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a b s t r a c t

A single voxel proton NMR double quantum filter (DQF) for measurement of glutathione (GSH) in human
brain at 3T is reported. Yield enhancement for the CH2 resonances of the cysteine moiety at 2.95 ppm has
been achieved by means of dual encoding. After the preparation of double quantum and zero quantum
coherences (DQC and ZQC) at equal magnitude, the first DQC encoding was followed by interchange of
DQC and ZQC, and another DQC encoding. The multi-quantum coherences were fully utilized to generate
a GSH target signal at �2.95 ppm. The optimal echo time and the editing efficiency were obtained with
numerical analysis of the filtering performance and phantom measurements. The dual-DQC encoding
method provided GSH yield greater by a factor of 2.1 than single-DQC encoding for identical slice-selec-
tive RF pulses in phantom tests. Using the phantom relaxation times and the ratio of edited GSH to N-
acetylaspartate (NAA) 2.0-ppm peak areas, the concentration of GSH in the medial parietal cortex of
the healthy human brain in vivo was estimated to be 1.0 ± 0.3 mM (mean ± SD, n = 7), with reference
to NAA at 10 mM.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Glutathione (GSH), a primary antioxidant, plays an important
role in protecting reactive molecules in living cells against oxida-
tive damage [1]. Altered GSH concentrations in the human brain
have been reported in several pathological diseases such as schizo-
phrenia [2] and cancer [3], as measured by proton nuclear mag-
netic resonance spectroscopy (MRS). Accurate evaluation of the
GSH level in vivo is therefore of great clinical significance. GSH is
a tripeptide, consisting of glycine, cysteine and glutamate.
Although its concentration in the human brain is not extremely
low (1–3 mM), precise measurement of GSH by conventional
MRS is quite difficult due to the severe spectral overlap with much
more intense signals of creatine (Cr), glutamate (Glu) and the
aspartyl moiety of N-acetylaspartate (NAA) [4]. The majority of
the GSH and other interfering metabolite resonances are strongly
coupled, complicating the spectral analysis. Short-TE approaches
benefit from reduced T2 signal loss [5] but add the penalty of spec-
tral overlap with Cr and macromolecule (MM) signals [6]. Long
echo times with appropriate TE optimization can improve the
selectivity of the target multiplet and reduce the MM signal,
ll rights reserved.
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yet allow measurement of the target multiplet within a clinically
acceptable time frame [7–9]. In both approaches, exceptionally
good shimming and a high signal-to-noise ratio are required to
reliably differentiate the small GSH signal from the abundant inter-
fering resonances.

Alternatively, spectral editing can be employed to reveal low-
abundance metabolite signals by eliminating overlapping signals
[10,11]. Due to the close proximity of the GSH Glu moiety reso-
nances to the neighboring resonances and their strong coupling
features [4], the cysteine (Cys) moiety of GSH has been commonly
targeted in prior editing studies. These include scalar difference
editing [12,13] and double quantum filtering (DQF) [14–16]. Both
methods filter out a GSH Cys signal at �2.95 ppm via selective
excitation of the weak-coupling partner at 4.56 ppm, while elimi-
nating the Cr 3.03 ppm singlet which is the major overlapping res-
onance. Following the application of a standard DQF strategy to
GSH measurements [14,15], Zhao et al. proposed a DQF design
[16], whereby a GSH signal was generated via two spectrally selec-
tive 90� pulses split by a slice-selective 180� pulse without the
need of phase optimization of the DQC generating 90� RF pulse.
In these prior methods, following the preparation of double quan-
tum and zero quantum coherences (DQC and ZQC) at equal magni-
tude, only DQC was selected for editing, leading to a GSH signal
smaller than that achievable by the difference editing.

mailto:changho.choi@utsouthwestern.edu
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


C. Choi et al. / Journal of Magnetic Resonance 198 (2009) 160–166 161
Here, we report a modified DQF sequence that enables enhance-
ment of the GSH by means of dual DQC encoding [17,18], whereby
DQC and ZQC are both utilized for detection of GSH at 2.95 ppm.
After a DQC encoding, a spectrally selective 180� pulse is employed
to interchange the DQC and ZQC, followed by an additional DQC
encoding. The performance of the strategy for GSH measurement
is demonstrated with density-matrix simulations and phantom
data. Finally, the method was applied in seven healthy volunteers
to obtain a measure of GSH in the human parietal cortex.

