
A Localized Double-Quantum Filter for In Vivo
Detection of Taurine

Hao Lei1 and James Peeling1,2*

Noninvasive detection of taurine, an important amino acid
involved in numerous physiological processes, by in vivo 1H
magnetic resonance (MR) spectroscopy is complicated by se-
vere overlap of the taurine resonances with those of a number of
other metabolites. Unambiguous differentiation of the taurine
resonances requires spectral editing. In this study, the develop-
ment of a localized spectral editing technique based on double-
quantum filtering optimized for in vivo detection of taurine is
described. The sequence recovers the taurine signal while
substantially eliminating overlapping resonances and provides
excellent three-dimensional spatial localization. The perfor-
mance of the sequence is demonstrated both in phantoms and
in rat brain in vivo. Magn Reson Med 42:454–460, 1999. r 1999
Wiley-Liss, Inc.
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Taurine is an important metabolic product of sulfur amino
acid catabolism (1–3). Taurine has been observed in vivo
by using both conventional one-dimensional (1D) and
two-dimensional (2D) magnetic resonance (MR) spectros-
copy (4–9). Severe overlap of the taurine resonances and
the resonances of other metabolites such as choline, myo-
inositol, and glucose hinders direct observation of taurine
with conventional 1D MR spectroscopy (4). 2D J-correlated
spectroscopy (COSY) can resolve overlapping resonances
from different metabolites, and its use in selective detec-
tion of taurine has been demonstrated (7–9). One shortcom-
ing of 2D COSY spectroscopy is that the acquisition time
required can be very long, making it unacceptable for many
in vivo applications.

A difference double-resonance spectral editing tech-
nique has been used to observe taurine in vivo (10).
Gradient-selected double-quantum (DQ) filtering, in which
MR signals from the target metabolite(s) are selected by
using a pair of coherence transfer pathway selection gradi-
ent pulses (11), acquires edited signals in a single shot. It is
thus less susceptible to motion artifacts and more suitable
for in vivo applications than editing methods requiring
subtraction of serially obtained spectra. DQ-filtering meth-
ods have been applied to the selective observation of
lactate (12,13), g-aminobutyric acid (GABA) (14), citrate
(15), glucose (16), N-acetylaspartate (17), and glutamate
(18) in vivo. A nonlocalized DQ-filtering sequence for
taurine editing has been described and demonstrated in rat

brain extracts and homogenates (19). A DQ-filtering taurine-
editing sequence incorporating spatial localization is de-
scribed here, and its performance is demonstrated in
phantoms and in rat brain in vivo.

MATERIALS AND METHODS

MR experiments were performed on a Bruker Biospec/3
spectrometer with a 7-T, 21-cm magnet equipped with
actively shielded gradient coils. A home-built 3-cm-
diameter RF saddle coil was used for both transmission
and reception. For all experiments, the flip angles of the RF
pulses were carefully calibrated (20).

Pulse Sequence

The localized DQ-filtering sequence for taurine editing is
shown in Fig. 1. The last five pulses comprise the DQ filter
(11). Spatial localization in the slice direction is achieved
by making the second 180° refocusing pulse of the DQ filter
slice selective (12,14). The two slice-selective hyperbolic
secant pulses (21) inserted before the first 90° pulse of the
DQ filter provide 2D in-plane spatial localization in a
manner that resembles imaging selected in vivo spectros-
copy (ISIS) (22).

Phantom Experiments

Four phantoms were used. Each consisted of a 2.5-cm-
diameter vial filled with 20 mM taurine in normal saline.
For phantoms 2, 3 and 4, a 1.2-cm-diameter vial was
inserted concentrically into the larger vial. The inner vial
of phantoms 2 and 3 contained choline, GABA and myo-
inositol, 20 mM each, and 2 mM lactate, in normal saline.
The inner vial of phantom 3 also contained 20 mM taurine.
The inner vial phantom 4 contained 20 mM glucose in
normal saline.

