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a b s t r a c t

Adiabatic pulses are widely used for spatial localization in magnetic resonance spectroscopy because of
their high immunity to RF inhomogeneity and excellent slice profiles. Since non-rectangular volume is
often preferred in localized spectroscopy, we propose a scheme for selecting a trapezoidal slice using adi-
abatic p pulses. In this scheme, a time-varying gradient orthogonal to a stationary slice selection gradient
is used to change the boundaries of the slice profile from parallel to non-parallel. Numerical simulation
results for the transverse and longitudinal magnetization using different RF and gradient waveforms are
presented for non-parallel slice selection. Phantom imaging and in vivo 1H MRS of rat brain using non-
parallel slices are demonstrated.

Published by Elsevier Inc.
1. Introduction

Magnetic resonance spectroscopy (MRS) can provide valuable
information related to metabolism and function for clinical diagno-
sis and life science research. However, MRS is very sensitive to spu-
rious interferences, for example, brain MRS can be contaminated
by unwanted lipid signals from the scalp and retro-orbital spaces,
which overlap with many metabolite resonances such as lactate,
glutamate and N-acetyl aspartate (NAA) [1]. Therefore, it is essen-
tial to minimize signal contamination from outside the region of
interest (ROI). Various ingenious spatial localization techniques
including stimulated echo acquisition mode (STEAM) [2], point re-
solved spectroscopy (PRESS) [3] and image selected in vivo spec-
troscopy (ISIS) [4], have been developed for this purpose. These
methods have been routinely used to select a cubic or rectangular
ROI to extract localized spectroscopic information.

There has been a long-standing interest in the MRS field to
develop the capability to select spectroscopic signals from non-
rectangular volumes because it is difficult to place a sizable rectan-
gular box in many anatomical structures (e.g., the hippocampus in
the brain) without incurring a large partial volume effect. One of
the desirable goals of spatial localization is to extract signals from
irregularly shaped volumes of interest such that the boundary of
the selected volume matches that of the intended anatomical
structure. One technique, spectral localization by imaging (SLIM,
[5]), addresses this issue by dividing a large volume into several
irregularly shaped compartments based on high resolution ana-
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tomical images and assumes that each compartment has a spatially
uniform spectrum. Spectra of these compartments may be resolved
from data collected with a small number of phase encoding steps
to differentiate signals originated from different compartments.
Extraction of localized spectra from irregularly shaped compart-
ments can also be achieved using sensitivity heterogeneity of
multichannel receive coils [6]. By simultaneously modulating RF
amplitude and gradient waveforms irregularly shaped volumes
can also be selectively excited based on a k-space interpretation
of small-flip-angle spatial excitation [7]. This k-space-based excita-
tion method has recently been extended using radial k-space
trajectories for improved spatial accuracy [8] or parallel RF trans-
mission to shorten the duration of the RF pulses used for multidi-
mensional excitation [9]. Non-rectangular volume selection may
also be useful for outer volume suppression in chemical shift imag-
ing because of the complexity of the shapes of tissues. For example,
in proton chemical shift imaging of brain, usually six or eight slabs
are used to suppress the lipid signal of the scalp [10].

It is well-known in the NMR literature that a pair of identical
arbitrarily formulated 180� pulses achieve pure phase refocusing
at the 2nd echo [11]. This principle has been used to select rectan-
gular volumes using three pair of adiabatic full passage pulses
(AFP) [12]. Recently, Sacolick et al. demonstrated that single AFP
pulses applied along non-equivalent spatial axes can achieve sig-
nificant phase refocusing [13]. When the phase across a spectro-
scopic voxel is small, the remaining nonlinear phase of the AFP
pulses becomes inconsequential. As such rectangular and octago-
nal volumes can be selected for proton chemical shift imaging
while halving the number of AFP pulses required.

In this work we propose a new method for selecting non-rect-
angular volumes for localized spectroscopy by adding a time-vary-
ing gradient [14] orthogonal to the conventional slice selection
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gradient. We first gave a theoretical description of the proposed
method and then verified it using Bloch simulation. Several RF
and gradient waveforms were evaluated numerically and
experimentally. In vivo MR spectroscopy of rat brain acquired
from a trapezoidal volume using the proposed method is also
demonstrated.