2. Materials and methods

2.1. RF sequence

The cysteine moiety of GSH can be modeled as an ABX spin sys-
tem, with resonances at 2.93, 2.97 and 4.56 ppm, respectively, and
coupling strengths of (JAB, JAX, JBX) = (�14.1, 7.1, 4.7) Hz [4]. The
strongly coupled AB spins can be edited using a volume-selective
double quantum filtering (DQF) sequence, as illustrated in Fig. 1.
Following a slice-selective 90� excitation pulse, the in-phase coher-
ences of the three spins evolved to antiphase coherences during
the first echo period TE1, including A±X0, B±X0, A±B0X0 and
A0B±X0, which were edited to give rise to a target signal at
�2.95 ppm. A single-band 90� RF pulse (S90), tuned to the X spin
at 4.56 ppm, was applied at the end of TE1, converting the anti-
phase coherences to DQC and ZQC at equal magnitude. Following
DQC encoding by a gradient pulse G1, a dual-band 180� pulse
(D180) was applied for selective 180� rotation of the 4.56 ppm res-
onance without affecting the A and B spins. Consequently, the DQC
and ZQC coherences were interchanged, which was immediately
followed by another DQC encoding gradient G2. The encoded
coherences are then converted to A- and B-spin antiphase coher-
ences with the second S90 pulse. The J evolution during TE2 and
a decoding gradient G3 applied after the slice-selective 180� pulse
brought about a GSH signal at 2.95 ppm. The gradient areas were
set as G3 = 2G1 = 2G2.

Cr, GABA and MM have resonances that overlap with the GSH
AB spin resonances at 2.95 ppm, but do not have coupling partners
in the proximity of the GSH X spin resonance (4.56 ppm) and con-
sequently their coediting is entirely prevented. However, the
aspartate (Asp) moieties of NAA and NAAG and the Asp molecules
have resonances in the vicinity of 2.95 and 4.56 ppm, so these com-
pounds may interfere with the GSH editing. Suppression of these
Fig. 1. Schematic diagram of the GSH DQF sequence. Three spectrally selective RF
pulses (S90, D180 and S90) were applied between the two slice-selective 180�
pulses of a PRESS sequence. Single-band 90 pulses (S90) were tuned to the GSH
4.56-ppm resonance. A dual-band 180� pulse (D180), applied between the S90
pulses, was tuned to 4.56 and 2.43 ppm, having no effect on the GSH 2.95-ppm
resonance. The first encoding gradient (G1) encoded the DQC following the first S90,
and the gradient G2 encoded the DQC converted from the ZQC by D180. The second
S90, tuned to 4.56 ppm, converted the encoded DQCs into antiphase coherences,
which were decoded with G3 (=2G1 = 2G2) during TE2. The sequence times TE1, TM
and TE2 were 51, 36, and 62 ms, respectively. The second slice-selective 180� pulse
was applied at (TE2 � TM)/2 from the center of the second S90 pulse, to refocus the
B0 inhomogeneity effect from TM in the TE2 period. Spoiling gradients were applied
symmetrically about the slice-selective 180� pulses (not drawn for simplicity).
compounds was achieved by means of the D180 pulse, whose
inversion profile is shown in Fig. 2. The bandwidth of this 20-ms
Gaussian D180 was 51 Hz at half amplitude, causing partial excita-
tion at the CH resonances of NAA (42% at 4.38 ppm) and NAAG
(94% at 4.61 ppm). The D180 pulse was designed to excite their
coupling partners at 2.5–2.7 ppm (CH2 resonances) without affect-
ing the GSH AB spin resonances. Hence, the DQC and ZQC of GSH at
the beginning of the TM period underwent interchange as de-
scribed above, but those of NAA and NAAG were largely preserved
following the D180, with opposite quantum numbers for both CH
and CH2 protons, i.e., A+X+ ? A�X�. Thus, the effects of G1 and G2

on the DQC are canceled and the coherences are eventually de-
phased by gradient G3 in TE2. For Asp, the CH resonance at
3.89 ppm was not affected by the D180 so there is no contribution
to the CH2 resonance at �2.8 ppm.