Phantom 1 was used to determine the dependence of the
taurine detection sensitivity on the duration of the DQ
coherence creation period (2t) and on the flip angle (u) of
the DQ read pulse. These measurements were made with-
out spatial localization by using 1024 data points, a
spectral bandwidth of 4000 Hz, repetition time (TR) 5 2.0
sec, and 32 averages. Hard 180° pulses were used as the
refocusing pulses, and a 12-msec single-lobe sinc pulse
with a bandwidth of 90 Hz was used as the DQ coherence
read pulse. Spoiling gradients and coherence transfer
pathway selection gradients were adjusted experimentally
to a near magic-angle setting to maximize the efficiency of
water suppression (23). The DQ evolution time t1 was kept
as short as possible (7.5 msec) to minimize signal loss
through so-called J-modulation (11). The detection periods
t1 and t2 were set to t 2 t1 and t 1 t1, respectively, in order
to simultaneously refocus the taurine coherence transfer-
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echo and the Bo inhomogeneity experienced by the taurine
DQ coherence during the t1 period (11). With u 5 90°, the
intensity of the DQ filtered taurine signals was measured as
2t was varied in 50 steps from 30 to 210 msec. With the
optimum value of 2t (37.5 msec) determined from these
experiments, the DQ filtered taurine peak intensity was
measured as u was taken through 22 steps from 5° to 150°.
All subsequent taurine-edited spectra were acquired with
the resulting optimized values of 2t and u (60°).

For experiments involving spatial localization, scout
images were obtained with a snapshot fast low-angle shot
(FLASH) imaging sequence (24). Volume-localized
nonedited 1H MR spectra were acquired with a stimulated
echo acquisition mode (STEAM) sequence (25) with a
voxel size of 5 3 5 3 5 mm3. Each STEAM spectrum was
obtained with 128 transients acquired into 2048 data
points with a spectral bandwidth of 2500 Hz, TR 5 2.0 sec,
echo time (TE) 5 20 msec, and mixing time (TM) 5 30
msec. Volume-localized taurine-edited 1H MR spectra were
acquired with the pulse sequence shown in Fig. 1 with a
spectral bandwidth of 4000 Hz and TR 5 2.0 sec. Thirty-
two averages were accumulated into 1024 data points for
each of the four ISIS-like steps, resulting a total of 128
acquisitions. Hyperbolic secant pulses (5 msec) with a
bandwidth of 2200 Hz were used as the inversion pulses
for spatial localization, and 1-msec sinc-gaussian pulses
(half-width at half-maximum) were used as the refocusing
pulses. The read pulse, gradients, t1, t1, and t2 were
adjusted as described above.

For both the STEAM and the taurine-edited spectra,
postacquisition processing included zero-filling the free
induction decays (FIDs) to 4096 data points and applying
5-Hz exponential line broadening before Fourier transfor-
mation.

In Vivo Experiments

Three male Sprague-Dawley rats weighting 275–325 g were
used. Each rat was anesthetized with 1.0–1.5% halothane

in 30/70 O2/N2O administered via a nose cone. Rectal
temperature was controlled at 36.5–37.5 °C using a ther-
mostated water blanket. For each rat, a volume-localized
STEAM spectrum was obtained from an 8 3 8 3 5 mm3

voxel centered in the brain, with 128 transients acquired
into 2048 data points, a spectral bandwidth of 2500 Hz,
TR 5 2.0 sec, TE 5 20 msec, and TM 5 30 msec. Localized
taurine-edited spectra were acquired from the same voxel
by using the parameters described above for the phantom
experiments. FIDs were zero-filled to 4096 data points
and line-broadened by 15 Hz prior to Fourier transforma-
tion.