1.1. Theory

For an effective adiabatic sweep, the magnetization as a func-
tion of position and time follows the trajectory of the effective field
(B1eff) as originally described by Baum et al. [15]. That is, the polar
and azimuthal angles of the magnetization can be accurately
approximated by those of the B1eff. As a result, the equation of mo-
tion for the longitudinal magnetization MZ as a function of position
(r) and time (t) can be described by

MZðcGðtÞ � rþ Dx0; tÞ ¼ ðcGðtÞ � rþ Dx0 �xðtÞÞ=ðA2ðtÞ

þ ðcGðtÞ � rþ Dx0 �xðtÞÞ2Þ0:5 ð1Þ

where G(t) is the time-varying gradient vector modulation function,
Dx0 is the carrier frequency offset that determines the position of
the slice center, A(t) and x(t) are the amplitude and angular fre-
quency modulation functions of the adiabatic pulse, respectively.
For spins located at slice center MZ(t) = �x(t)/(A2(t) + (�x(t))2)0.5.
At the slice boundaries, the adiabatic condition breaks down. Eq.
(1) becomes an indeterminate (0/0). That is, at slice boundaries,
we have

cGðtÞ � rþ Dx0 �xðtÞ ¼ 0 ð2Þ

Note that the slice boundaries are formed when x(t) � cG(t) �
r + Dx0 while the RF pulse has little influence over slice boundaries
when x(t)� cG(t) � r + Dx0 or x(t)� cG(t) � r + Dx0. Therefore, for
sufficiently long slice-forming time intervals (i.e., |x(t)| = x0), if
Fig. 1. A proposed scheme for generating non-parallel inversion slice. RF pulse amplit
directions. A standard hyperbolic secant (sech) RF pulse was used without any modifica
width, l = 5.0, GZ = 47.0 and GYmax = 9.4 mT/m.
G(0 < t� TP) � G(0), G(0� t < TP) � G(TP) and assuming that the
stationary and time-varying gradients are applied along Z and Y
axes, respectively, we have

Zð0Þ ¼ �GY ð0Þ=GZ � Yð0Þ � ðDx0 þx0Þ=cGZ ð3Þ

and

ZðTPÞ ¼ �GYðTPÞ=GZ � YðTPÞ � ðDx0 �x0Þ=cGZ ð4Þ

where Tp is the duration of the pulse, r(0) and r(TP) denote slice
boundaries. A direct consequence of Eqs. (3) and (4) is that the slice
angle (/slice) and gradient angle (/gradient) are approximately equal
for RF and gradient modulation functions that allow formation of
slice boundaries under approximately constant G(t).

2. Materials and methods

Numerical calculations were performed to simulate the XY-
(transverse) and Z-(longitudinal) magnetizations with a variety of
time-varying gradient and RF waveforms. To validate the numeri-
cal calculations, experimental measurements using a cylindrical
water phantom and young adult rats (n = 3) were performed.

All simulation work was performed using in-house MATLAB
(The MathWorks, Inc., Natick, MA, USA) programs for solving Bloch
equations without the relaxation terms. These programs were used
to compute transverse and longitudinal components of magnetiza-
tion generated by an AFP pulse, a constant Z-gradient and a time-
varying Y-gradient. An example of this scheme is shown in Fig. 1
where a linearly time-varying anti-symmetric Y gradient is added
to a stationary Z-gradient during the execution of an AFP pulse
with a pulse length of Tp. Several different RF and time-varying
gradient shapes including linear, arctan, and hyperbolic tangent
(tanh) were evaluated. The results for the hyperbolic secant RF
pulse ((A(t) = lbsech(b0.5 � t/TP)); x(t) = lbtanh(b0.5 � t/Tp)); bTp =
2ln(200))) were shown. The angle between the two slice
ude x1 (a), frequency sweep d//dt (b), and gradient waveforms of Z (c) and Y (d)
tion. Pulse duration (TP) = 2 ms, truncation level = 1%, cB1 = 0.5 � frequency sweep
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boundaries calculated by Bloch simulation (/slice) were compared
with the angle between the initial and final gradient vectors
(/gradient = |arctan(GY(t = 0)/GZ) � arctan(GY(t = Tp)/GZ)|).