2.2. RF phases of S90 and D180

Since the first S90 pulse influences the X spin only, the anti-
phase to multi-quantum coherence conversion is fully accom-
plished regardless of the RF phase of the S90 pulse. This implies
that the maximum GSH edited signal can be obtained irrespective
of the RF phase of the coherence conversion pulse, as opposed to
the prior DQF sequence [14,15]. However, this is the case only
when the second S90 pulse which induces the multi-quantum to
antiphase coherence conversion retains certain phase coherences
with respect to that of the first S90 pulse. For the GSH DQF se-
quence of the present study

90u1 � 180u2 � S90u3 � D180u4 � S90u5 � 180u6;

the RF phase factors of the observable coherence terms having a
quantum number of �1 at the acquisition [19] may be given by

exp½iðu1 � 2u2 �u3 þ 2u4 �u5 þ 2u6Þ� ð1aÞ
exp½iðu1 � 2u2 þu3 � 2u4 þu5 þ 2u6Þ�: ð1bÞ

The present GSH editing requires S90 RF phases that add the
terms (1a) and (1b) constructively. The two terms exhibit only a
phase difference arising from the S90 and D180 pulses, i.e.,
Fig. 2. The inversion profile of the dual-band 180� pulse (D180). The positions of
the GSH cysteine moiety resonances and of the interfering signals (NAA, NAAG and
Asp) are depicted, showing the extent to which the different resonances are affected
by the D180 pulse.
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exp(�ih) and exp(ih) with h = u3 � 2u4 + u5. These two phase fac-
tors are equal when h = np, with n = 0, ±1, ±2, etc. Adopting orthog-
onal phases for RF pulses (i.e., 0, p/2, p or 3p/2), the phases of the
two S90 pulses should be such that u3 + u5 = np. This indicates that
(u3, u5) = (p/2, p/2) and (p/2, �p/2), for an example, are both
acceptable. In practice, the former is preferred because it gives rise
to a GSH signal with polarity opposite to that from (u3, u5) = (0, 0),
and can be utilized to eliminate the overlapping Cr 3.03 ppm reso-
nance. The Cr resonance is not influenced by the S90 pulse, and
consequently the signal remains the same. Hence, a receiver phase
shift by 180� will cancel the Cr resonance while adding the GSH
signals constructively. In addition, constructive addition of the
GSH signal can also be accomplished with the D180 phase cycling
at 0 and p/2 and the receiver phase at 0 and p, respectively. For
in vivo use, a 512-step phase cycling scheme was constructed
which incorporates four steps of u1, u2, u3 and u4, and two steps
(0 and p/2) of u6. The phase u5 was set equal to u3.

2.3. Numerical optimization of sequence times

A density-matrix simulation [10] was carried out to optimize
and evaluate the performance of the DQF sequence. The published
chemical shift and coupling constants [4] were used. The calcula-
tion incorporated the full Hamiltonian that included the Zeeman,
chemical shift and scalar coupling terms, and the shaped RF and
gradient pulses. The density operator evolution during the slice-
selective and spectrally selective RF pulses was all calculated with
transformation matrices [9,10,20]. The spatial resolution of 3D vol-
ume localization was set at 1%. The second echo time TE2 was set
such that the coherence evolution due to the B0 inhomogeneity ef-
fect during the mixing time TM can be refocused at the end of TE2

[21]. The 180� pulse was applied at (TE2 � TM)/2 from the begin-
ning of TE2. The GSH editing was simulated for sequence times
TE1 = 20–100 ms, TM = 36–100 ms, and TE2 = 62–100 ms, with
increments of 1 ms. Here, the smallest values (TE1, TM,
TE2) = (20, 36, 62) ms were the shortest possible timings for the gi-
ven durations of RF and gradient pulses. The amplitude of the GSH
edited multiplet was maximal at (TE1, TM, TE2) = (51, 36, 62) ms.
The yield of the volume-selective DQF sequence was calculated
with respect to the signal intensity of a volume-selective 90� -
acquisition. A volume-selective 90� -acquired spectrum of GSH
for the same localized volume as in the simulation of the DQF se-
quence was obtained by multiplying the 90� -acquired spectrum
of the entire sample volume by a voxel to entire volume ratio,
which was obtained from a signal ratio of an uncoupled spin sys-
tem between volume-selective and non-selective sequences. From
the area of the GSH AB-spin multiplet, the yield of the DQF se-
quence was estimated as 0.49. The amplitude of the DQF multiplet
was 0.53 relative to that of the volume-selected 90� -acquired mul-
tiplet for a linewidth of 5 Hz, a typical in vivo linewidth at 3T. Ef-
fects due to NMR relaxation and molecular diffusion were not
included in the calculation. The density-matrix simulation was
programmed with Matlab (The MathWorks Inc.).

