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In vivo 1H NMR spectroscopy has proven to be a useful nonin-
vasive tool for the investigation of numerous metabolic and phys-
iological states. Taurine is potentially a useful indicator in neonate
development and is involved in a number of physiological pro-
cesses. However, it could not previously be observed in the in vivo
1H spectrum because of overlap with adjacent resonances. We
have developed a spectral editing technique based upon double
quantum filtration which allows the taurine resonances to be
resolved from adjacent peaks. The experiment is demonstrated
both on perchloric acid rodent brain extract and on rodent brain
homogenate. © 1998 Academic Press

INTRODUCTION

In vivo 1H NMR spectroscopy has proven to be a useful tool
in the investigation of numerous metabolic states in developing
rodents and humans. Unfortunately, spectral overlap is com-
mon as a consequence of the low magnetic field strengths
normally available and the broad lines of most resonances.
Consequently, relatively few metabolites can be discerned un-
ambiguously.

Although thought somewhat inert, taurine has steadily
shown its importance in many biological areas (1, 2). These
range from a possible neurotransmitter role (3) in the central
nervous system and retina to involvement in a number of
physiological (4) actions such as osmoregulation (5–7), cal-
cium modulation, and antioxidation (for which taurine is the
product). Taurine is found in high concentration at birth, de-
creasing rapidly with age (8). The reason for such a high
concentration is still unclear, but is thought to be linked to the
cellular functions which are important in neonate development.
Somein vivo studies have been carried out on the developing
brain (9), with most work being restricted toin vitro experi-
ments (10, 11). Previous attempts to observe taurinein vivo
have failed to totally resolve it from the surrounding overlap-
ping metabolites (12). Although taurine has been measured in
excised rat brain at 360 MHz using a double irradiation tech-
nique (13), this method requires the selective irradiation of just
one of its multiplets and consequently is not applicable at low
magnetic field strengths orin vivo. A noninvasive technique
which could monitor these changes would provide a useful

insight into the metabolic changes associated with the devel-
oping brain.

In vivo NMR spectroscopy is limited by a number of factors
which govern the spectral resolution and the structure of pulse
sequences which can be used and therefore its usefulness. The
contributing factors are short transverse relaxation times,
which result in rapid loss of signal in multiple pulse experi-
ments as well as broadening of the spectral lines; magnetic
field inhomogeneity, which also leads to a broadening of the
spectral lines; and the use of low static magnetic field
strengths, which results in increased spectral overlap. In a
typical in vivo spectrum few metabolites can be measured
unequivocally without resort to spectral editing.

NMR editing techniques designed for usein vivo must be
able to cope with poor spectral resolution due to low static
magnetic field strengths (B0), must be relatively short to min-
imize any signal loss due to transverse relaxation, and must be
robust enough to cope withB0 and applied magnetic field (B1)
variations across the sample, particularly if they are to be
implemented with a surface coil. Because of these criteria, the
most useful tools forin vivo spectroscopy have been found to
be semiselective pulses (14, 15) giving low-selectivity chemi-
cal shift selection (16–18) and multiple quantum filters
(MQFs) for editing according to the number of coupled spins
(19–26).

In this paper we describe a new editing technique that
enables taurine to be detectedin vivo and in vitro. Develop-
ment of the pulse sequence is shown on a rat brain perchloric
acid (PCA) extract and on rat brain homogenate.

THEORY

Before deciding upon the appropriate technique to edit for a
particular metabolite it is first necessary to consider the spec-
troscopic properties of both the selected metabolite and those
of any other metabolite that overlap with it in the NMR
spectrum. Taurine is an AA9XX 9 spin system, but for simplic-
ity and because of the low field strengths typically usedin vivo,
it can be considered to have an A2X2 spin system for the
purpose of analysis. The1H spectrum of taurine contains two
‘‘triplets’’ which appear at 3.27 ppm (NCH2) and 3.43 ppm
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(SCH2) in the spectra of both human and rodent brain extract
at physiological pH (Fig. 1a). The 3.43-ppm taurine multiplet
is relatively clear from overlapping metabolites and is clearly
seen in thein vitro 1H spectrum, with the 3.27-ppm taurine
multiplet being obscured by the [5]CH myo-inositol multiplet
(3.28 ppm) and, depending on the ischemic state, the ethanol-
amine NCH2 multiplet (3.15 ppm). However,in vivo the 3.43-
ppm taurine multiplet is engulfed by the [1,3]CH myo-inositol
(3.54 ppm) and the N–CH2 choline (3.54 ppm) multiplets,
along with the glycine singlet (3.56 ppm). In addition,in vivo
the 3.27-ppm taurine multiplet overlaps with the singlets of
choline (3.20 ppm), phosphocholine (3.21 ppm), and glycero-
phosphocholine (3.22 ppm). It can be seen that a large number
of the overlapping metabolite resonances are singlets. A

method which removes these singlets would present the best
form of initial editing.