DQ Signal Intensity Simulations

Product operator formalisms were used to simulate the
intensity of the DQ filtered taurine signal as a function of 2t

and u (26,27). For a DQ-filtering sequence with t1 1 t2 5 2t,
the 2t dependence of the fractional signal intensity passing
through the DQ filter for a strongly coupled AB system is
(15)

f(2t) 5
1

2 531
Dv

L 2
2

1 1pJ

L 2
2

cos (2Lt)4 sin (2pJt)

2 1pJ

L 2 sin (2Lt) cos (2pJt)6
2

exp 124t

T2
2 [1]

where Dv 5 (vA-vB)/2 is the one-half the chemical shift
difference (in rad?sec21) between A and B and L 5

[Dv2 1 Dv2 1 (pJ)2]1/2 is the strong coupling frequency. For a
weakly coupled A2X2 spin system, f(2t) is identical to that
for an AX system except that the period of the sin/cos
modulation for the A2X2 system is twice that for an AX spin
system (28). Assuming this applies to strongly coupled
spins systems, f(2t) for the A2B2 system of taurine (Dv 5

FIG 1. Double-quantum filtering pulse
sequence for taurine editing, incorpo-
rating three-dimensional spatial local-
ization. The first two hyperbolic se-
cant pulses are for spatial localization,
and the remaining five pulses form the
double-quantum filter. For taurine ed-
iting, 2t 5 37.5 msec, t1 5 7.5 msec,
t1 5 11.25 msec, t2 5 26.25 msec.
The amplitudes of the gradient pulses
for spatial localization (hatched box),
double-quantum filtering (shaded box),
and spoiling (open box) are adjusted
to avoid the formation of gradient
echoes.
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160.3 rad ? sec21 at 7 T, J 5 6.7 Hz) (29) can be written

f(2t) 5
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L 2
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L 2
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cos (4Lt)4 sin (4pJt)

2 1pJ

L 2 sin (4Lt) cos (4pJt)6
2

exp 124t

T2
2 [2]

where T2 is the transverse relaxation time for taurine.
When a ‘‘non-frequency-selective’’ read pulse and a DQ

coherence selection gradient pair of the same polarity are
used, the fractional signal intensity passing through the DQ
filter as a function of u for an AX (27) or an AB (15) sys-
tem is

f(u) 5 sin (u) cos2 1u22. [3]

Eqs. [2] and [3] were used to simulate the DQ-filtered
taurine peak intensity as a function of 2t and u.

RESULTS

Figure 2 shows the normalized intensity of the taurine
signal passing through the DQ filter as a function of the DQ
creation time 2t (Fig. 2a) and the flip angle u of the DQ read
pulse (Fig. 2b). Over the observable range, the experimen-
tal intensity of the taurine signal is maximum at 2t 5 37.5
msec (Fig. 2a), with two additional local maxima at 2t 5
112.5 and 185.0 msec and two local minima at 2t 5 75.0
and 150.0 msec. The product operator simulation repro-
duces the experimental features for 2t , 180 msec; in
particular, the position of the calculated intensity maxi-
mum, lower local maxima, and local minima agree with
experiment. The experimental intensity of the taurine
signal is maximum when u 5 60° (Fig. 2b), higher by a
factor of 1.30 than the intensity for u 5 90°; this is
reproduced by the simulation.

Figure 3 shows localized nonedited (Fig. 3a and c) and
taurine-edited (Fig. 3b and d) spectra acquired from identi-
cal voxels in the inner vials of phantoms 2 (Fig. 3a and b)
and 3 (Fig. 3c and d). No taurine resonances at 3.43 and
3.27 ppm are apparent in the spectra in Fig. 3a or b,
indicating that effective localization is achieved. With
taurine editing, the intense choline methyl singlet (3.20
ppm) is effectively suppressed (Fig. 3b and d), as are the
myo-inositol peaks between 3.20 and 3.50 ppm (Fig. 3b).
However, the GABA triplet at 3.00 ppm, the myo-inositol
multiplets between 3.50 and 3.70 ppm, and the myo-
inositol [H2] and choline methylene peaks at 4.06 ppm
remain in the spectrum, all with modulated phase. The
spectrum in Fig. 3d shows taurine signals at 3.43 and 3.27
ppm in addition to the background signals shown in
Fig. 3c.