2.4. Experimental

Experiments were carried out on a 3.0 T whole-body Philips
scanner with dual QUASAR high performance gradient coils (max-
imum gradient strength 80 mT/m; slew rate 200 mT/m/ms) (Phi-
lips Medical Systems, Cleveland, Best, The Netherlands). A
standard quadrature birdcage coil was used for both RF transmis-
sion and reception. The maximum available RF field intensity (B1)
was 20 lT. The spatial localization part of the DQF sequence con-
sisted of a 90� RF pulse (amplitude- and frequency-modulated;
6.6 ms; BW = 6.3 kHz) and two 180� RF pulse (amplitude modu-
lated; 8.9 ms; BW = 1.9 kHz). The spectrally selective single-band
90� RF pulse (S90) had a 10 ms Gaussian envelope (truncated at
10%). A dual-band 180� pulse (D180), applied between the S90
pulses, was a 20 ms Gaussian waveform (truncated at 26%) that
incorporated successive RF phase variation [22] designed for refo-
cusing at 4.56 and 2.43 ppm. The excitation bandwidth was 200
and 51 Hz for S90 and D180 pulses, respectively. The gradient
pulse duration was 3 ms in all cases.

The filtering sequence was tested on a spherical phantom
(i.d. = 6 cm), containing GSH (99 mM), NAA (50 mM), and glycine
(Gly) (31 mM) in water. Proton spectra following the DQF sequence
were acquired from a single voxel (25 � 30 � 30 mm3) with
TR = 15 s (>6T1 for the phantom solution). In order to estimate
the DQF yield of the proposed sequence experimentally, relaxation
times (T1 and T2) of GSH and NAA were measured on this phantom.
T2’s of the GSH 2.95 and NAA 2.0 ppm resonances were measured
using a volume-localized spectrally selective triple refocusing se-
quence (i.e., 90�–180�–180�–180�), where the second 180� pulse
(55 ms; BW = 296 Hz; tuned to 2.8 ppm) refocused the GSH and
NAA resonances but dephased the GSH 4.56 ppm resonance. Spec-
tra were obtained at three TE values (TE = 124, 204 and 264 ms).
The NAA data were fitted with a mono-exponential function for
T2 estimation. For GSH, the data were fitted with density matrix
calculated peak area values multiplied by a mono-exponential
function. T1 was measured with an inversion recovery method. In
addition, comparison of the present dual-DQC encoding sequence
and the recently reported single-DQC encoding method [16] was
carried out on a phantom with GSH (10 mM), NAA (51 mM), and
Gly (10 mM). Two sequences were designed for the single-DQC
encoding method; one with the same slice-selective 180� pulse
as in the proposed sequence and another with a 4-ms optimized
slice-selective 180� pulse (BW = 1.1 kHz; 5 lobes) generated from
MATPULSE [23]. The sequence times were (TE1, TM, TE2) = (15,
21.5, 70) and (10, 16.5, 70) ms, respectively, for the sequence in
Fig. 1 of Ref. [16].

In vivo tests of the DQF filter were conducted on seven healthy
volunteers, aged 20–40 years. Written informed consent was ob-
tained prior to the scans. A 25 � 33 � 33 mm3 voxel was posi-
tioned in the parietal cortex. Second-order shimming for the
selected volume was carried out using FASTMAP [24]. DQF spectra
were acquired using TR = 2 s, TE = 149 ms, sweep width = 2.5 kHz,
number of sampling points = 2048, and number of averages = 512.
A variable-flip-angle water suppression subsequence [25], with
four 28 ms long Gaussian RF pulses separated by spoilers, was ap-
plied prior to the filtering sequence. The carrier of the volume-
selective RF pulses was set to 3.0 ppm. The acquisition was com-
prised of 128 subscans, each with four averages without change
in S90 and D180 phases. The residual eddy current effect on the
acquisition was removed by correcting the phase of the individual
data points of each FID, using the phase factor of the water FID ac-
quired with an identical gradient scheme.