MQFs have been proven to be one of the most useful and
simplest editing techniques forin vivo 1H spectroscopy (27–
35). By using an MQF of a particular order it is possible to
filter out spin systems that cannot attain that order of coher-
ence. That is, a double quantum filter (DQF) will filter out any
singlets in the spectrum. MQFs have a number of advantages
over other more sophisticated editing techniques when usedin
vivo. MQFs are simple to construct and implement since they
contain few pulses, are relatively efficient, and are also unaf-
fected by magnetic-field inhomogeneities.

The pulse sequence that forms the basis of double quantum
filters usedin vivo can be seen in Fig. 2a. Considering taurine
as an A2X2 spin system, the effect of the preparation period of
this experiment can be calculated using the product operator
formalism (36):

2~IAz 1 IXz!O¡
90x8 t / 2 1808xt / 2

1 2IAxIXz4 cos~pJAX t !sin~pJAXt !

1 2IAzIXx4 cos~pJAX t!sin~pJAX t !

1 4IAyIXzIXz2 sin2~pJAX t !

1 4IXyIAzIAz2 sin2~pJAX t !

FIG. 1. Proton spectra at 250 MHz of a perchloric acid extract from a rat
brain. (a) Conventional 1D sequence with taurine and other important multi-
plets labeled. (b–d) DQF spectra obtained using the pulse sequence given in
Fig. 2a using at value of 50 ms, at9 value of 40 ms, and read pulse anglesu
of (b) 90°, (c) 45°, and (d) 22.5°. (e–g) Spectra obtained using the pulse
sequence given in Fig. 2b using 20-ms Gaussian pulses placed in between the
two taurine multiplets (3.35 ppm) witht 5 44 ms,t9 5 40 ms, with read pulse
anglesu of (e) 90°, (f) 45°, and (g) 22.5°. All spectra are displayed to the same
vertical scale.

FIG. 2. Pulse sequences for double-quantum filtration. (a) Pulse sequence
incorporating a refocusing period to produce in-phase spectra and a variable
read angle pulse. (b) Pulse sequence as in (a), but incorporating soft pulses for
additional selectivity. (c) Pulse sequence as in (b), but with spin echo during
the evolution period (t1) to refocus any chemical shift evolution. Phase cycling
where applicable:f1 5 (x, y, 2x, 2y); f2 5 (x, x, x, x, 2x, 2x, 2x, 2x); f3

5 4(x, y, 2x, 2y), 4(2x, 2y, x, y); f4 5 8(x), 8(2x); f5 5 32(y), 32(2y); and
fR 5 (x, 2x, x, 2x, 2x, x, 2x, x).
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O¡
90x8

2 2IAxIXy4 cos~pJAX t !sin~pJAX t !

2 2IAyIXx4 cos~pJAX t !sin~pJAX t !

2 4IAzIXyIXy2 sin2~pJAX t !

2 4IXzIAyIAy2 sin2~pJAX t ! , [1]

where only terms that will result in DQC are given. The terms
on the right side of Eq. [1] correspond to linear combinations
of two spin coherences. Pure DQC is given by

~DQC)Y 5
1
2
~2IAxIXy 1 2IAyIXx! [2]

and

~DQC)x 5
1
2
~2IAxIXx 2 2IAyIXy! . [3]

The DQC created after the preparation consists of three
components. Using these equations it can be seen that the first
two terms on the right of Eq. [1] consist of pure in-phase DQC
between spin A and X given by2(1/ 2)(2IAxIXy 1
2IAyIXx)8 cos(pJAXt )sin(pJAXt ). The third and fourth
terms correspond to a mixture of antiphase two-spin coher-
ences. Pure DQC arising from the third term is given by
2(1/ 2)(2IXyIXy 2 2IXxIXx)2IAz2 sin2(pJAXt ) and from the
fourth term by 2(1/ 2)(2IAyIAy22IAxIAx)2IXz2 sin2

(pJAXt ). The DQC is then turned back into antiphase mag-
netization by the subsequent 90° pulse:

2 ~1/ 2!~2IAxIXy 1 2IAyIXx!8 cos~pJAX t !sin~pJAX t !

