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Spectral editing using gradient selected double-quantum (DQ)
coherence transfer is often used for the selective observation of
metabolites in vivo. In attempting to optimize the detection sensi-
tivity of a conventional DQ spectral editing sequence, the effects of
using radiofrequency (RF) pulses that are not at the resonance
frequency of the observed peaks were investigated both theoreti-
cally and experimentally. The results show that spectral editing
using pulses at the frequency of the observed resonance does not
necessarily give the optimal detection sensitivity. At 7 T, the
detection sensitivity of lactate observed using a DQ editing method
can be increased by up to 30% by setting the RF pulses off
resonance at the proper frequency. The results also suggest that
slice selective RF pulses used in DQ spectral editing combined
with PRESS localization may have slice profiles different from
those when the same pulses are used for standard PRESS spatial
localization.  © 2000 Academic Press
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INTRODUCTION

Spectral editing techniques using gradient selected double-
quantum (DQ) coherence transfer provide a good compromise

essential for the sequence to be efficient in filtering out majc
overlapping resonances, but also important for the sequence
have optimized detection sensitivity for the metabolite of in
terest. A conventional DQ spectral editing sequence consists
five RF pulses and delays between the pulded4). Optimi-
zation of the detection sensitivity for a DQ metabolite editing
sequence can be achieved by adjusting the timing of the <
quence and by optimizing the settings for the RF pulse
Theoretical treatments using product operator formalisms
numerical simulation can be used to guide the optimizatio
process Z, 13, 15.

The flip angles, durations, and shapes of the RF pulses ir
DQ editing sequence all affect the detection sensitivity of th
sequence 13, 16, 17. When point resolved spectroscopy
(PRESS) spatial localization is combined with DQ spectre
editing 6, 6, 12, 13, the frequency offset of the slice selective
RF pulses used also affects the detection sensitigjtylif this
study, the effects of RF pulses that are not at the resonar
frequency of the observed peak (i.e., off-resonance pulses)
the detection sensitivity of a conventional DQ spectral editin
sequence are investigated.

THEORY

between fat and water suppression, detection sensitivity, and

motion sensitivity forin vivo applications {, 2). These tech-

A conventional DQ editing sequence is shown in Fig. 1. Th

niques have been applied to the selective observation ofiatiphase coherence is generated during the DQ creation per

number of metabolitem vivo, including lactate §-5), y-ami-
nobutyric acid (GABA) 6, 7), citrate @), glucose 9), N-

(27) and is then converted into DQ coherence by the secol
90° pulse. After the DQ coherence evolution periog,(the

acetyl-aspartatel (), taurine (1), glutathione 12), and gluta- third 90° pulse (i.e., the DQ read pulse) converts the D(
mate (L3). However, unequivocal observation of a metaboliteoherence back into single-quantum coherence which is th
by DQ spectral editing is often at the cost of reduced sensitigetected at the end of the detection periad ¢ 7,). A
ity. Generally, only a fraction of the signals from the targetequency selective pulse is usually used for the DQ read pul
metabolite can pass through a DQ editing sequehc@d the to increase the intrinsic detection sensitivity {8. Consider a
signals passing through the sequence are attenuated furthewbgkly coupled two-spig-system (IS) with a frequency dif-
mechanisms such as transverse relaxation, spin-diffusion,ferencew,s between the two spins. Using a product operatc
modulation, and radiofrequency (RF) pulse imperfectiaf)s ( formalism in the spherical basid9), the coherence transfer
Therefore, when DQ spectral editing is used to observepathways involving the DQ coherenck, §,) and leading to
metabolite with low concentration vivo, it is not only observable signals of spin | () are
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90° T 180 T 90° t,  90° T, 180 T,
lg— I — |I.S§ ——— 1.5 — —— |.S, .S, .Sy — | _
90° T 180 T 90° t, 90 T, 180 T,
lg—— 1, — 1.5 ——— | .§ — —— |.S, .S, .Sy — |,
wherel, and S, represent the longitudinal magnetization of B=\(yB)?+ Awi Xt, [4]
spins | and S, respectively, andS, and| .S, represent the ‘
antiphase coherence. 0 = atar(yB,/Aw,), [5]

The effects of an off-resonance pulse with a frequency offset
Aw, (relative to the on-resonance frequency of 1) on | can be
described as20) where B is the effective flip angle of the RF pulse, is the
phase of the pulsd),is the tip angle away from theaxis (i.e.,
| 0 = =/2 for an on-resonance pulsey,is the gyromagnetic
—{[cosB(1 + cos?h) + sin?6] ratio, B, is the RF amplitude, antj is the duration of the pulse.
2 . - . .
Equations similar to Egs. [1] to [5] can also be written for spir
S. Note that the frequency offset of the same RF pulse for S
+ 2i sin B cos6} + L‘; exp(—id) Aws = Aw, + w5, and consequent|g and6 for S are different
V2 from those for I.