The frequency drift during the measurement was minimized
first by acquiring the STEAM water signal from the localized vol-
ume using a small flip angle (<5�) and then re-setting the syn-
thesizer frequency prior to each single scan. This was
completed within 12 ms. Using this method, the residual fre-
quency drift during the 17 min GSH measurement was within
±2 Hz. The mean standard deviation (SD) of the residual fre-
quency drift was 0.3 Hz, with a maximum SD < 0.4 Hz. Each
FID was then apodized with a 3 Hz exponential function before
Fourier transformation. The spectra in each of 128 subscans were
corrected for frequency drift and phase individually in the fre-
quency domain, using the NAA and Cr signals as a reference.
The NAA singlet of the DQF subspectra, which were obtained
without the phase cycling of S90 and D180, was used as a refer-
ence for in vivo GSH estimation, incorporating the T1 and T2 of
GSH and NAA in an aqueous solution.



Fig. 4. Phantom T2 measurements of GSH (2.95 ppm) and NAA (2.0 ppm), using a
90�–180�–180�–180� sequence, where the second 180� pulse was spectrally
selective, refocusing the GSH 2.95-ppm and NAA singlet resonances and dephasing
the GSH 4.56-ppm resonance. A mono-exponential fitting of the NAA data (circle)
gave an NAA T2 of 980 ± 120 ms. For GSH, the numerically calculated TE dependence
pattern of the 2.95 ppm resonances combined with exp(�TE/T2) was fitted to the
data (square), leading to a GSH T2 of 510 ± 40 ms (solid line). The mono-exponential
function with this T2 is drawn (dashed line) for comparison with the NAA TE
dependence. The repetition time (TR) was 15 s.
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3. Results

Fig. 3 presents numerically calculated 3D-localized spectra of
GSH, NAA, NAAG and Asp for 90� -acquisition and DQF with (TE1,
TM, TE2) = (51, 36, 62) ms. Compared to the 90� -acquired signal,
the yield of the dual-encoding DQF is 53% and 49% in terms of peak
amplitude and area. For an identical concentration, the 90� -ac-
quired signals of NAA, NAAG and Asp are comparable to that of
GSH, but these interfering resonances are suppressed drastically
following the filtering sequence, their peak amplitude being 7%,
15% and 4% with respect to the GSH edited peak intensity. This
excellent suppression of these interfering metabolites is due to
the D180 pulse which excites both CH and CH2 resonances of the
interfering aspartyl groups during the TM period. Spectra scaled
for a typical brain concentration ratio of [GSH]:[NAA]:[NAA-
G]:[Asp] = 1:9:2:1 are also shown in Fig. 3. For a spectral region
indicated by vertical lines (0.2 ppm width), the sum of the residual
peak areas of the interferences is �1% with respect to the GSH peak
area, so the GSH signal intensity can be obtained directly from the
peak area calculation with negligible contamination, removing the
need for spectral fitting. For comparison, when the D180 is re-
placed with a single-band 180� pulse with an identical excitation
bandwidth, the coedited signal amplitude of NAA and NAAG both
increases by a factor of �3 and as a result, the interferences-to-
GSH peak area ratio becomes �60%. The Cr signal is canceled fol-
lowing the phase cycling of the S90 and D180 pulses, as described
earlier.

Fig. 4 illustrates phantom T2 measurements for the NAA 2.0 and
GSH 2.95 ppm resonances. From a mono-exponential fitting, the
NAA T2 was measured as 980 ms. For GSH, a density-matrix simu-
lation indicated that, despite the selective J rewinding by the sec-
ond 180� pulse of the triple refocusing sequence, the signal from
the strongly coupled spins decreases with TE [26]. Fitting the phan-
tom data with the calculated TE dependence combined with ex-
p(�TE/T2) gave a GSH T2 as 510 ms. The T1’s of GSH and NAA in
the phantom solution were measured as 0.45 and 1.5 s, respec-
tively, in good agreement with literature values for human brain
[27,28].
Fig. 3. Calculated spectra of GSH, NAA, NAAG, Asp and Cr at equal concentrations,
following a 90� -acquisition (left) and DQF sequences (middle). The DQF spectra for
a physiologically relevant concentration ratio [GSH]:[NAA]:[NAAG]:[Asp]:
[Cr] = 1:9:2:1:8 are also shown (right), together with their sum. The spectra were
broadened with a 5-Hz exponential function. Vertical lines represent the width for
peak area calculation in vivo.
Fig. 5 shows phantom and calculated spectra of GSH, NAA and
Gly, for the single-voxel localized DQF sequence. The spectral pat-
tern and signal intensities are in good agreement between experi-
ment and simulation. The phantom spectra indicate that the area
of the GSH filtered multiplet is 0.239 with respect to the NAA peak
area for a GSH-to-NAA concentration ratio of 1:1. This is smaller
Fig. 5. Phantom and calculated spectra of GSH, NAA and Gly at concentrations of
99, 50 and 31 mM, respectively, obtained with the single-voxel localized DQF
sequence. Subspectra were obtained without phase cycling of S90 and D180 pulses.
Vertical lines indicate the spectral region for peak area calculation for GSH and NAA.
The NAA signal overlaps with the GSH glutamate multiplet at �2.0 ppm, but the
GSH multiplet itself has a null area within the vertical lines and consequently its
contribution to the NAA peak area is negligible, as indicated by a separate display of
the calculated GSH glutamate signal. Spectra are broadened to 5 Hz. TR was 15 s in
the phantom test.
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than the calculated (without the T2 effect) (0.279), as indicated by
the horizontal dashed line. Extrapolation of the experimental sig-
nal ratio to zero TE using the phantom T2’s of GSH and NAA repro-
duces the calculated signal ratio when the GSH T2 for the TM
period is set at 420 ms, i.e.,

