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Abstract

Symmetric, linear phase, slice-selective RF pulses were analyzed theoretically for performing slice-selective coherence transfer. It

was shown using numerical simulations of product operators that, when a prefocusing gradient of the same area as that of the

refocusing gradient is added, these pulses become slice-selective universal rotator pulses, therefore, capable of performing slice-

selective coherence transfer. As an example, a slice-selective universal rotator pulse based on a seven-lobe hamming-filtered sinc

pulse was applied to in vivo single-shot simultaneous spectral editing and spatial localization of neurotransmitter GABA in the

human brain.
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1. Introduction

Selective pulses have found widespread applications

in both high-resolution NMR spectroscopy and in in

vivo imaging and localized spectroscopy [1,2]. A unique

class of shaped pulses generally referred to as selective

universal rotator pulses [3] perform well-defined spin

rotations within the selected frequency range regardless

of the initial state of the magnetization. In high-resolu-
tion NMR spectroscopy these selective universal rotator

pulses have been used in a variety of selective coherence

transfer applications (e.g. [3–5]). In contrast, in in vivo

localized spectroscopy applications, use of selective

pulses is usually limited to spatially and/or spectrally

selective excitation, inversion and refocusing. When a

pulse is needed for conversion of multiple quantum

coherences or for polarization transfer in localized
spectroscopy a nonselective hard pulse is usually used

(e.g. [6–9]). The necessity of using spatially nonselective

pulses in localized spectroscopy limits the options of
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spatial localization and also may increase the difficulty
of outer volume suppression. Since selective universal

rotator pulses are equivalents of hard pulses in the se-

lected frequency range it is desirable to use them to

achieve spatially selective coherence transfer.

The conventional selective universal rotator pulses

designed for high-resolution NMR spectroscopy [3–5]

suffer from high peak RF power requirement when used

in in vivo localized spectroscopy which is often per-
formed on much lower field strength spectrometers us-

ing much larger RF transmit coils. In addition, these

pulses require high B1 homogeneity [3] which is very

difficult to achieve in in vivo spectroscopy experiments.

However, it has been recognized for some time in the

field of magnetic resonance imaging that symmetric,

linear phase, slice-selective RF pulses such as sinc pul-

ses, which are based on the linear response theory, and
the linear phase SLR pulses [10] act on nonequilibrium

magnetization as hard pulses within the selected slice

when a prefocusing gradient pulse of the same area as

that of the refocusing one is added [11]. For example, in

an excellent fat suppression scheme [12,13], slice-selec-

tive pulse trains were used in a spatially and spectrally

selective fashion to minimize excitation of fat from the
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selected slice. In the slice-selective pulse trains each RF
component of a conventional semi-selective pulse train

was replaced by a short slice-selective sinc pulse, which

was flanked by a pair of prefocusing and refocusing

gradient pulses to allow it to behave like a slice-selective

universal rotator pulse.

In this paper we demonstrate that symmetric, linear

phase, slice-selective pulses can also be used to perform

slice-selective coherence transfer such as polarization
transfer and conversion of multiple quantum states.

Their relatively low RF power requirement and/or

shorter pulse duration as well as high resistance to

degradation of selectivity caused by B1 inhomogeneity

makes them ideal candidates for localized spectroscopy

applications. A general theoretical description of the

pulses is given here to facilitate discussion of their ap-

plications to slice-selective coherence transfer. The ap-
plication of these pulses to in vivo single-shot localized

detection of neurotransmitter GABA in the human

brain is demonstrated experimentally.
2. Results

It has been proven that for any time-symmetric ro-

tation along the x-axis the overall rotation axis at each

offset is confined to the xz plane [14]. If a time-symmetric
selective RF pulse rotates the equilibrium magnetization

by the same angle h onto the yz plane within its band-
width then this time-symmetric RF pulse is a selective

universal rotator pulse along the x-axis with a flip angle

of h for each offset within its bandwidth [3,14]. In the

case of a sinc or other symmetric and linear phase pul-

ses, addition of a prefocusing gradient pulse of the same

area as that of the refocusing one, therefore, converts

the pulse into a spatially selective universal rotator pulse

while ignoring the evolution of chemical shift and B0

inhomogeneity during the RF-gradient pulse scheme.