Experimental measurements were performed using a Bruker
AVANCE spectrometer (Bruker Biospin, Billerica, MA, USA) inter-
faced to an 11.7 T (500.14 MHz) 89-mm inner diameter (ID) verti-
cal bore magnet (Magnex Scientific, Abingdon, UK), and a 56 mm
ID water-cooled Mini0.5 gradient coil with a maximum gradient
strength of 3 G/mm and rise time of 100 ls (Bruker Biospin, Bille-
rica, MA, USA). A home-built one loop surface RF transmit and re-
ceive coil with a 15 mm ID integrated into an animal handling
system [16] containing a head-holder (including a bite bar and
ear pins) was used. Usage of the rats was approved by the National
Institute of Mental Health Animal Care and Use Committee. For the
in vivo MR spectroscopy experiment, the rat brain was shimmed
using the FLATNESS (Five Linear Acquisitions for up to Third order
Noniterative, Efficient Slice Shimming) automatic slice shimming
method [17] by mapping along projections to correct the first, sec-
ond and third order in-slice and through slice B0 inhomogeneity
terms [18].
3. Results

Fig. 2 shows the results of numerical simulations using the RF
and gradient scheme shown in Fig. 1 over a two-dimensional sam-
Fig. 2. Numerical simulation results of the XY-(first column) and Z-(second column) mag
and d), and 9.4 (e and f) [mT/m]. Other parameters of RF and Z-gradient waveforms are
ple space (20 � 20 mm2). The well-known hyperbolic secant pulse
was used without any modification. Pulse duration (Tp) = 2 ms,
truncation level = 1%, cB1 = 0.5 � frequency sweep width, l = 5.0,
GZ = 47.0 mT/m, GYmax = 0, 4.7, 9.4 mT/m, where l is the adiabatic-
ity factor and GY is the time-varying gradient. Fig. 2a and b shows
calculated MXY and MZ magnetizations with GY = 0. Fig. 2c–f shows
the calculated MXY and MZ magnetizations with GY = GYmax(2t/
Tp � 1) when 0 6 t 6 Tp. As shown by Fig. 2c–f, non-parallel trape-
zoidal slice profiles were produced for GYmax – 0. Based on Bloch
simulation the gradient angles (/gradient) are 11.4� and 22.6�,
whereas the slice angles are 5.0� and 10�corresponding to a GYmax

of 4.7 and 9.4 mT/m (see Table 1), respectively. As shown in Fig. 2,
the width of transition bands for off-centered magnetization in-
creased as GYmax was increased from 0 to 9.4 mT/m.

Fig. 3 shows that asymmetric GY gradient waveforms can be
used to generate asymmetric non-parallel slices. In Fig. 3a,
GY = GY0(0.5 � 2t/Tp). GY0 = 9.4 mT/m. Noticeably, although a non-
zero GY gradient was applied at t = 0, the initial slice boundary of
the excited slice is found to be perpendicular to the Z axis. In
Fig. 3b, GY = GY0(2 � 2t/Tp). In Fig. 3c, GY = GY0(2t/Tp) when
0 6 t 6 Tp. In the latter two cases, the slice boundary corresponding
to GY = 0 is not perpendicular to the Z axis. Calculated slice and gra-
dient angles are shown in Table 2.

Fig. 4 compares three different GY waveforms. In Fig. 4a, the lin-
ear waveform depicted in Fig. 1 was used with GYmax = 4.7 mT/m.
The middle panel shows the two-dimensional map of the
netization with different maximum Y-gradient strength (GYmax) of 0 (a and b), 4.7 (c
the same as in Fig. 1. The displayed image size is 20 � 20 mm2.