0:239 ¼ 0:279
exp �ðTE1 þ TE2Þ=T2;GSH½ � exp �TM=T2;GSH;TM½ �

exp �ðTE1 þ TMþ TE2Þ=T2;NAA½ � ; ð2Þ

where T2,GSH,TM = 420 ms and (TE1, TM, TE2) = (51, 36, 62) ms. This
estimated TM T2 of GSH is about 20% shorter than the measured
GSH single-quantum T2.

Fig. 6 displays in vivo brain dual-encoding DQF spectra, ob-
tained from the parietal cortex of seven healthy volunteers. The fil-
tered spectra are shown together with subspectra for each subject.
A small GSH edited peak is detected at 2.95 ppm consistently in all
filtered spectra. The extent of elimination of potential Cr contami-
nation can be judged by the complete suppression of the NAA 2.0-
ppm singlet which undergoes similar cancellation. The GSH con-
centration was calculated from the peak areas of the GSH filtered
and the subspectral NAA 2.0-ppm signals. The GSH-to-NAA peak
area ratio n was measured as 0.02 ± 0.005 (mean ± SD, n = 7) in a
steady-state mode (TR = 2 s). A density-matrix simulation gave a
GSH-to-NAA peak area ratio (n0) of 0.279 for equal concentrations
without relaxation effects. Incorporating the phantom T1’s of GSH
and NAA to correct the T1 effect (as noted earlier, the T1’s in the
phantom were similar to in vivo values) and assuming that the
GSH-to-NAA T2 ratio of the phantom is representative of this ratio
in the brain, the GSH concentration for brain was estimated, using
an equation
Fig. 6. A stack of in vivo spectra, obtained from six healthy subjects, is presented,
together with the voxel positioning. The DQF spectra from each subject are
scaled with respect to the NAA 2.0 ppm singlet of the DQF subspectra. The GSH
spectra are magnified 10 times. The spectra were all apodized with a 3-Hz
exponential function, leading to a mean signal-to-background noise ratio of 9 for
GSH. The experimental parameters were TR = 2 s, TE = 113 ms, TM = 36 ms and
NEX = 256 (subspectra), 512 (GSH). The peak area was calculated between the
vertical lines.
½GSH� ¼ ½NAA� n
n0

1� expð�TR=T1;NAAÞ
1� expð�TR=T1;GSHÞ

� exp½�ðTE1 þ TMþ TE2Þ=T2;NAA�
exp½�ðTE1 þ TE2Þ=T2;GSH� expð�TM=T2;GSH;TMÞ

; ð3Þ

to be 1.0 ± 0.3 mM, for [NAA] = 10 mM. Here, T1,NAA = 1.5 s,
T1,GSH = 0.45 s, T2,NAA = 250 ms [28], T2,GSH = 250 � (510/980), and
T2,GSH,TM = T2,GSH � (420/510). The GSH concentration is in good
agreement with prior studies [12,16].