Nonedited and taurine-edited spectra acquired from the
same voxel located in the inner vial of phantom 4 are
shown in Fig. 4a and b, respectively. Figure 4c shows a
taurine-edited spectrum acquired from a voxel with the
same size located in the outer vial of the same phantom.
Comparing the integrated intensity between 3.10 ppm and
3.50 ppm in the spectra in Fig. 4b and c, the relative
detection sensitivity of the DQ-filtering sequence for glu-
cose and taurine is approximately 1:8.

Figure 5 compares taurine-edited spectra acquired by
using the sequence in Fig. 1 (Fig. 5a) with taurine-edited
spectra obtained by using a DQ-filtering sequence incorpo-
rating Gaussian pulses for excitation and DQ coherence
creation and a hard 90° pulse for the read pulse (Fig. 5b)
(19). The two spectra were acquired from the same voxel
located in the inner vial of phantom 3. Common acquisi-
tion parameters were kept the same, and other parameters
for each pulse sequence were carefully adjusted to give the
maximum taurine signal intensities. The spectrum in Fig.
5b shows less contamination with resonances of GABA,
choline, and myo-inositol, but at the cost of a reduction in
signal intensity of about 42%.

FIG 2. The dependence of the intensity of the taurine signal passing through the DQ filter on the DQ creation time 2t (a) and on the flip angle
(u) of the DQ read pulse (b). Signal intensity was normalized to the maximum in each curve. In both a and b, solid circles represent
experimental data acquired from phantom 1, whereas the solid lines were simulated by using Eq. [2] with T2 5 178 msec (a) and Eq. [3] (b).
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FIG 3. STEAM spectra without editing (a and c) and taurine-edited spectra (b and d) acquired from the same voxels located in the inner vial of
the phantom 2 (a and b) and 3 (c and d).

FIG 4. A STEAM spectrum acquired
without taurine editing from a voxel
located in the inner vial of phantom 4
(a) and a taurine-edited spectrum ac-
quired from the same voxel (b), show-
ing residual glucose signals passing
through the taurine-editing DQ filter. A
taurine-edited spectrum from a voxel
of the same size located in the outer
vial of the phantom is shown for com-
parison (c).
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Nonedited and taurine-edited spectra acquired from the
same voxel of a rat brain in vivo are shown in Fig. 6a and b,
respectively, together with a taurine-edited spectrum ac-
quired from another rat (Fig. 6c). The localized taurine-
edited spectra are reproducible, and display features simi-
lar to those in spectra from phantoms.

DISCUSSION

Product operator formalisms have been used to design and
optimize the performance of DQ-filtering sequences for
weakly coupled spin systems such as lactate (30) and

GABA (31) and for some simple strongly coupled spin
systems such as citrate (15) and N-acetylaspartate (17).
Lack of a spin-system-specific product operator formalism
(26) for more complicated strongly coupled systems makes
the design and optimization of DQ-filtering sequences
difficult for such spin systems, although an alternate
procedure for designing and optimizing DQ-filtering se-
quences for more complicated strongly coupled spin sys-
tems has been described and used to design a DQ-filtering
sequence for selective observation of glutamate in vivo
(18). The duration of the DQ coherence creation period (2t)
has significant effects on both the detection sensitivity (via

FIG 5. Taurine-edited spectra acquired from a voxel
located in the inner vial of phantom 3. Spectrum a
was acquired with the DQ-filtering sequence de-
picted in Fig. 1, whereas spectrum b was acquired
with a DQ-filtering sequence that uses Gaussian
pulses for excitation and DQ coherence creation
and a hard DQ coherence read pulse (19). The
intensity of the taurine peaks in a is 1.42-fold higher
than that in b.