2 ~1/ 2!~2IXyIXy 2 2IXxIXx!2IAz2 sin2~pJAX t !

2 ~1/ 2!~2IAyIAy 2 2IAxIAx!2IXz2 sin2~pJAX t !

O¡
90x8

2 ~2IAxIXz 1 2IAzIXx!4 cos~pJAX t!sin~pJAX t!

2 4IXzIXzIAysin2~pJAX t !

2 4IAzIAzIXysin2~pJAX t ! , [4]

where only terms resulting in observable magnetization are
given.

A spin echo is usually appended to the end of the pulse
sequence, Fig. 2a, to give a predominantly in-phase spectrum
(21). This aids interpretation and prevents the mutual cancel-
lation of broad transitions that can result in signal lossin vivo
when antiphase magnetization is detected.

Although a DQF is primarily used to remove singlets from
a spectrum, if two overlapping multiplets have different exci-
tation functions, that is, if the DQC arising from one multiplet
is at a maximum value while the other is close to its minimum,
it may be possible to remove one or the other. Figure 1a shows

that the taurine 3.27-ppm multiplet overlaps with the [5]CH of
myo-inositol and so its NMR spectroscopic properties must
also be considered if it is to be removed.

Myo-inositol is an AMM9NN9X spin system. The effect of
the DQF on the myo-inositol [5]CH proton (A) can be calcu-
lated using the product operator formalism. Only the A, M, and
M9 spin magnetization ultimately affects the intensity of the
filtered A spin multiplets.

IAz 1 2IMzO¡
90x8 t / 2 180x

8 t / 2

1 2IAxIMz2 cos~pJAM t !sin~pJAM t !

1 2IMxIAz2 sin~pJAM t !cos~pJMN t !

1 4IAyIMzIMzsin2~pJAM t !

O¡
90x8

2 ~1/ 2!~2IAxIMy 1 2IAyIMx!2 sin~pJAM t !

3 $cos~pJAM t ! 1 cos~pJMN t !%

2 ~1/ 2!~2IMyIMy 2 2IMxIMx!IAzsin2~pJAM t ! ,
[5]

where only DQCs are given on the right of the equation.
The DQC is then turned back into antiphase magnetization

by the subsequent 90° pulse:

O¡
90x8

2 ~2IAxIMz 1 2IAzIMx!sin~pJAM t!

3 $cos~pJAM t! 1 cos~pJMN t!%

2 ~2IMzIMz 2 2IMxIMx!IAz~1/2!sin2~pJAM t!. [6]

The expressions for the intensities of taurine (Eq. [4]) and the
myo-inositol [5]CH (Eq. [6]) are superficially similar, with
DQC being created by two mechanisms in each case. Singly
antiphase single-quantum coherence (SQC) present at the end
of the preparation period will be converted into in-phase DQC,
which will in turn be converted back into singly antiphase SQC
(mechanism m-1). Similarly, doubly antiphase SQC is filtered
through as antiphase DQC (mechanism m-2). Since the cou-
pling constant of the myo-inositol [5]CH to [4,6]CH proton is
9.0 Hz and that of the [4,6]CH to [1,3]CH proton is 9.8 Hz,
while that of taurine is 6.4 Hz, it would be expected that their
maximum and minimum intensities will occur at different
values oft. From the equations it can be clearly seen that
magnetization arising from both mechanisms will pass through
zero at a time of 1/J, with a local minimum at 1/2J. This
minimum arises because although the intensity of signal arising
from mechanism m-1 is zero, that arising from the m-2 mech-
anism is close to its maximum.