To illustrate the properties of the overall propagator

of the slice selective universal rotator pulses we use the

formalism of quaternion analysis [4,15]. For an ideal

symmetric, linear phase, selective pulse applied along the

x-axis with a uniform passband the results are listed in

Table 1 which describes the properties of the propagator

within the passband for each component of the RF-
Table 1

Passband quaternion elements of a uniform, pure phase, slice-selective univer

Quaternion elements A

Prefocusing gradient 0

RF and slice gradient � sin h
2

� �

Refocusing gradient 0

Universal rotator pulse � sin h
2

� �

aðrÞ ¼
R s
0 G � rdt, s is the duration of slice-selection gradient pulse, h is the

C 	 lzz cosðd=2Þ; D 	 sinðd=2Þ where lxx, lyy , and lzz are directional cosines a
gradient pulse scheme. The quaternion elements of the
overall RF-gradient propagator within the passband

indicate a pure phase and uniform rotation by an angle h
along the x-axis. Note that h is also the flip angle of the

RF-gradient pulse scheme.

Fig. 1 shows results of numerical simulation of the

overall quaternion elements of a 90� 1.5ms hamming-
filtered seven-lobe sinc pulse configured as a slice-selec-

tive universal rotator pulse. The strength of the slice
selection gradient used is 1 G/cm. The areas of the

prefocusing and refocusing gradient pulses are 50% of

that of the slice-selection gradient pulse. As seen in Fig.

1, within the selected slice a relatively pure phase and

uniform 90� rotation is obtained as quaternion ele-

ments—A � D � 1ffiffi
2

p ; and B � C � 0 across the pass-

band of the slice. Although not shown in the simulations

here it should be noted that due to deviation from the

linear response theory a slightly larger area of prefo-

cusing and refocusing gradient pulses than the theoret-
ical 50% of that of the slice-selective gradient would be

required to obtain a pure phase within the selected slice

[2]. Deviation from the linear response theory at large

flip angles ðh > 90�Þ also causes degradation of the

selectivity of the pulse.

Fig. 2 compares simulated spatial profiles of the IS

spin system polarization transfer yield and the double

quantum yield using the 90� slice-selective universal
rotator RF-gradient pulse scheme described above. For

polarization transfer, a 90� hard pulse along the y axis

converts the antiphase magnetization 2IxSz into 2IzSx
with 100% yield. The spatial profile of polarization

transfer generated by the proposed 90� slice-selective

universal rotator RF-gradient pulse scheme can be ob-

tained by numerically integrating the Bloch equation for

Ix and Sz, respectively. The polarization transfer yield is
then the product of that of Iz and Sx. Similarly, for
double quantum coherence preparation, a 90� hard

pulse along the x axis converts the antiphase magneti-

zation 2IxSz þ 2IzSx into 2IxSy þ 2IySxð¼ DQCyÞ with

100% yield. The spatial profile of double quantum co-

herence generated by the proposed 90� slice-selective

universal rotator RF-gradient pulse scheme can be ob-

tained by numerically integrating the Bloch equation for
Ix, Iz, Sx, and Sz, respectively. The double quantum yield

can then be calculated based on its expression in terms
sal rotator pulse based on a symmetric, linear phase, selective RF pulse

B C D

0 � sinða
2
Þ cosða

2
Þ

0 sinðaÞ cos h
2

� �
cosðaÞ cos h

2

� �

0 � sin a
2

� �
cos a

2

� �

0 0 cos h
2

� �

flip angle of the selective RF pulse. A 	 lxx cosðd=2Þ; B 	 lyy cosðd=2Þ;
nd d the angle of rotation around an axis defined by lxx, lyy , and lzz.