I B0

B Normally, when 1| is edited, the frequency of all the RF
X [sin2<2> sin 20 — i sinB sin 9] pulses in the pulse sequence is set on resonance for I, exc
for the DQ read pulse whose frequency is set on resonance
S. Now, consider the last 180° pulse in the sequence, whi
converts the antiphase coherences, to | -S,. In order to
obtain 100% conversion efficiency, this pulse must act as
perfect refocusing pulse for | (i.e., convertingto —I_), and
simultaneously as a perfect inversion pulse for S (i.e., convel
ing S, to —S,). This requires the pulse be on resonance for bot

+ % exp(—2i$)[(cospB — 1)sin®0] [1]

B0

I
|, — > {[cosB(1 + cos0) + sin?f]

— 2i sin B cos 6} | and S. However, in practice, this will not be the case. Ii
general, a real 180° pulse will convértS, into | -S, with a
+ % exp(iqb){ —sin2<§> sin 20 conversion efficiency factdg g, (see Egs. [1] to [5]),
V/
— i sinBsin 9]
90, 180, 90, 180,
90,(sel)

acquisition

+ %_ exp2ig)[(cosp — D)sin’0]  [2]

Bvd)ie |,
lo——— ﬁ exp(—i d))[ —sin2(2> sin 26 e f
G2
—isinBsing % % Gog

I _
+ lo(cosB sin’d + cos’h) + N exp(id)

Y G

crusher

(B . o .
X [S|n2<2 sin 20 — i sinBsin 6 [3] FIG. 1. A pulse sequence for spectral editing using double-quantur
coherence transfer.
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180¢° on phantom I, as the frequency offset of a single RF pulse «
1,Sg ——— EgX 1.5 a combination of the RF pulses was varied freni600 to
1600 Hz with respect to the observed resonance in each ca
- GABA editing was carried out with hard 180° pulses of 26(
= (cosp, — Dsin“6, (cosBssin?0s + cohg)l_S,, [6] MS- Lactate editing was done using hard pulses of 26G@r
2 ’ three-lobe sinc pulses of 1 or 2 ms as the 180° pulses. All fli
angles were calibrated with the carrier frequency on resonan
where the subscripts | and S represent the spins | andf&,the observed peak.
respectively. The value oE.s depends upon experimental The spin echo and inversion recovery spectra were acquir
parameters such &, t,, andAw, as well as the properties of with a repetition time (TR) of 6.0 s, a spectral bandwidth o
the spin system such ass. Due to the existence ab,s, the 5000 Hz, 2048 data points, and 8 averages. The echo time (T
maximum value ofE, 4, does not necessarily occur when thevas 40 ms and the inversion recovery time (T1) was 20 ms. D
pulse is on resonance for | (i.Aw, = 0). In analogy to Eq. edited spectra were acquired with the pulse sequence showr
[6], it is possible to derive a conversion efficiency factor foFig. 1, with TR= 6.0 s,t; = 8.0 ms, a spectral bandwidth of
each RF pulse in the sequence using Egs. [1] to [5]. Ti&®24 Hz, 2048 data points, and 8 averages. For lactate, GAB
product €. of the conversion efficiency factors from alland BFA editing, 2 was 40.8, 34, and 120 ms, respectively
pulses then gives the overall off-resonance effect. Optimizithe detection periods, and , were set tor — t; andr +
the detection sensitivity of a DQ editing sequence involves, respectively, in order to simultaneously refocus the cohe
determining the value dlw, that gives the best value f@&.. ence transfer echo and tBg inhomogeneity. A 12-ms single-
lobe sinc pulse with a flip angle of 90° was used as the DQ res
MATERIALS AND METHODS pulse. To edit for H3 and H4 of BFA, the frequency of the rea
pulse was centered on the H4 and H3 resonances, respectivi
All experiments were carried out on a Bruker Biospec/Bor lactate and GABA editing, the frequency of the read puls
spectrometer usgha 7 T/21 cm magnet equipped with activelywas centered on the methine resonance of lactate and
shielded gradients. A homebuilt 3-cm-diameter saddle coil wasproton resonance of GABA, respectively. Postacquisitio
used for both transmission and reception. The on-resonaspectral processing in all cases included zero-filling the fre
flip angles of all pulses were carefully calibrat&l), and the induction decays to 4096 data points and applying a 5-+
orientations of all crusher gradient§ {...) and coherence exponential line-broadening. Spectra were phased individual
transfer pathway selection gradientS,) were adjusted ex to give a pure absorption lineshape. Peak height was used
perimentally to a near-magic-angle setting to maximize tlggiantification after verifying that the linewidths and lineshape