Table 1
Gradient and slice angles in Fig. 2 corresponding to the maximum Y-gradient
amplitudes of 4.7 and 9.4 mT/m. Z-gradient amplitude = 47.0 mT/m. The hyperbolic
sequent pulse in Fig. 1 is used for RF excitation. The difference between gradient and
slice angles were calculated using difference = (/gradient � /slice)//gradient � 100 (%).

GYmax (mT/m) 4.7 9.4
/gradient (�) 11.4 22.6
/slice (�) 5.0 10.0
Difference (%) 56.1 55.8

Table 2
Gradient and slice angles of the selected region in Fig. 3. GY0 = 9.4 mT/m. Other RF and
Z-gradient waveforms are the same as in Table 1.

Top (a) Middle (b) Bottom (c)

Start /gradient (�) �5.7 �21.8 0
End /gradient (�) 16.7 0 21.8
Total /gradient (�) 21.8 21.8 21.8
Start /slice (�) 0 15.5 5.5
End /slice (�) �10.0 5.5 15.5
Total /slice (�) 10.0 10.0 10.0
Difference in total angle (%) 54.1 54.1 54.1
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simulated residual transverse magnetization MXY. The inversion
bands shown in the right panel correspond to the three colored ar-
rows in the middle panel. A progressively broadening of the inver-
sion bands is seen as the Y ordinate is moved from left to right. In
Fig. 4b, an arctan (truncation level = 1%) GY waveform was applied
with the same GYmax. A marked narrowing of the transition bands
for off-centered magnetization was observed. A further improve-
ment was seen in Fig. 4c where a hyperbolic tangent (tanh, trunca-
tion level = 1%) GY waveform was used to produce the time-varying
Y-gradient waveform. The gradient angle is 21.8� for all three
waveforms, whereas the slice angles are 10.0�, 20.0�, and 22.0�,
corresponding to linear, arctan and tanh gradient waveforms (see
Table 3). Of all the Y-gradient waveforms evaluated in Figs. 1–4,
the hyperbolic tangent waveform produced the smallest difference
between gradient and slice angles.
Fig. 3. Numerical simulation results of the Z-magnetization (second column) with differ
waveforms are the same as in Fig. 1. (a) GY = GY0(0.5 � 2t/Tp). (b) GY = GY0(2 � 2t/Tp). (c)
Fig. 5 shows the effect of increasing the gradient angle on the
slice profile using the tanh Y-gradient waveform. Similar to the re-
sults given in Fig. 2, the slice angle varies linearly with the gradient
angle when the perturbation in the Y direction is not large. Our
simulation showed that this linearity holds well for GYmax/
GZ < 0.15. The gradient and slice angles corresponding to GY-
max = 9.4, 14.1 and 18.8 mT/m are listed in Table 4. The discrepancy
between gradient and slice angles increases with increasing GYmax/
GZ ratios.

The above theoretical and numerical simulation results show
that schemes similar to that depicted in Fig. 1 can generate non-
parallel slice profiles. As a first experimental test, we performed
one-dimensional (1D) spin echo imaging experiments on a
ent linear Y-gradient waveforms (GY0 = 9.4 mT/m). Parameters of RF and Z-gradient
GY = GY0(2t/Tp) when 0 6 t 6 Tp. The displayed image size is 20 � 20 mm2.



Fig. 4. Comparison of three different GY waveforms. (a) Linear waveform as depicted in Fig. 1 with GYmax = 9.4 mT/m. The middle panel shows the 2D map of the simulated
residual transverse magnetization MXY. The cross-sectional profile of the inversion bands was shown in the right panel. The color of the cross-sectional profiles of the
inversion bands corresponds to the color of arrow in the 2D map which marks the Y ordinate of the cross-sectional profile. (b) arctan GY waveform with GYmax = 9.4 mT/m. (c)
Hyperbolic tangent (tanh) GY waveform with GYmax = 9.4 mT/m. The displayed image size is 20 � 20 mm2.