Fig. 2. Spatial profiles of polarization transfer (PT) and double

quantum (DQ) yields of the 90� pulse described in Fig. 1. For polar-

ization transfer, 2IySz ! 2IzSy ; for double quantum preparation,

2IxSz þ 2IzSx ! DQCy . Top: polarization transfer; Bottom: double

quantum preparation. The slice-selection gradient is 1 G/cm in both

cases. The dispersive components are IzSx in polarization transfer and

DQCx in double quantum preparation, respectively. Note that the

areas of the prefocusing and refocusing gradient lobes of the hamming-

filtered seven lobe sinc pulse were set to an empirically optimized

51.1% of that of the slice selection gradient.

Fig. 1. Quaternion elements of a 90� 1.5ms hamming-filtered seven-

lobe sinc pulse configured as a slice-selective universal rotator pulse

with the areas of the prefocusing and refocusing gradients set to 50% of

that of the slice-selection gradient. The slice-selection gradient is 1 G/

cm in all cases. From top to bottom: quaternion element – A; qua-

ternion element B; quaternion element C; and quaternion element D.
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of product operators. For 2IxSz ! 2IzSx and 2IxSzþ
2IzSx ! DQCy , � 100% polarization transfer yield and

double quantum yield are obtained respectively within

the passband of the pulse using the slice-selective uni-

versal rotator pulse as shown in Fig. 2.

For a direct visualization of localization by the

proposed slice-selective coherence transfer scheme a

phantom containing 99% isopropanol was used. The
one-dimensional images of the methyl group were ob-

tained with and without the slice-selective universal ro-

tator pulse. Fig. 3(a) shows the double quantum filtered

isopropanol spectrum using a standard non-selective

double quantum sequence (see Fig. 1(c) in [16]). Fig.

3(b) shows the y projection image of the phantom

sample using the same sequence except that the FID

mode was switched to one-dimensional imaging mode.
In Fig. 3(c) the second nonselective 90� pulse in the
double quantum sequence which converts the antiphase

magnetization into double quantum coherence was re-

placed by the proposed slice-selective universal rotator

pulse scheme. The resultant y projection image in Fig.

3(c) shows that coherence transfer was localized to the

selected slice. In addition, variation of the double

quantum yield for off-centered slices was demonstrated
by shifting the frequency of the slice-selective coherence

transfer pulse relative to the resonance frequency of the

methyl group at 1.16 ppm. The dependence of the signal

magnitude of the double quantum filtered methyl group

on the frequency offset of the slice-selective universal

rotator pulse is shown in Fig. 3(d).

The spatially selective universal rotator pulse was

applied here to in vivo GABA editing in the human
brain. The GABA editing pulse sequence depicted in

Fig. 4 was modified from a previously published method

[17] which uses a doubly selective multiple quantum

filter and three-dimensional ISIS localization for GABA



Fig. 4. GABA editing pulse sequence using a slice-selective universal

rotator pulse for multiple quantum editing of GABA at 3.0 ppm. The

phases of the odd-numbered RF components in the doubly selective

DANTE pulse train were set to 0� while those of the even-numbered
components were linearly incremented in the step of 90� [17]. The

overall phase of the even-numbered RF components was also set to 0�.
The inter-pulse delay between the odd- and between the even-num-

bered pulses is approximately 0:25=jtGABA-4 � tGABA-3j. The second

90� pulse is the slice-selective universal rotator pulse which converts

the antiphase coherences into GABA-3 and -4 double quantum co-

herence. The multiple quantum preparation scheme is preceded by

three CHESS pulses for water suppression, and then outer-volume

suppression (OVS) along �x, x, �y, y, �z and z directions. The CHESS
and OVS schemes were not drawn for clarity. Immediately after the