FIG 6. A STEAM spectrum obtained without spec-
tral editing (a) from a rat brain in vivo and a
taurine-edited spectrum (b) acquired from the same
voxel. Spectrum c shows a taurine-edited spectrum
acquired from an identical voxel in the brain of
another rat. The intensity scale in b and c is 4 times
that in a.
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inherent yield and signal loss through transverse relax-
ation) and the line shape of the resulting signal (18). An
exact product operator formalism for an A2B2 spin system
has not been developed. Treating taurine as a weakly
coupled (A2X2) spin system results in a large deviation
between the theoretical response and the experimental
response to the DQ-filtering sequence (19). In view of the
assumptions made here, Eq. [2] should not be considered
an exact 2t dependence function for an A2B2 system.
However, the 2t dependence curve agrees very well with
experiment, having calculated periodic local maxima and
minima at 2t 5 (2k 1 1)/4J and 2t 5 pk/L, where k 5 0, 1,
2, 3 . . ., as observed experimentally. In particular, at 7 T the
calculated 2t value that gives the maximum taurine signal
intensity occurs between 38.3 msec (2p/L) and 37.0 msec
(1/4J), in accord with experiment.

The flip angle u of the DQ coherence read pulse also
affects the detection sensitivity (18,27). The 90 Hz band-
width of the read pulse used in the experiments described
here covers the frequency range of both taurine methylene
groups at 7 T so that it converts the DQ coherence
originating from both methylene groups into single quan-
tum coherence. It can therefore be considered to be a
non-frequency-selective read pulse, as required for Eq. [3].
Even though Eq. [3] was derived for an AX system (27), it
also applies to AB systems (15), and excellent agreement
with our experiment is shown here for the A2B2 system of
taurine. In particular, the simulation and experiment agree
that a 60° read pulse gives signal intensity 30% higher than
a 90° pulse. When a hard pulse is used as the read pulse,
the maximum taurine signal intensity occurs when the flip
angle is 90° (19). The reason for this difference is not clear.

The sequence in Fig. 1 provides improved sensitivity
over a DQ-filtering sequence that uses Gaussian pulses for
excitation and DQ coherence creation and a hard DQ
coherence read pulse. This can be important for in vivo
applications. Long shaped pulses interact with J-coupled
spin systems in a way that is quite different from short hard
pulses (32). Nonnegligible unwanted coherences can be
generated if soft pulses are used in a DQ-filtering sequence,
reducing the efficiency of coherence transfer and resulting
in significant signal loss (32), depending on the pulse time,
coupling constants, and chemical shifts. Thus the use of
more hard pulses as in the DQ-filtering sequence described
here may produce more efficient coherence transfer and
improved sensitivity. Furthermore, because a shorter
shaped pulse is used, t1 can be reduced, providing addi-
tional sensitivity through minimizing J-modulation effects
during the t1 period (11).

Although it is important to optimize the detection sensi-
tivity of a DQ-filtering sequence, it is essential for the
optimized DQ-filtering sequence to be efficient in filtering
out major overlapping resonances from other metabolites,
such as choline, myo-inositol, and glucose in the case of
editing for taurine. The results of this study show that
effective filtering is accomplished by using the DQ-filtering
sequence depicted in Fig. 1. Several mechanisms contrib-
ute to the efficient filtering. First, because of the nature of
DQ filtering, all singlets in the spectrum including those
from choline at about 3.20 ppm will be suppressed com-
pletely. Second, the DQ coherence read pulse is made
frequency-selective and excites only a narrow frequency

