaxation can als
ffect the relative signal intensities. Direct comparison of
al intensities to assess relative concentrations must take

eatures into account.
Spatial localization of the STE-SelDQC sequence ca

chieved by chemical shift imaging (CSI). Two or th
hase encoding gradients can be placed between th
timulated-echo excitation pulse and the data acquis
indow. If two-dimensional CSI is used, the spatial loc

zation in the third dimension can be achieved by long
inal Hadamard encoding (15), in which a Hadamard en
oding RF pulse is applied at the beginning of the sequ
o encode the longitudinal magnetization of both lactate
ther metabolites.
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