Table 3
Gradient and slice angles of the selected region in Fig. 4 corresponding to linear,
arctan and tanh Y-gradient waveforms with the same RF and gradient parameters as
in Table 2.

GY0 Linear arctan tanh

/gradient (�) 21.8 21.8 21.8
/slice (�) 10.0 20.0 22.0
Difference (%) 54.1 8.3 1.0
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cylindrical water phantom. The pulse sequences (Fig. 6a and c)
were programmed using Paravision 3.0.1 (Bruker Biospin, Billerica,
MA, USA). A non-selective 90� rectangular pulse was used for exci-
tation. A pair of two identical 2-ms adiabatic sech 180� RF pulses
(truncation level = 1%, l = 5.0) were used for slice selective pure
phase refocusing. The stationary slice selection gradient was
placed on the spatial Z axis (GZ = 59.9 mT/m). The projection of
the Z slice on the spatial Z axis was measured (TR/TE = 3090/
28.7 ms, field-of-view (FOV) = 40 mm, data size = 512, and number
of average = 1). The 1D image was shown in Fig. 6b. Upon adding a
nonzero time-varying hyperbolic tangent Y gradients (tanh, 1%
truncation), the vertical boundaries of the 1D image becomes
non-parallel. The 1D image for GYmax = 15.0 mT/m is shown in
Fig. 6d. /gradient = 26.6�, the simulated /slice = 27.0�. Since the pro-
jection of a trapezoidal Z slice of uniform magnetization onto the
Z axis (1D Z image) is similar to the slice profile the results in
Fig. 6d suggest that a non-parallel slice is generated as expected.

To further visualize the action of time-varying Y gradients, 2D
spin echo imaging experiments were performed on the cylindrical
water phantom. The spin echo pulse sequence was similar to those
depicted in Fig. 6a and c except that phase encoding gradients were
added to generate YZ images of the selected Z slice. TR/TE = 600/
30.7 ms, FOV = 40 � 40 mm2, matrix size = 256 � 256, number of
average = 1. Fig. 7a shows the YZ image of the cylindrical water
phantom which is typical for that generated by a surface trans-
ceiver coil. In Fig. 7b, Tp = 2 ms, truncation level = 1%, l = 5.0, GY-
max = 21.0 mT/m, GZ = 59.9 mT/m, /gradient = 35.0�, /slice from Bloch
simulation = 37.5�, and /slice measured from the image acquired
experimentally �39.5�.

Fig. 8 shows results of in vivo 1H MR spectroscopy of rat brain
with a conventional rectangular ROI and a trapezoidal ROI. A spin
echo coronal anatomical image was shown in Fig. 8a. TR/TE = 3000/
11.6 ms, FOV = 20 � 20 mm2, slice thickness = 1 mm, matrix
size = 128 � 128, number of average = 1. The in vivo MRS experi-
ment with a rectangular ROI was performed after a fully automatic
FLATNESS shimming procedure [17]. The single-shot adiabatic 3D



Fig. 5. Numerical calculation results of the Z-magnetization (second column) with different GYmax for a hyperbolic tangent Y-gradient waveform. Other parameters of RF and
Z-gradient waveforms are the same as in Fig. 1. (a) GYmax = 9.4 mT/m. (b) GYmax = 14.1 mT/m. (c) GYmax = 18.8 mT/m. The displayed image size is 20 � 20 mm2.

Table 4
Gradient and slice angles of the selected region in Fig. 5 for different GYmax values.
Other parameters are the same as in Table 2.