efficiency of water/solvent suppressia??). remained constant throughout the experiment.
Experiments were performed using two 2.5-cm-diameter
vial phantoms. Phantom | contained 50 mM 5-bromo-2-furoic RESULTS

acid (BFA) in 20/80 dimethyl sulfoxide benzene. The fre-

quency difference between the H4 and H3 protons of BFA wasFigure 2a shows the changes in the water signal intensity
276 Hz. Phantom Il contained 20 mM each of lactate, cholinthe frequency offset of the refocusing pulse was varied in tt
GABA, and taurine in saline solution. All experiments usedpin echo experiment, and Fig. 2b shows the amount of lo
hard pulses as the 90° pulses (except for the DQ read pulggdudinal magnetization inverted as the frequency offset of th
With phantom I, DQ editing for H4 and H3 of BFA wasinversion pulse was varied in the inversion recovery exper
performed as the frequency offset of the last 180° pulse varigent, using hard 180° pulses of 268. The solid lines in the
from —1600 Hz (e.g., upfield) to 1600 Hz (e.g., downfieldjigure were simulated from the relevant terms in Egs. [2] an
with respect to the resonance frequency in each case. [B] respectively, and provide excellent fits to the experiment:
editing was carried out at two RF power levels adjusted to gidata.

a 180° hard pulse of 150 or 26@s. Using phantom Il and a The results of spectral editing for H3 and H4 of BFA are
hard 180° pulse of 26@s, spin echo and inversion recoveryshown in Fig. 3. The data were acquired as the frequency offs
spectra of water were acquired as the frequency offset of thithe last 180° pulse in the pulse sequence shown in Fig. 1 w
refocusing pulse or the inversion pulse varied fretB400 to varied and with hard 180° pulses of 158 (Fig. 3a) and 260
2400 Hz with respect to the resonance frequency of water. Spia (Fig. 3b), respectively. The solid lines in the figure were
echo spectra of water were also acquired using a 2-ms threenulated using Eg. [6] and fit the experimental data very we
lobe sinc pulse as the refocusing pulse, with the frequenityeach case. For both the experimental data and the theoreti
offset of this pulse varying from-1600 to 1600 Hz with curves, the maxima are displaced from the resonance ft
respect to the water resonance. Spectral editing for the methykency of the observed proton in each case to approximate
protons of lactate angl-protons of GABA was also performedmidway between the H3 and H4 resonance frequencies. /
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a 100, frequency offset of the last 180° pulse, and the crosses (lacta
2 90 A and asterisks (GABA) show the effects on the edited sign
£ 80, intensity of changing the frequency offset all of the RF
:;D 70 4 pulses (except for the DQ read pulse) simultaneously by tt
K 60 1 same amount. The dotted lines in the figure connect the de
8 50 points. When the frequency offset afl of the pulses was
g 40 changed synchronously, the envelope functions become n
g 304 rower, showing that the effects of the off-resonance RF puls

209 are cumulative. The maximum edited signal intensity occurs
1(()) | a frequency offset of about 450 Hz for lactate editing and at

2500 2000 1500 1000 500 0 300 -1000-1500 _2'000_2‘500 frequency offset of about-200 Hz for GABA editing and is

Ao (Hz) higher by about 30% for lactate and 8% for GABA compare
to that observed when the RF pulses are set on resonance
b § 100 . the observed protons.
_:é 80 4o The experimental envelope functions when 1- or 2-ms thre
g 60 - N . lobe sinc pulses were used as the 180° pulses for DQ lactz
g 40 editing and the frequency offset of the second 180° pulse w.
§ 20 varied are shown in Fig. 6. Both envelope functions are dis
E 0
£ 20 a 120
g -40 | 0 H3
g -60 1 £ 1001
5 %01 g
" 100 —— g < 807
2500 2000 1500 1000 500 0  -500 -1000 -1500 -2000 -2500 £
Ao (Hz) T 601