multiple quantum preparation, the double quantum coherence is en-

coded by two 4 ms, 1.4G/cm gradient pulses along x- and y-axes. The
duration of the double quantum filtering gradients is 8ms with the

same strength as the double quantum encoding gradients.
Fig. 3. (a) Spectrum of double quantum filtered isopropanol using the

pulse sequence described in Fig. 1(c) [16]. The spectrally selective 90�
pulse was placed on the methyl group. All pulses were spatially non-

selective. (b) The one-dimensional projection of the phantom gener-

ated by the double quantum filtered methyl group. (c) Same as in (b)

except that the second nonselective 90� pulse in the double quantum

sequence was replaced by a 1.5ms seven-lobe sinc pulse configured into

a slice-selective coherence transfer pulse centered at the gradient iso-

center. Slice thickness¼ 4.5 mm. (d) The magnitude of the double

quantum filtered methyl group as a function of the frequency offset of

the slice-selective coherence transfer pulse using the pulse sequence

described in (c) except that the FID mode was used. All experiments

were performed on an 11.7 T Bruker AVANCE spectrometer using a

3.5 cm ID volume coil and a 1.5 cm diameter spherical phantom con-

taining 99% isopropanol.
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measurement. The first 90� pulse, the doubly selective

180� DANTE refocusing pulse [18] on GABA-3 and

GABA-4, and the second 90� pulse selectively prepare

the GABA-3 and -4 double quantum coherence. To

achieve simultaneous spatial localization and spectral

editing in each single shot the first 90� hard pulse for

excitation of equilibrium magnetization in the original

pulse sequence was replaced by a 1.5ms 90� seven-lobe
sinc pulse to select an x slice. The second 90� hard pulse

for conversion of antiphase single quantum coherence

into double quantum coherence was replaced by the

same 90� pulse configured as a universal rotator pulse

with gradient pulses along the z direction. After gradient
labeling the double quantum coherence is converted into

antiphase GABA-4 single quantum coherence. The hard
180� pulse for rephasing the GABA-4 antiphase doublet
was replaced by a pair of identical 3.5ms hyperbolic

secant pulses (l ¼ 5, 1% truncation) for slice-selective

refocusing along the y direction [19].

Fig. 5 shows the in vivo spectra with TE¼ 68ms from

a 4� 2� 3 cm3 voxel in the occipital lobe of a healthy
adult volunteer. First, the unedited spin-echo spectrum

(top trace) was acquired with NS¼ 8. A 4-Hz line

broadening was used for post-acquisition processing.

Then GABA editing pulse sequence depicted in Fig. 4

was applied to the same voxel. The edited spectrum

(bottom trace) was acquired with 128 scans. The same

post-acquisition line broadening was applied. The dou-

bly selective double quantum filter suppressed the
dominant creatine singlet at 3.0 ppm and revealed the

underneath GABA-4 doublet at 3.0 ppm. The doubly

selective double quantum filter also suppresses other

singlets and coupled spins such as choline-containing

compounds, NAA, glutathione, macromolecules, gluta-

mate, and glutamine [17,20].
3. Discussion

For simplicity, the areas of the prefocusing and re-

focusing gradient lobes of the slice-selective universal

rotator pulses were set to 50% of that of the slice



Table 2

Comparison of slice-selective 90� universal rotator pulses: pulse du-

ration and peak RF amplitude requirements

RF pulses Dx � T a Ab

U-BURP [3] 4.9 42.6

Q5 [4] 6.1 19.3

Linear phase SLR [8]c 6.4 6.2

7-lobe Sinc 7.9 8.5

Hamming-filtered 7-lobe sinc 8.2 8.1

5-Lobe sinc 6.0 5.7

Hamming-filtered 5-lobe sinc 6.3 6.0

aDx denotes the bandwidth of excitation profile of the pulse at

half-height. Dx � T is a dimensionless constant.
bA denotes the ratio of the peak amplitude of the pulse to that of a

90� rectangular pulse of the same duration.
c Passband ripple: 1%; stopband ripple: 1%; digitization steps: 128.