Given the values of their scalar couplings, calculations sug-
gest that the intensity of the [5]CH proton of myo-inositol will
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pass through zero at 1/J, whereas that of taurine is close to its
maximum at 3/4J. This time could be used to edit out the
[5]CH proton of myo-inositol from the spectrum. However it is
likely to be.200 ms and so be too long for usein vivo, since
the shortT2’s usually encountered will result in little or no
signal being observed. Alternatively, as the taurine signal
reaches its first maximum at 1/4J the myo-inositol [5]CH
signal will be near its first minimum value of 1/2J. Since the
signal amplitude of the [5]CH of myo-inositol at 1/2J depends
largely on the doubly antiphase SQC (mechanism m-2), it is
possible to suppress this relative to the taurine signal, which
arises predominantly from singly antiphase SQC (analogous to
mechanism m-1). This can be done by using a flip angle filter
on the read pulse of the DQF since each term has a different
dependency on this angle. The dominant component (m-1) of
DQC observed for taurine has a sine dependency on the angle
of the read pulse,

1/2~2IAxIXy 1 2IAyIXx!O¡
ux8

1/2~2IAxIXz 1 2IAzIXx!sinu,
[7]

whereas the dominant (m-2) process for myo-inositol has a
sine-cubed dependency,

1/ 2~2IMxIMx 2 2IMyIMy!2IAzO¡
ux8

4IMzIMzIAy1/ 2 sin3u ,

[8]

where only observable terms are given. By using a read pulse
flip angle of 45° instead of 90°, it is possible to supress the m-2
mechanism by a factor of 2 relative to the m-1 mechanism,
further suppressing the [5]CH myo-inositol signal. If a 22.5°
read-pulse flip angle is used, the suppression factor increases to
over a factor of 6. Reducing the read pulse from 90° to 45° and
22.5° reduces the intensity of taurine to 71% and 28%, respec-
tively. Slight deviations would be expected due to the tight
couplings in both taurine and myo-inositol.

In vivo resonances arising from choline and ethanolamine
may still overlap with those of taurine, necessitating further
editing if taurine is to be measured unequivocally. These
multiplets only have couplings to resonances with chemical
shifts distant from those of taurine. This difference in chemical
shift can be exploited to eliminate these multiplets from the
region of the spectrum occupied by taurine. If the first two 90°
pulses are made semiselective (Fig. 2b), only DQCs between
pairs of spins,both of which are perturbed by the selective
pulses, will be excited. By positioning the semiselective pulse
between the taurine multiplets and using sufficiently long pulse
lengths, only pairs of coupled taurine and myo-inositol multi-
plets will be perturbed and so appear in the final spectrum. In
choosing the length of the selective pulses, a number of con-
siderations must be balanced. The effective scalar coupling
evolution time can be taken from the center of the soft pulses

if Gaussian waveforms are being used. Consequently, although
using a long selective pulse may improve the selectivity, too
long a pulse may result in the optimum scalar coupling evo-
lution time being exceeded. Too short a selective pulse will
result in unwanted multiplets being perturbed and so appearing
in the final spectrum. Because the two selective pulses are
symmetrically disposed about the 180° refocusing pulse, chem-
ical shift evolution and magnetic field inhomogeneity during
the pulses will be refocused during the preparation period.

In the evolution period, during the second half of the second
semiselective pulse, loss of signal may occur due to chemical
shift and scalar coupling evolution and dephasing due to mag-
netic field inhomogeneity. By introducing a hard 180° pulse
followed by a delay into the evolution period (Fig. 2c) and
setting the delay equal to half the semiselective pulse length,
the effect of chemical shift and magnetic field inhomogeneities
can be refocused.

By using a combination of the selective preparation period
and the read pulse flip angle filter in the DQF, it should be
possible to remove all resonances except those of taurine from
the in vivo 1H spectrum.

EXPERIMENTAL

Solutions

Individual solutions of taurine and myo-inositol were made
in deuterated phosphate buffer solution at physiological pH to
a concentration of approximately 0.01 M.

PCA Extracts and Brain Homogenates

PCA extracts and brain homogenates were obtained from
6-week-old female Fischer F344 rats. The animals were killed
using a sodium hexabarbitone (185 mg/kg ip) overdose, and
the brains were removed rapidly and freeze-clamped. Samples
for PCA extraction were homogenized in perchloric acid (10/1
v/w 12% at 4°C) and the solid removed by centrifugation
(3000 rpm for 30 min at 4°C). Neutralization was performed
using a mixture of KOH (1.5 M), KCl (0.3 M), and Na3PO4

(0.1 M), and the pH was adjusted to 7.356 0.05. Precipitated
salt was removed by centrifugation (3000 rpm for 5 min) and
the resulting clear solutions were freeze-dried to constant
weight to yield white powders. The samples were reconstituted
in 0.5 ml D2O for NMR analysis.

Brain homogenates were prepared by manual homogeniza-
tion in 0.5 ml D2O to enable a lock signal. The resulting goo
was then transferred into an NMR tube for analysis.

