Echo-Planar Spin-Echo and Inversion Pulses

John Pauly, Dan Spielman, Albert Macovski

The echo-planar k-space trajectory can be used as the basis
for any two-dimensional selective pulse. The main application
is spectral-spatial pulses, which must be based on the echo-
planar trajectory. In this paper we show how echo-planar spin-
echo (EPSE) pulses may be designed.

Key words: RF pulse design; multidimensional pulses; spec-
tral-spatial pulses.

INTRODUCTION

Echo-planar k trajectories have been used for the acqui-
sition phase of MR imaging for many years (1). The first
application to selective excitation was by Meyer et al. (2)
in the design of two-dimensional pulses that are simul-
taneously selective in the spectral dimension and one
spatial dimension. Only those spins in a given range of
chemical shift frequencies and a given slice are excited.
The chemical shift evolves at a constant rate with time,
not under gradient control. The 2D k trajectory with one
constant axis is the conventional echo-planar trajectory.
For spectral-spatial pulses there is no other choice.

The primary application for echo-planar spin-echo
(EPSE) pulses has been in metabolite imaging (3, 4). For
example, the SIMPLE pulse sequence uses a spatially
selective two-dimensional excitation and an EPSE refo-
cusing pulse provide 3D spatial localization and water
suppression in a two pulse spin-echo sequence (3).

Multi-dimensional large-tip-angle pulses, such as spin-
echo pulses, can be designed using Fourier transform
arguments provided the k-space trajectory and RF
weighting satisfy certain symmetry constraints (5). Un-
fortunately the echo-planar trajectory does not fall within
this class. Echo-planar spin-echo pulses designed this
way do work, but the actual profile differs substantially
form the desired profile.

Multi-dimensional adiabatic pulses have been de-
signed by first taking a spectral adiabatic hard pulse se-
quence. and replacing each hard pulse with spatially
selective subpulses (6). In this case all subpulses should
have the same slice profile, each scaled to the appropriate
tip angle. EPSE pulses can also be designed this way (7).
These pulses work better than the Fourier designs, but
still suffer some slice profile distortion.
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In this paper we propose a better approach. The key
idea is that at each spatial location we need to simulta-
neously apply different spectral pulses. In the next sec-
tion we examine what this means. and how it can be
accomplished.

EPSE DESIGN
Decomposition into Subpulses

EPSE pulse design is based on the decomposition of the
full 2D pulse into a sequence of simple 1D subpulses.
These subpulses are inherently refocused pulses (IRPs),
which perform pure rotations about the applied RF. Echo-
planar pulses can be considered to be the concatenation
of a sequence of IRP’s. This viewpoint helps explain the
unusual refocusing requirements of EPSE pulses.

An inherently refocused pulse consists of a gradient
and RF waveform that together produce a Hermitian sym-
metric k-space weighting (8), where the spatial frequency
variable is defined

k(t) = fo G(s)ds.
t

This is the integral of remaining gradient from the time ¢
until the end of the pulse. A small-tip-angle IRP produces
a rotation about the RF axis. The rotation angle is pro-
portional to the Fourier transform of this weighting,

0(x) = v f ° B, (e "Vt (1)
AT

where the pulse starts at time - T and ends at zero. For
example, if the RF is applied along the x axis, the IRP
produces a rotation about x. The tip angle varies as a
function of position, but the rotation axis is everywhere
the same. This is true for any initial or final magnetiza-
tion.

For our current purposes we only need a very simple
one dimensional IRP, illustrated in Fig. 1a. This consists
of a prefocusing gradient lobe of area one-half, a conven-
tional slice-selective RF pulse along with a constant gra-
dient of area one, followed by a refocusing gradient lobe
of area one-half. Fig. 1b shows the k-space trajectory and
RF weighting. The rotation angle produced by this pulse
is the Fourier transform of this weighting, shown in Fig.
ic.