GYmax (mT/m) 9.4 14.1 18.8
/gradient (�) 21.8 31.0 38.7
/slice (�) 22.0 33.0 43.0
Difference (%) 1.0 6.5 11.1
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localization pulse sequence [12] used a non-selective adiabatic half
passage pulse (1 ms) for excitation and three pairs of identical AFP
pulses (2-ms sech pulses, l = 5.0, truncation level = 1%) for slice
selection. TR/TE = 1000/18 ms, VOI = 4 � 2 � 4 mm3, Number of
average = 512, and data size = 4096. Repeated CHESS pulses were
used for water suppression [19]. Orthogonal gradient pairs or trip-
lets carefully adjusted to minimize the residual B0 shifts were used
as crushers for CHESS water suppression, outer volume suppres-
sion and for the six slice-selective refocusing AFP pulses. The ac-
quired localized MR spectrum was shown in Fig. 8b. To generate
a trapezoidal ROI, the slice selection gradients for the Y slice were
modified by adding a pair of simultaneous hyperbolic tangent X
gradients. GXmax/GY = 0.25 (GY = 59.9 mT/m, GXmax = 15.0 mT/m,
same as Fig. 6). The corresponding MR spectrum was shown in
Fig. 8c. In both Fig. 8b and c, high quality 1H MR spectra of the
rat brain were obtained. These spectra are similar to those previ-
ously published by our laboratory [19].

4. Discussion

Our results showed that slices with non-parallel boundaries can
be generated by changing the initial and final direction of the slice
gradient vector for adiabatic frequency sweep. Using a single AFP
pulse, this scheme can generate inversion slice with non-parallel
boundaries. When this scheme is repeated for pure phase refocus-
ing [20], it can be easily incorporated into the adiabatic PRESS
method [12] for localized spectroscopy as demonstrated by the re-
sults shown in Fig. 8.

We found large differences between gradient and slice angles
when orthogonal linear time-varying gradients are used to intro-
duce the nonparallelness (see Tables 1–3). Interestingly, with lin-
ear time-varying gradients a nonzero start or end gradient
amplitude (Fig. 3a) is needed such that the corresponding slice
boundary remains perpendicular to the slice gradient direction.
When the start or end amplitude of the perturbing gradient is zero,
the corresponding slice boundary is no longer perpendicular to the
slice gradient direction (Fig. 3b and c). It should be noted that the



Fig. 6. Schematic drawing of pulse sequences (a and c) and experimentally acquired 1D image (b and d) using a cylindrical phantom of water. A non-selective 90� rectangular
pulse was used for excitation. A pair of two identical 2-ms adiabatic sech 180� RF pulses (truncation level = 1%, l = 5.0) were used for slice selective pure phase refocusing (a
and c). The stationary slice selection gradient was placed on the spatial Z axis (59.9 mT/m). Time-varying hyperbolic tangent Y gradients (GYmax = 15.0 mT/m) were used to
generate non-parallel slice boundaries (c and d). Crusher gradients were not drawn for clarity. TR/TE = 3090/28.7 ms, field-of-view (FOV) = 40 mm, data size = 512, and
number of average = 1.

Fig. 7. Experimentally acquired 2D phantom image without (a) and with (b) a time-varying hyperbolic tangent gradient using a cylindrical phantom of water and a single
loop coil to transmit and receive signal. TR/TE = 600/30.7 ms, FOV = 40 � 40 mm, matrix size = 256 � 256, number of average = 1, Tp = 2 ms, truncation level = 1%, l = 5.0,
GYmax = 0 or 21.0 mT/m, GZ = 59.9 mT/m. (a) YZ image of the cylindrical water phantom with GYmax = 0. (b) YZ image of the cylindrical water phantom with GYmax = 21.0 mT/m.
Slice angle from Bloch simulation is 37.5� and gradient angle of 35.0�. The measured slice angle from the image acquired experimentally is about 39.5�.
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start gradient angle at the infinitesimal t = 0 cannot completely
determine the start slice angle, the latter requires a finite time
interval to allow the frequency of the AFP pulse to sweep suffi-
ciently away from the slice boundary. Similar analysis also applies
to the end slice angle. Therefore the gradient vector direction dur-
ing a significant portion of the initial and final periods of the AFP
pulse influences the slice angle. With linear time-varying perturba-
tion, the gradient angle is progressively reduced from GY(0) during
the initial period of the pulse. Based on the above analysis one ex-
pects that the start slice angle is smaller than the corresponding