Fig. 5. The sequence shown in Fig. 4 was tested on a Bruker AVANCE

2.1T whole-body spectrometer using an 8-cm diameter surface coil

placed directly under the occipital lobe of an adult healthy volunteer.

The B0 homogeneity was optimized using the FASTERMAP method

[29] to correct all first- and second-order shims automatically. A three

slice (coronal, axial, and sagittal) gradient echo imaging method was

used for positioning of the subject. The localized volume is

4� 2� 3 cm3 placed in the occipital lobe and approximately 2-cm

deep from the dura. RF pulse power was accurately calibrated using a

two-dimensional STEAM method localizing a y column through the

center of the voxel by placing the 180� null generated by the first RF

pulse of the STEAM sequence at the center of the localized voxel. Top

trace: in vivo unedited spin-echo spectrum with TE¼ 68ms from the

4� 2� 3 cm3 voxel. Eight scans were acquired with 4-Hz post-ac-

quisition line broadening. The 3.0 ppm resonance is dominated by the

single quantum methyl protons from creatine; Bottom trace: In vivo

double quantum edited spectrum using the pulse sequence shown in

Fig. 4 from the same voxel. One hundred and twenty eight scans were

acquired with 4 Hz post-acquisition line broadening. The dominant

creatine methyl protons at 3.0 ppm (along with NAA at 2.0 ppm and

choline-containing compounds at 3.2 ppm) were suppressed, revealing

the underneath GABA-4 signal at 3.0 ppm.
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selection gradient in the numerical simulations shown in

Fig. 1. Due to deviation from the linear response theory,

the actual areas of the prefocusing and refocusing gra-
dient lobes for a sinc pulse is slightly greater than the

theoretical 50%. As a result, transverse spins outside the

selected slice (i.e., in the stopband) experience a small

net dephasing gradient in addition to the transient

Bloch–Siegert effect [21]. For localized spectroscopy

applications, the small net dephasing effect on the

stopband (outer volume) transverse magnetization is of

no significance. For transverse spins inside the slice, the
correct prefocusing and refocusing gradients lead to an

improved spatial profile both in numerical simulations

and in experimental tests. Fig. 2 shows the spatial pro-

files of polarization transfer yield and double quantum

coherence yield when the areas of the prefocusing and

refocusing gradient lobes of the hamming-filtered seven

lobe sinc pulse were set to an empirically optimized

51.1% of that of the slice selection gradient. The
dispersive components caused by the quaternion ele-
ment C in Fig. 1 are largely absent in Fig. 2 when the

prefocusing and refocusing gradient areas are set to

51.1% of that of the slice selection gradient. It should

also be pointed out, however, that the exact optimal

prefocusing and refocusing gradient areas depend on the

type and flip angle of a specific symmetric and linear

phase RF pulse.

Although only slice-selective universal rotator sinc
pulses are demonstrated here the general configuration

is obviously applicable to all symmetric, linear phase,

selective RF pulses including those based on the linear

response theory. For example, Gaussian [22], Hermite

[23], and the linear phase SLR [10] pulses can be con-

figured into slice-selective universal rotator pulses al-

though the Gaussian and Hermite pulses do not

generate a ‘‘top hat’’ excitation profile. Compared to 90�
U-BURP [3] and Q5 [4] pulses, which require no pre-

focusing or refocusing gradients (except those for com-

pensating the rising and falling edges of the slice

selection gradient), the linear phase pulses generally re-

quire much less peak RF power (see Table 2), therefore,

are particularly suitable for many in vivo applications

when large volume coils are necessary. For not very

large flip angles ðh6 90�Þ the linear response theory
based pulses can be set to arbitrary flip angles. Also, B1