NMR Spectroscopy Studies

All spectra were acquired on a Bruker ARX 250 NMR
spectrometer operating at 250 MHz for1H. In vitro andin situ
spectra were referenced for chemical shift using the NAA
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methyl singlet, with the resonance taken as 2.02 ppm. All
experiments were carried out at 298 K.

For the data given in Fig. 1b–d, the pulse sequence given in
Fig. 2a was used on a PCA rat brain extract using at value of
50 ms, at9 value of 40 ms witht1 5 3 ms and read pulse angles
(u) of (b) 90°, (c) 45°, and (d) 22.5°. Figure 1e–g spectra were
obtained using the pulse sequence given in Fig. 2b using 20-ms
Gaussian pulses placed in-between the two taurine multiplets
(at 3.35 ppm) witht 5 44 ms,t9 5 40 ms,t1 5 3 ms with read
pulse angles (u) of (e) 90°, (f) 45°, and (g) 22.5°. All spectra
(a–e) were acquired with 1024 transients and are shown to the
same vertical scale.

The data given in Figs. 3 and 4 was acquired with the pulse
sequence given in Fig. 2a without the detection period (t9)
using solutions of taurine and myo-inositol. For the data given
in Fig. 3 the pulseu andt was varied as indicated in the figure
with t1 5 3 ms. The magnitude spectrum was calculated and
baseline corrected before integration of the whole multiplet
(for taurine the SCH2 multiplet at 3.43 ppm and for myo-

inositol the [5]CH at 3.28 ppm). For the data given in Fig. 4,
t was varied as indicated in the figure witht1 5 3 ms and the
read pulse (u) equal to 90°, and the data was weighted with a
sine-squared function before Fourier transformation. The mag-
nitude spectrum was calculated and baseline corrected before
integration of each transition (multiplets as given for Fig. 3).

For the data given in Fig. 5 the pulse sequence given in Fig.
2b was used on solutions of taurine and myo-inositol. The
angles of all pulses were misset as indicated in the figure with
t 5 44 ms,t9 5 40 ms,t1 5 3 ms and the read pulse angles (u)
equal to 90°. The data presented is the sum of all the transition
intensities of the multiplets.

Figure 6a shows a conventional 1D spectrum of rat brain
homogenate. The spectra given in Fig. 6b and c were obtained
using the pulse sequence given in Fig. 2b with 20-ms Gaussian
pulses placed in between the two taurine multiplets (at;3.3
ppm) with t 5 44 ms,t9 5 40 ms,t1 5 3 ms with read pulse
angles (u) of (b) 45° and (c) 22.5°. Line broadening of 6 Hz
was applied to the data. All spectra (a–c) were acquired with
512 transients and are to the same scale except for (a), which
is reduced by a factor of 15.

RESULTS AND DISCUSSION

The effect of the preparation period length of the DQF given
in Fig. 2a using a 90° read pulse on the integrated signal
intensity for both taurine and the myo-inositol [5]CH proton
can be seen in Figs. 3a and b respectively (solid circles). The
myo-inositol [5]CH magnetization shows the features pre-
dicted by the product operator calculations. Att 5 115 ms the
intensity of the myo-inositol magnetization passes through a
minimum. This corresponds to the scalar coupling evolution
time of 1/J where both mechanisms m-1 and m-2 pass through
zero. The ‘‘dip’’ predicted at 1/2J, where no magnetization
passes through the m-1 mechanism, can be clearly seen at 50
ms. The myo-inositol dip is lower than predicted by the prod-
uct operator calculations, and this is attributed to the tight
coupling of the [1,6]CHs to the [2,4]CHs. More importantly,
this value is relatively close to the optimumt value for taurine
at 40 ms.

The corresponding graphs for the individual transitions of
the taurine and myo-inositol [5]CH multiplets are given in Fig.
4. The contribution of the magnetization passing through anti-
phase DQC via the m-2 mechanism can be discerned from the
central transitions. In theory the inner transition for both tau-
rine and the myo-inositol [5]CH arises solely through this
mechanism, whereas the outer transitions arise from a combi-
nation of both mechanisms. Deviations from the predicted
behavior (Eq. [6]) probably arise from tight coupling. It can be
clearly seen that the signal for myo-inositol [5]CH at the ‘‘dip’’
at 50 ms arises largely from the m-2 mechanism. The contri-
bution of this mechanism to the taurine signal intensity at this
t value is much smaller than that for the [5]CH of myo-inositol
with the intensity of the central transition being lower than the

FIG. 3. Graph of the relationship between peak integral and the length of
the preparation periodt using the pulse sequence given in Fig. 2a for (a)
taurine and (b) myo-inositol [5]CH. Data are presented for different values of
u as given on the figure.
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outer transitions. The relatively large deviations of taurine
from its predicted behavior probably arise because it is an
AA 9XX 9 spin system, although it has been approximated to an
A2X2 spin system for ease of calculation.