window (90 Hz) around the taurine resonances so that the
signals from coupled systems whose resonances do not all
fall into that window will be completely suppressed (such
as lactate and the choline methylene resonances at 3.54
ppm) or attenuated (myo-inositol, GABA, and glucose).
Third, by using 2t optimized for taurine, signals from
metabolites falling into this window but having coupling
constants different from that of taurine will be attenuated.
Thus the signals of [H5] of myo-inositol at 3.28 ppm, which
is coupled by 9.0 Hz to [H4,6] at 3.62 ppm (33), is
suppressed almost completely. Substantial attenuation of
glucose signals is also achieved through this mechanism
since most of the coupling constants differ from those of
taurine (16). Although most of the resonances that overlap
with the taurine signals are suppressed through these three
mechanisms, some still remain in the edited spectra, albeit
with substantially reduced intensity. These include myo-
inositol resonances at 3.59 ppm and 4.06 ppm, choline
methylene resonances at 4.06 ppm, GABA resonances at
3.00 ppm, and glucose resonances between 3.20 and 3.80
ppm. Except for the glucose resonances, these all differ in
chemical shift from the taurine resonances. Unless the
shimming is very poor, they will not interfere with the
observation of taurine and can be eliminated through
postacquisition processing (14). However, when shimming
is poor, as might be the case for in vivo editing, residual
resonances of myo-inositol at 3.59 ppm could potentially
overlap with the downfield taurine resonance. In the worst
case, when the taurine resonances overlap completely with
those of myo-inositol, the contribution of myo-inositol to
the edited signals will be approximately 15% (Fig. 3b and
d), assuming that taurine and myo-inositol are present at
equal concentrations. Some of the glucose resonances that
pass through the DQ filter have the same chemical shift as
the taurine resonances and can obscure taurine observa-
tion. However, the relative detection sensitivity of the
DQ-filtering sequence for glucose is only one-eighth of that
for taurine. Furthermore, in tissues such as brain, the
taurine concentration is higher than that of glucose under
normal physiological conditions [e.g., 5.5 µmol/g (34–37)
versus about 2.4 µmol/g (38) for rat brain]. Then the
contribution of glucose to the in vivo MR spectrum of rat
brain in Fig. 6 is probably only about 5%.

The first 90° pulse and the two 180° refocusing pulses in
a DQ-filtering sequence can be made slice selective to
achieve single-shot three dimensional (3D) localization in
a manner that is similar to point resolved spectroscopy
(PRESS) (12,14,18). However, the phase accumulation in-
duced by slice-selective excitation and refocusing often
creates problems (12). A phase correction procedure and
the use of self-refocusing pulses have been proposed to
solve this problem (14,18), but the robustness of these
methods has not been demonstrated. The DQ-filtering
sequence has also been combined with ISIS to achieve
single voxel spatial localization (39). In the DQ-filtering
sequence described here, slice-selective refocusing com-
bined with the ISIS strategy is used to achieve effective 3D
localization. Making the second 180° refocusing pulse of
the DQ filter slice selective does not introduce a frequency
offset-dependent (i.e., position-dependent) modulation of
the edited signal intensity (12), so that no RF pulse phase
adjustment is needed (14). By using two slice-selective

Localized Taurine Editing With Double-Quantum Filtering 459



inversion pulses, in-plane localization is achieved in a
manner that resembles ISIS (22). This localization strategy
has advantages over conventional 3D ISIS. First, the use of
two slice-selective inversion pulses instead of three re-
duces T1 relaxation effects, thus improving sensitivity.
Second, only four ISIS steps are required instead of eight to
achieve 3D localization, thus reducing sensitivity to mo-
tion. Moreover, by switching the single band inversion
pulses to multiple band inversion pulses and using Hada-
mard encoding, taurine editing with multiple-voxel in-
plane localization can be obtained (40).

The DQ filter developed in this study is optimized for the
selective observation of taurine at high field strength (7 T).
Whether this sequence is applicable to human studies at
lower field strength requires further investigation. The
response of taurine to the DQ filter is field strength
dependent, as are the responses of myo-inositol and glu-
cose. Therefore, at lower field strength, the experimental
parameters for optimized taurine editing could be different
from those used in this study. Longer T2 for the metabolites
at lower field strength and the larger voxel size that can be
used on human subjects will effectively increase the
detection sensitivity.
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