4. Discussion

Despite the signal enhancement by dual-DQC encoding, the
yield of the reported filtering sequence is �50% with respect to
90� -acquisition. Two major sources of signal loss are present. First,
substantial signal loss occurs due to voxel displacement effects
[29]. The excitation bandwidth (6.3 kHz) of the slice-selective 90�
RF pulse is large compared to the spectral distance (206 Hz) be-
tween the AB- and X-spin resonances of the GSH cysteine moiety,
so the voxel shift during the 90� pulse is negligible. However, the
signal loss due to the limited bandwidth (1.9 kHz) of the two
slice-selective 180� pulses is quite considerable. The slice displace-
ment of the GSH resonances is approximately 11% (=206/1900).
This appears to be responsible for �25% signal reduction from
the 90� -acquired signal intensity, as concluded from a numerical
simulation. Another source of signal loss is due to the destructive
coherence evolution during the TM period. A computer simulation
indicates that the GSH edited signal intensity decreases with
increasing TM. Thus, a further signal enhancement can be achieved
using short selective pulses in TM. For example, S90 and D180
pulses can be designed at 5 ms for GSH editing, giving signal
enhancement by �20% compared to the reported sequence. This
signal increase is due to the reduced deleterious coherence evolu-
tion during the RF pulses as well as the reduced TM. However,
these pulses have greater excitation bandwidth and consequently
will cause a penalty of substantially increased background signals
in vivo. For comparison, without the D180 and the second encod-
ing gradient, TM can be reduced to 13 ms, but the maximum
achievable peak amplitude from this single-DQC encoding is only
24% at (TE1, TM, TE2) = (74, 13, 37) ms, relative to 90� -acquisition.
It is noteworthy that the optimal TE1 and TE2 depend on TM and
also on the type of spectrally selective RF pulses. Optimization of
the echo times is critical to minimize the deleterious effect of the
finite TM period.

The GSH editing yield depends on the waveform and the dura-
tion of the slice-selective RF pulses. Their minimum duration is
desirable because it reduces both the destructive coherence prolif-
eration and the voxel displacement due to the increased BW. The
slice-selective 180� pulse (amplitude modulated) of the present
study has bandwidth of 1.9 kHz at the maximum available RF
intensity B1 = 20 lT. An amplitude/frequency-modulated (non-adi-
abatic) RF pulse is available [30], which gives much greater refo-
cusing BW (3.2 kHz) at the same B1 and a duration of 11.4 ms. A
computer simulation shows that, despite its bandwidth larger by
70%, the maximum achievable GSH peak from this pulse is only
3% greater at (TE1, TM, TE2) = (54, 36, 64.5) ms than in the present
study. Here, TE2 is longer because of the increased duration of the
180� pulse. The reduced signal gain from this greater-bandwidth
RF pulse is due largely to the presence of the substantial dispersion
component in the refocusing profile (data not shown) and partially
to the longer TE2. This small signal enhancement with the in-
creased echo time (by 5.5 ms) will not be beneficial in vivo because
of the T2 effect.

A phantom comparison between the present dual-DQC encod-
ing and the published single-DQC encoding [16] is illustrated in
Fig. 7. As shown, the dual encoding sequence gives a GSH signal



Fig. 7. Phantom (thick line) and simulation (thin line) comparison of the dual-DQC
encoding sequence (a) and the published single-DQC encoding method [16] for two
types of slice-selective 180� pulses (b and c). The 180� pulse in (b) was the same as
in (a). The 180� pulse in (c) was a 4-ms 5-lobe optimized pulse [23], with a smaller
bandwidth (1.1 kHz). TR was 15 s (>5T1) in the phantom test. Spectra were
broadened to 5 Hz and normalized with respect to the NAA singlet obtained with
PRESS (TE = 149 ms) for individual slice-selective 180� pulses. The concentrations of
GSH and NAA were 10 and 50 mM, respectively.
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2.1 and 2.7 times greater than the single encoding method in terms
of peak amplitude and area, respectively, see Fig. 7a and c. Signal
loss due to the voxel displacement effect in Fig. 7c is substantial
and consequently, despite the shorter sequence time, the signal
is more than twice smaller than that of Fig. 7a. When an 8.9-ms
slice-selective 180� pulse that has bandwidth greater by 70% is
implemented in the single encoding scheme [16] to make the voxel
shift artifact identical, the benefit from the increased bandwidth is
balanced out by the deleterious effect of the increased TM, thereby
leading to a marginal increase in yield. The ratios of peak ampli-
tude and area between Fig. 7a and b are 1.8 and 2.1, respectively.
This �2-fold signal enhancement for an identical slice-selective
180� RF pulse indicates that the DQC-ZQC interchange occurs dur-
ing the TM 180� pulse completely. However, signal gain of the
dual-DQC encoding may be reduced in vivo due to the large relax-
ation effects during the long TM.