Fig. 8. (a) Spin echo coronal anatomical image. TR/TE = 3000/11.6 ms, FOV = 20 � 20 mm2, slice thickness = 1 mm, matrix size = 128 � 128, number of average = 1. Two ROIs
are displayed in (a) with white (rectangle) and red (trapezoid) color. (b) Localized in vivo proton MR spectra acquired at 11.7 T from a rectangular ROI in the rat brain. TR/
TE = 1000/18 ms, VOI = 4 � 2 � 4 mm3, Number of average = 512. (c) Localized in vivo proton MRS spectra acquired at 11.7 T from a trapezoidal ROI in the rat brain. To
generate a trapezoidal ROI, the slice selection gradients for the Y slice were modified by adding a pair of simultaneous hyperbolic tangent X gradients. GXmax/GY = 0.25.
Cr = creatine, GABA = c-aminobutyric acid, Gln = glutamine, Glu = glutamate, GPC = glycerophosphocholine, Lac = lactate, M1, 2, 3 = macromolecule at 0.92, 1.21 and
1.39 ppm, mI = myo-inositol, NAA = N-acetylaspartate, PC = phosphocholine, PCr = phosphocreatine, Tau = taurine.
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gradient angle for a linear gradient waveform. The same is also true
for the final slice angle.

Thus, to minimize the difference between slice and gradient an-
gles the perturbing gradient should have approximately constant
amplitude during the initial and final portion of the AFP pulse as
described in Theory. Based on this insight we investigated arctan
and tanh waveforms. The results shown in Fig. 4 and Table 3 are
in agreement with our analysis. The tanh waveform, which showed
the least variation of GY during a significant portion of the initial
and final periods of the AFP pulse, generates the smallest difference
between gradient and slice angles.

The perturbing gradient, however, also degrades the adiabatic-
ity of the AFP pulse. We expect, therefore, that one cannot generate
very large slice angles using our method. As shown by Table 4, the
deviation between gradient and slice angles also increases with
GYmax/GZ. Larger angles, as the XY angles depicted in Fig. 8a, can
be generated between different slices, however.

A necessary condition for the proposed method to generate
angulated, non-parallel slices is that the RF pulse has to fulfill the
adiabatic requirements [15]. In addition to the AFP sech pulses,
we also investigated other AFP pulses such as the adiabatic gauss,
Lorentzian and cos2 pulses [21] and modified chirp pulses [18]
with similar results. In all cases investigated here existing AFP
pulses were used. Optimization of frequency sweep to improve
the adiabaticity of the pulse during rapid gradient modulation is
expected to further improve the performance of our method. We
will address the optimization issue in future work. In this work
we have attempted to match the slice angles with the gradient an-
gles. The significance of achieving equality between gradient and
slice angles is for prescribing time-varying gradients in situ with-
out resorting to Bloch simulations. It should also be pointed out
that matching the two angles is not a requirement. Fig. 3 shows
some examples of the diverse slice profiles one can generate using
simple linear gradient waveform modulation. Many other non-par-
allel slice profiles can also be easily generated using the proposed
strategy. The results in Fig. 8 showed that it is feasible to incorpo-
rate slice with angulated, non-parallel boundaries into localized
spectroscopy sequences. It should also be possible to prescribe
slice angles to match a specific anatomical structure in human
brain studies.

Finally, our numerical simulations and experimental results
showed that slices with angulated non-parallel boundaries can
be generated using inversion of equilibrium magnetization or a
double AFP spin echo of transverse magnetization [20,22]. Incorpo-
rating our method into other localization schemes that exploit fre-
quency sweep and adiabatic pulses is also possible. For example, it
can be used in the a–p adiabatic spin echo method [23] for cancel-
ing the second order phase across the slice generated by frequency
sweep excitation [18]. The slice boundaries of the FOCI pulses
[24,25] can also be modified similarly.

In conclusion, we demonstrate a novel scheme to directly gen-
erate slice with non-parallel boundaries. The performance of this
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method may be further improved using sophisticated numerical
optimization of both the RF and gradient waveforms. We expect
that this method may find applications in many MRS as well as
MRI applications where localizing a non-rectangular volume is of
interest.
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