The effect of the DQF given in Fig. 2a on rat brain perchlo-
ric acid extract metabolite solution can be seen in Fig. 1b (u 5
90°), witht corresponding to the myo-inositol ‘‘dip’’ at 50 ms.

The filter has successfully removed the singlets from the spec-
trum. As the 3.47-ppm taurine multiplet is free from other
overlapping metabolites, the two taurine multiplets should ap-
pear similar if the filter has successfully removed the myo-
inositol [5]CH multiplet. Comparison of the two taurine mul-
tiplets reveals that the 3.27-ppm multiplet overlaps with
residual signal arising from the [5]CH of myo-inositol. The

FIG. 4. Graph of the relationship between individual transition integrals and the length for the preparation periodt using the pulse sequence given in Fig.
2a for (a) taurine and (b) myo-inositol [5]CH.
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myo-inositol signal is due to magnetization which has followed
the m-2 pathway. Since the taurine signal is filtered through via
the m-1 mechanism, the magnetization of the [5]CH myo-
inositol can be further suppressed using the flip angle filter
described by Eqs. [7] and [8]. The effect of reducing the angle
of the read pulse on the overall signal intensity can be seen in
Fig. 3. This shows that using a read pulse flip angle of 45°
instead of 90° reduces the myo-inositol [5]CH signal intensity
to 39%, whereas the taurine signal intensity is only reduced to
62%, giving an increased suppression factor of 1.6. Similarly,
if the read pulse angle is reduced from 90° to 22.5° the
myo-inositol signal intensity is reduced to 17% while that of
taurine is reduced to 34%, giving an increased suppression
factor of 2.0. The suppression is less than that predicted by the
product operator calculations (Eqs. [7] and [8]). This can be
attributed to the fact that some of the taurine magnetization
passes through the m-2 mechanism (Fig. 4) and to tight cou-
pling. The results of using the pulse sequence given in Fig. 2a
with various read pulse flip angles can be seen in Fig. 1b–d. By
reducing the read pulse flip angle to 22.5° the myo-inositol
signal has been diminished to a negligible amount.

Although the filter has successfully removed the singlets
from the spectrum, the taurine multiplets will still overlap with
choline and ethanolamine (depending on ischemic state)in
vivo. Therefore, there is a need for further selectivity if the
taurine is to be observed unequivocally. By using the selective
preparation period as shown in Fig. 2b, it is possible to remove
these unwanted resonances. Gaussian selective pulses (37)
were used. Their optimum length at 250 MHz was found to be
20 ms. Optimization of the sequence revealed little change
from the sequence given in Fig. 2a with the intensity of the
myo-inositol multiplet passing through a dip at at value of 44
ms, where the corresponding taurine intensity is still approxi-
mately 80% of its maximum.

The DQF given in Fig. 2b was demonstrated on a rat brain
perchloric acid extract with the 20-ms Gaussian pulses placed
halfway between the two taurine multiplets in Fig. 1e. The

taurine multiplets are well resolved with very little evidence of
myo-inositol. It is important to note that the taurine resonances
are in-phase; this means that signal will not be lost as a result
of the broadening of spectral lines encounteredin vivo. Com-
pared to conventional 1D spectra obtained under similar con-
ditions, the efficiency is 35% for taurine and 2.5% for myo-
inositol, taking all of the transitions of a multiplet into account.
Figures 1e–1g shows the effect of the read pulse flip angle filter
on the selective preparation period experiment as shown in Fig.
2b. Since the filter containing the selective preparation periods
is quite efficient at removing the undesirable myo-inositol
[5]CH, the read pulse flip angle filter gave no appreciable
increase in the myo-inositol suppression at smaller angles. This
is because the [4,6]CHs of myo-inositol are less efficiently
excited by the soft pulses. To overcome any signal loss due to
chemical shift evolution and dephasing due to magnetic field
inhomogeneity during the second half of the second selective

FIG. 6. 250-MHz in situ proton spectra of a homogenized rat brain. (a)
Conventional 1D. (b, c) Spectrum obtained using the same parameters as in
Fig. 1 (f, g) respectively. The spectra are displayed with (b, c) scaled up by a
factor of 15 relative to (a).