FIG. 2. The dependence of the watéd MR signal intensity on the

frequency offset of the refocusing pulse in a spin echo experiment (a) and the 40

dependence of the inverted longitudinal magnetization on the frequency offset

of the inversion pulse in an inversion recovery experiment (b). The solid lines 207

are theoretical simulations from the relevant terms in Egs. [2] and [3], respec-

tively. 0 ' " ' ' ' ' ' '
2000 1500 1000 500 0 -500 -1000 -1500 -2000

Ao (Hz)
the RF power decreases and the 180° pulse length increaseos, 1207
the envelope functions described by Eq. [6] become narrower

(Fig. 3hb). %‘ 100!
Figure 4 shows the dependence of the edited lactate signal £

intensity on the frequency offset of each individual RF pulse in g 807

the pulse sequence shown in Fig. 1. The dotted lines in the § |

figure connect the data points. A periodic modulation resem- = 60

bling a sin/cos function for the edited signal intensity with 401

respect to the frequency offset is apparent for the first 90° pulse

and for the first 180° pulse, but not for the second 90° pulse or 207

the second 180° pulse. For both 180° pulses, the edited signal

intensity is also modulated with an envelope function similar to 0 ' ‘ ' ' ' ' '

2000 1500 1000 500 O  -500 -1000 -1500 -2000

that observed in BFA editing. The maximum for this envelope
function occurs when the frequency of the RF pulse is shifted
by about 450 Hz (i.e., about 1.5 ppm) toward the lactateFiG. 3. The dependence of the editéd MR signal intensities of 5-bro

methine resonance and has an intensity that is about 1 r5-furoic acid on the frequency offset of the last 180° pulse in the puls

higher than that when the pulse is on resonance for the lactsfguence shown in Fig. 1. Data in a and b were acquired with hard 180° puls
of lengths 150 and 26@s, respectively. In both a and b, the open boxes

methyl_ protons. . represent the experimental data from editing for H3, and the closed circl
In Fig. 5, the closed squares (lactate) and circles (GABAgpresent the experimental data from editing for H4. The solid lines ai

show the effects on the edited signal intensity of changing theoretical simulations using Eq. [6].

Ao (Hz)
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b 120) FIG.5. The dependence of the edited lactate and GABA signal intensitie
= | on the frequency offset. Data points represented by closed squares (lactate)
§ 100 circles (GABA) were acquired by varying the frequency offset of the last 180
E | pulse only. Data points represented by crosses (lactate) and asterisks (GAE
@ 80 were acquired by varying the frequency offset of all four RF pulses (except fc
§ the DQ read pulse) simultaneously by the same amount.

S 60]
407 . . B
observation of coupled spin systems. In a conventional D
207 LY spectral editing sequence (Fig. 1), the RF pulses (except for t
v Un o DQ read pulse) are not frequency selective and are designec
0 ' ' ’ ‘ ‘ ' ' ‘ act on all the spins in the spin system. For coupled spi
2000 1500 1000 500 0 -500 -1000 -1500 -2000

systems, especially for weakly coupled systems in which larg
chemical shift differences between the coupled spins exist, a
FIG. 4. The dependence of the edited lactate signal intensity on tRF pulse that is on resonance for one spin will be off resonan
frequency offset of thg first (open circles) and the second (closed circles) S}Br j;he other spin(s). As a result, even though the non-freque
pulses (a) and of the first (open squares) and the second (closed squares) 180 . .
pulses (b) in the pulse sequence shown in Fig. 1. cy-selective RF pulses aon re_sonancéor the observed spin,
an off-resonance effect will still be introduced and can reduc
the efficiency of the coherence transfer. The significance of th
ffect in any given experiment depends on the chemical sh

ifference between the spins and on the experimental para

Ao (Hz)

placed relative to the lactate methyl proton resonance f
quency. Figure 7 compares the experimental envelope fu
tions for a 2-ms three-lobe sinc pulse when it is used as the

refocusing pulse in a simple spin echo experiment and in a DQ 4o+
editing experiment. Although the two envelope functions have

essentially the same overall bandwidth (i.e.1400 to 1400 120 1
Hz), they differ markedly in shape. In the spin echo experi&

ment, the envelope function is symmetrical, with the shapié 1007
typically seen for a sinc pulse. However, in the DQ editing
experiment, the envelope function has an irregular shapg,