inhomogeneity has negligible effects on the integrity

(selectivity, phase, and uniformity) of the excitation

profile of these pulses provided that the nominal flip

angle is not very large. In contrast, the integrity of the

prefocused universal rotator pulses such as the U-BURP

and Q5 pulses degrades significantly at the presence of

ca. 5–10% or greater B1 inhomogeneity.
The advantage of the slice-selective pulses over the

equivalent non-selective ‘‘hard’’ pulses in localized

spectroscopy is that the slice-selective pulses minimize

excitation of outer volume magnetization. As in any

other schemes of localizing transverse spins, the slice-

selective coherence or polarization transfer pulses alone

do not necessarily provide adequate localization unless



Table 3

Product operator terms generated by the 90� slice-selective universal

rotator pulse in Fig. 4

I , I þ S, and S denote regions where only the I spin, both the I and
the S spins, or only the S spin are excited.
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crasher gradients associated with the slice-selective uni-
versal rotator pulses are used. The crusher gradients,

however, often reduce the yield of coherence or polari-

zation transfer (e.g. [24]). Fortunately, numerous op-

portunities exist for the effective application of the

slice-selective universal rotator pulses. In fat suppressed

water imaging applications [12,13], only spins within the

selected slice(s) need to be acted on by the slice-selective

universal rotator pulses. In localized spectroscopy,
however, three orthogonal slices are excited for locali-

zation of a single voxel. For example, in the localized

SUPERCOSY experiment [7] localization is provided by

the first 90� pulse and the two 180� refocusing pulses

which are orthogonal to the 90� pulse and to each other.
A slice-selective universal rotator 90� pulse could be

used to replace the hard non-selective 90� pulse for lo-
calized polarization transfer while avoiding excitation of
the entire volume. When applied to double-quantum

filtered spectroscopy experiments the double quantum

filter gradients act as the crasher gradient for the slice-

selective universal rotator pulse(s). In the case of GABA

editing shown in Fig. 4, the first 90� pulse excites the x
slice. The second 90� pulse, acting as a slice-selective

universal rotator pulse along the z axis, converts the

antiphase spins at the intersection of the two slices into
the GABA-3 and -4 double quantum coherence. The

transverse spins from the x and z slices but outside the y
column at their intersection are dephased, in part, by the

double quantum filter gradients.

In our previous GABA editing method using a dou-

bly selective DANTE refocusing pulse for selective

preparation of GABA-3 and -4 double quantum [17]

spatial localization was achieved using the 8-step three-
dimensional ISIS method. In this sequence, only the first

90� pulse and the second 180� pulse are available for

conventional spatial localization because the doubly

selective DANTE pulse is necessary to effectively sup-

press overlapping glutathione and mobile macromole-

cules around 3.0 ppm [20]. As discussed above,

localization of the transverse spins via the slice-selective

universal rotator pulse in Fig. 4 has made it feasible to
achieve simultaneous spectral editing and three-dimen-

sional spatial localization of GABA in a single shot

using the doubly selective DANTE method. Due to the

low GABA concentration in the human brain [25,26]

long signal averaging is still indispensable for any

meaningful GABA measurement. Nevertheless, the new

single-shot GABA method proposed here and previ-

ously published single-shot methods [9,20] eliminate
ISIS subtraction errors due to potential patient move-

ment and instrumental instability. As demonstrated in

Fig. 5 the slice-selective universal rotator pulses based

on symmetric and linear phases pulses can be used to

obtain single-shot simultaneous spectral editing and

spatial localization of GABA in the brain while using

the doubly selective DANTE pulse for double quantum
preparation to ensure clean editing. As described pre-
viously [17] when spectrally non-selective 180� pulse is

used in DQ preparation (e.g., [9,19,20]), suppression of

contaminating J-coupled signals at 3.0 ppm depends on

the spectral selectivity of the selective 90� pulse which

converts GABA-3 and -4 DQCy into GABA-4 antiphase

coherence (i.e., the third 90� pulse). Significant im-

provements in spectral selectivity have been achieved

using the doubly selective DANTE pulse approach
which completely eliminates interfering glutathione res-

onances and dramatically reduced contamination from

signals generated by mobile macromolecules [17]. The

doubly selective DANTE pulse also refocuses the

GABA-2 and -3 J evolution during the DQ preparation

leading to a theoretical 33% increase in double quantum

yield as compared to DQ GABA editing methods using

spectrally non-selective 180� pulse in DQ preparation
(e.g. [9,19,20]).