A potential problem with the in vivo application of an editing
sequence having a narrow-band RF pulse is that the signal is sen-
sitive to frequency drifts due primarily to subject motions. This ef-
fect depends on the degree of the frequency drift and the
bandwidth of the editing pulses. Re-setting the synthesizer fre-
quency prior to each scan turned out to be very efficient, leading
to residual drift of no more than ±2 Hz during the 17 min scan. This
small drift does not influence the GSH edited signal substantially.
The D180 pulse whose bandwidth is smaller (51 Hz) gives 180�
rotation of >99.9% at ±2 Hz. A numerical simulation indicates that,
for frequency changes of ±1 and ±2 Hz, the GSH signal reduces by
0.15% and 0.4%, respectively. The reported method utilizes three
spectrally selective RF pulses to generate a GSH target signal and
cancel the overlapping resonances. The performance of the RF
pulses may be degraded when B1 is inhomogeneous as encoun-
tered in a surface coil or chemical shift imaging application [27].

The proposed sequence generates a GSH target signal at
2.95 ppm in a single shot by means of double quantum filtering.
The overlapping resonances (e.g., Cr 3.03 ppm) are eliminated via
subtraction between subspectra, while the GSH signal accumulates
constructively. The majority (�99%) of the Cr 3.03 ppm signal is re-
moved with this subtraction, and additional mechanisms are in-
volved in further suppression of unwanted resonances. Excitation
of the Cr spins by S90 and D180 is not completely null (61%). Thus,
a small fraction of the Cr transverse magnetization at the end of
TE1 is affected by S90 and becomes longitudinal at the beginning
of the TM period. This magnetization is destroyed, whether influ-
enced by D180 or not, due to the effects of the encoding and decod-
ing gradients. For the transverse magnetization of Cr at the
beginning of TM, the majority is transparent to the D180 (see
Fig. 2) and the second S90, and eventually comes to the acquisition
in a single shot. This magnetization is eliminated via subtraction.
For the fraction which undergoes 180� rotation by the D180 (i.e.,
I� ! I�), the dephasing effects of the two identical encoding gradi-
ents (G1 and G2) are canceled, and eventually the coherence is de-
stroyed by the gradient G3. As a result, Cr signals that undergo
various possible pathways are all suppressed.

Rigorous evaluation of the relaxation effect during the TM per-
iod is beyond the scope of the present study. The coherences that
are responsible for the target signal are present at a double- or
zero-quantum mode during the gradient pulses. As a further com-
plication, during the RF pulses which primarily determine the
length of TM, DQC and ZQC are interchanged via SQC and conse-
quently the coherences may in part exhibit SQC behavior. Thus,
the T2 process during TM is likely represented by relaxation of
SQC as well as those of DQC and ZQC, as implied by the phantom
GSH TM T2 (420 ms) not much shorter than the SQC T2 (510 ms).

Lastly, the initial longitudinal magnetization of the 4.56 ppm
resonance is partially affected by the water suppression RF pulses.
For the present filtering scheme, since the coherence transfer be-
tween the weakly coupled 2.95 and 4.56 ppm resonances during
TE1 is negligible and the multi-quantum generation pulse (i.e.,
2nd 90�) is 4.56 ppm selective, only the initial magnetization of
the 2.95 ppm resonances is responsible for the filtered signal at
2.95 ppm and thus the GSH signal intensity is not influenced by
the water suppression pulses. This is also the case in the study of
Zhao et al. [16], and was experimentally verified in their study in
comparison with the sequence of Trabesinger et al. [14,15].

In conclusion, we have demonstrated the in vivo feasibility of
dual-DQC encoded filtering for measurement of GSH in the human
brain. Interchange of the DQC and ZQC by a spectrally selective
180� RF pulse and subsequent encoding of the DQC enable yield
enhancement of the GSH target resonance at 2.95 ppm, depending
on the RF pulses and relaxation times, compared to single-DQC
encoding. A proper phase cycling of the spectrally selective pulses
must be incorporated to preserve the GSH target signal and cancel
the overlapping resonances.
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