--g-- 1 mssinc
pulse

--®-- 2mssinc
pulse

80 1

showing that there is nonuniform refocusing across the fre- 6o , "‘»,: o
quency range covered by the pulse. The dotted lines in both Lo &
Fig. 6 and Fig. 7 connect the data points. “ ; . g
DISCUSSION . T ' , . SR
2000 1500 1000 500 0 -500 -1000 -1500 -2000
The off-resonance effect of a 90° excitation pulse has been Ao (Hz)

described experimentall28) and treated theoreticall4). In FIG. 6. The dependence of the edited lactate signal intensity on th

the present study, the off-resonance effect of an RF pulsexiguency offset of the last 180° pulse in pulse sequence shown in Fig. 1 wh
examined in a DQ spectral editing sequence for the selectimeze-lobe sinc pulses with duration of 1 or 2 ms were used as the 180° puls
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1407 b first 180° pulse, but not by the frequency offset of the last 18C

1201 ,0~-o“'; <O spinecho pulse ). This has been attributed to phase accumulation of tt

z [ . B off-resonance slice selective pulses during the switching of tf

£ 101 """--_.:"'-Ef'mf'iq-a. 7® lactate editing synthesizer frequencys) and is therefore due to hardware

§ i gooee” | Soges limitations. Phase calibration schemes have been suggeste«
R e | " solve this problem2, 1§. A similar modulation of the inten-

) 60 1 I ’ * b sity of the edited lactate signals was also observed in tf

i Lo S present study (Figs. 4a and 4b). However, this intensity mo

401 m . '3 ulation caused by phase accumulation is distinctly differer

¢ kY % from the off-resonance effects inherent in the spin systel

] i * h‘g P described here. This is apparent from the offset-dependen

0 LV : : , W ., profile of the first 180° pulse (Fig. 4b), which has a sin/cos-lik

2000 1500 1000 500 0 00 -1000  -1500 2000 Modulation caused by phase accumulation along with mod

Ao (Hz) lation by an envelope function that results from the true off

FIG. 7. Comparison of the offset-dependence functions of a 2-ms threg€Sonance effect.
lobe sinc pulse when it is used as the refocusing pulse to observe the wateAn important implication of the results obtained in this study
resonance in a spin echo experiment and to observe the lactate methyl régsathat caution must be exercised when DQ spectral editing
nance in a DQ editing experiment. combined with PRESS spatial localization, even when pha
calibration procedures are used. In a standard PRESS exp
eters such as the field strength, the RF power, and the lengthrant, the two 180° pulses serve simply as refocusing pulses
the RF pulses. The off-resonance effect is more prominentrafocus normal transverse magnetization. In DQ spectral ed
higher field and with a spin system having a larger chemicialg, however, the two 180° pulses are involved in coherenc
shift difference. The off-resonance effect is also related to thnsfer and act on the antiphase coherence. They thus se
length of the RF pulses. Longer RF pulses usually have larggmultaneously as refocusing pulses (for the observed spir
off-resonance effects28). One implication of the off-reso- and inversion pulses (for the spin(s) that is coupled to th
nance effect described here is that the optimum detectiobserved spins and involved in spectral editing). As a resu
sensitivity in a DQ editing experiment is not necessarily olihe offset-dependent envelope function of a shaped pulse wh
tained when all the RF pulses ao@ resonancdor the ob- used in a DQ editing experiment is different from that when i
served spins. Thus, in this study, the detection sensitivity sf used in a standard PRESS experiment, as shown in Fig.
edited lactate and GABA resonances was improved by up to BBen when a shaped pulse is used as a slice selective pulst
and 8%, respectively, by setting the RF pulses at an optimizB editing combined with PRESS localization, the irregula
off-resonance frequency (Fig. 5). This off-resonance effectsbape of the offset-dependent envelope function of the pul
greater in editing for lactate than in editing for GABA becauseill result in an irregular slice profile that is different from the
the chemical shift difference between the relevant coupleapected slice profile observed in a standard PRESS expe
spins in lactate (2.8 ppm) is larger than that in GABA (1.inent. The slice profile of any slice selective RF pulse mu:
ppm). The frequency offset giving the maximum detectiotherefore be confirmed and the performance in spatial loce
sensitivity for a DQ metabolite editing sequence can be estiation must be assessed when combining PRESS with C
mated theoretically from Eq. [6]. This optimum pulse freediting.
quency is always between the resonance frequencies of the two
coupled spins which are involved in the spectral editing. Thus ACKNOWLEDGMENTS
the maximum detection sensitivity for lactate is obtained when
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