In contrast to the equivalent non-selective ‘‘hard’’

pulses in localized spectroscopy the slice-selective uni-

versal rotator pulses are affected by the well-known

chemical shift artefact which causes a displacement of

the selected slice depending on the chemical shift of the

resonance of interest. As demonstrated recently [27,28],

in localized spectroscopy of coupled spins the chemical
shift artifact could also lead to a significant loss of signal

and corruption of the slice profile due to the regions

where only one of the two coupled spins is acted on by

the slice-selective pulses. A detailed product operator

analysis of this effect was performed for the pulse se-

quence depicted in Fig. 4. The product operator terms

generated by the 90� slice-selective universal rotator

pulse in different regions were tabulated in Table 3. In
the center where the two I þ S regions intercept each

other, both pulses excite the two coupled spins. The
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desired double quantum terms are generated there. In
regions where only one of the two product operator

terms in DQCy is generated, the double quantum yield is

only 50% of that in the center. In regions where anti-

phase single quantum coherences are generated, the

double quantum yield is zero. Therefore, in situations

where a volume coil is used, for example, the chemical

shift effects can be significantly detrimental for methods

based on slice-selective DQ filtering [28]. Fortunately,
the bandwidths of the slice-selective pulses used in the

GABA editing sequence are 5467Hz for the sinc pulses

and 5171Hz for the sech pulse, respectively. The

chemical shift difference between GABA-3 and GABA-4

resonance is 98 Hz. The slice displacement due to

chemical shift using our GABA editing sequence is less

than 2% of the slice thickness, therefore, its effect on the

GABA measurement presented here is negligible.
As illustrated previously [8,9], when the first 90� and/

or the first 180� spatially nonselective pulse in a double

quantum sequence are replaced by off-centered slice-se-

lective pulses the accompanying frequency switches

disrupt the phase coherence of the transverse magneti-

zation during double quantum preparation. As a result,

the double quantum yield becomes dependent on the

frequency offset (or, equivalently, on the position of the
off-centered slice) if the phase of the second 90� pulse
remains on the x axis. Since only the difference between
the phase of the transverse magnetization and that of the

second 90� pulse matters we expect the same effect when
the second 90� pulse is also made an off-centered slice-

selective one. This was verified in Fig. 3(d) where the

double quantum yield of isopropanol was found to be a

sinusoidal function of the frequency offset of the slice-
selective universal rotator pulse as expected. For in vivo

GABA editing, only the voxel at the gradient isocenter

was used. If the voxel needs to be placed off-center the

phase of the second 90� pulse, i.e., the slice selective

universal rotator pulse needs to be pre-calibrated for

different voxel locations to ensure maximum double

quantum yield just as in the case when a nonselective

hard pulse was used [9] or the voxel must be placed at
discrete locations to achieve maximum signal intensity

when the second 90� pulse remained at the x axis [8].
4. Conclusions

We have shown that slice-selective universal rotator

pulses based on symmetric, linear phase RF pulses can
be used for slice-selective J-coupled coherence transfer

in localized spectroscopy. In comparison to prefocused

universal rotator pulses, these pulses require signifi-

cantly low B1 homogeneity, low RF peak power and/or

short pulse duration when used for spatial localization

and simultaneous coherence transfer. They can be used

to replace non-selective hard pulses for slice-selective
coherence transfer, e.g., in in vivo single-shot simulta-
neous spectral editing and spatial localization of neu-

rotransmitter GABA in the human brain.
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