FIG. 5. Graph of the relationship between the effective pulse angle and the
signal intensity of the taurine and myo-inositol [5]CH multiplets relative to a
conventional 1D spectrum using the pulse sequence given in Fig. 2c.
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pulse, the sequence given in Fig. 2c was also tried. This
sequence contains a 180° pulse to refocus these effects. How-
ever, this pulse sequence gave no significant improvement.

To assess the technique’s usefulness, the efficiency with
which it passes taurine and the size of the residual signal
arising from overlapping metabolites were determined at 250,
200, and 150 MHz. This was achieved using experimental data
at 250 MHz and simulated data at the other frequencies.
Simulations were calculated using the full density matrix and
the same parameters as used in the experiments with the aid of
the GAMMA NMR simulation library (38). In vivo taurine is
typically found at concentrations of 1.2–1.5 mmol kg21,
whereas myo-inositol is typically found at concentrations of
4.7–6.8 mmol kg21 (39). However, although myo-inositol
only contributes one proton to the region of interest of the
spectrum, taurine contributes two if one multiplet is being
measured or four if both are, which may be more practicablein
vivo; the taurine multiplet at 3.27 ppm overlaps with that of
myo-inositol, while that at 3.43 ppm does not. The efficiency
with which taurine passes through the filter is 35% at 250
MHz, 30% at 200 MHz, and 15% at 150 MHz, assuming that
the read pulse angle is 90°. The error introduced into the
measurement as a result of residual myo-inositol magnetiza-
tion, assuming that both taurine multiplets are measured, will
be 5.5–10% at 250 MHz, 7.7–14% at 200 MHz, and 10–19%
at 150 MHz, assuming that the read pulse angle is 90°; these
figures can be halved by using an angle of 22.5°. Glucose,
which typically occurs at 0.8 mmol L21 in vivo (38), also has
resonances which overlap with those of taurine; however, it
only passes through the filter with an efficiency of,1%. The
preceding figures have been determined from the integrals of
the phased spectra. This effectively eliminates any contribution
from antiphase magnetization which can be expected to cancel
out in vivo as a result of line broadening. The reduced effi-
ciency with which taurine is passed by the filter at lower
magnetic field strengths and the increasing errors likely from
overlapping metabolites means that the technique is unlikely to
be useful below 150 MHz.

In order for the sequence to be of usein vivo, it must be
robust enough to cope with misset pulses, especially if it is to
be implemented with surface coils; if the pulse angles vary
significantly it is possible that myo-inositol may be able to pass
through the filter via another coherence transfer pathway, thus
reducing the editing efficiency of the sequence. The effect on
signal intensity of varying the effective angles of all pulses in
unison for the pulse sequence given in Fig. 2b can be seen in
Fig. 5. As the taurine signal intensity decreases, so does that of
the myo-inositol, thus showing that pulse angle variations do
not cause the ratio of taurine to myo-inositol signal to change
significantly.

Using the sequence given in Fig. 2b the experiment was
tried in situ on a homogenized rat brain. Figure 6a shows a
conventional 1D experiment while Fig. 6b shows the taurine
edited spectrum. It can be seen that the signal intensity of

the edited spectrum has decreased in comparison to the 1D,
which can be attributed to the efficiency of the filter and
relaxation effects. Figures 6b and 6c shows the effects of the
read-pulse flip angle filter. Since it appeared that the myo-
inositol had been suppressed by the filter it is difficult to tell
if the flip angle had any significant effect. Clearly, unlike
with the PCA brain extract, the 3.43-ppm taurine multiplet
has some residual signal overlapping, and consequently, it is
difficult to assess the effectiveness of editing by comparing
the two taurine multiplets.

CONCLUSION

By combining four spectral editing procedures we have
produced a new pulse sequence which allows observation of
both taurine multipletsin vitro and in situ free from over-
lapping metabolite resonances. By using a DQF, scalar
coupling evolution time, chemical shift selectivity (with soft
pulses), and a read-pulse flip angle filter, we have removed
the surrounding metabolite resonances, giving a clean spec-
trum of taurine. The technique is robust enough to be
implemented with a surface coil. Work is currently under-
way to apply this sequencein vivo.
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