As in the design of 2D adiabatic pulses, we can con-
catenate a sequence of 1D IRP’s to form a 2D echo-planar
type pulse (6). One segment of such a pulse is shown in
Fig. 2a. As in (6) we invert the gradient for every other
IRP. The prephase and dephase lobes cancel and can be
omitted, allowing the RF pulses to be much more closely
spaced, as shown in Fig. 2b.

This produces the unusual refocusing properties of
these pulses. All of the prephase and rephase gradients
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FIG. 1. Simple one-dimensional inherently refocused pulse (IRP)
consisting of both prefocusing and refocusing gradient lobes sur-
rounding a conventional slice-selective pulse (a). The k-space tra-
jectory is shown in (b), and the tip angle profile in (c).

lobes cancel, except for the first and last. The number of
IRPs may be either even or odd. The case of an even
number of IRPs is shown in Fig. 3a. If the full concate-
nated pulse is a spin-echo pulse we can move a gradient
lobe from one end of the pulse to the other by inverting
its sign. This means we can have a spin-echo pulse that is
either only prefocused (Fig. 3b) or refocused (Fig. 3c).
The case of an odd number of IRPs is shown in Fig. 3d.
Here when we move either gradient lobe to the other end,
the two cancel, Fig. 3e. It would appear that this is the
most desirable case. In practice, however, the spin-echo
pulse will be surrounded by crusher (dephasing) gradi-
ents. The prefocus and refocus gradients can then be
incorporated into the crusher gradient areas. It should be
noted that all these prefocus and refocus combinations
are the same only for the spins inside the slice. For spins
outside the slice these have quite different effects. The
variations with both prefocusing and refocusing lobes
(Fig. 3a,d) have zero total gradient area, so the out-of-slice
spins are left totally unaffected by the pulse. They are not
flipped at all by the RF or dephased by the gradient. The
others have non-zero gradient area, so the out-of-slice
spins are at least somewhat dephased by the action of the
gradient during the pulse.

Gradient Waveforms

So far we have assumed that the oscillating echo-planar
gradient waveform is an i-eal square wave. In practice
this is far from true. Usuaiiy the gradients are slew-rate
limited, so realizable gradient waveforms consist either
largely or entirely of ramps. In order to use nonconstant
gradient waveforms the RF subpulses must be compen-
sated to produce the cor »ct k-space weighting, in accor-
dance with the VERSE idea (9). Fig. 4a is a plot of the
ideal square wave gradients. Fig. 4b is a plot of a triangle
gradient waveform, which is optimal when gradient slew
rate is the only constraint. If gradient amplitude is also a
constraint the optimal waveform is trapezoidal, Fig. 4c.
Peak RF amplitude is sometimes the limiting constraint
for EPSE pulses designed for spatial slab-select pulses
with sharp profiles. In this case the gradient can be
dropped at the center of the subpulses to reduce the peak
RF, as in (6). This is illustrated in Fig. 4d. In (6) a loss in
gradient area of about 12% permitted the peak RF ampli-
tude to be halved.

One additional concern is the difference between the
types of echo-planar trajectories. For spectral-spatial
pulses the k-space trajectory moves at a constant rate
along the spectral axis, while oscillating in the direction
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FIG. 2. Synthesis of a 2D EPSE pulse from IRP’s. In (a) the IRPs
of Fig. 1 are simply concatenated. Inverting the gradient for every
other IRP allows the interior prephase and rephase lobes to cancel,
and the whole pulse to be shortened. The initial prephase lobe and
the final rephase lobe (not shown) don’t cancel, and must be in-
cluded.

of the spatial axis. Gradient waveforms and the corre-
sponding k-trajectory are plotted in Fig. 5a and b. This is
the conventional echo-planar trajectory. In designing
EPSE pulses we will assume that the spectral evolution
happens in a blip between the IRP subpulses, illustrated
in Fig. 5¢ and d. This corresponds to the blipped echo-
planar trajectory, which is easier to analyze. This as-
sumption produces some error in the design which in-
creases with spectral frequency (2). In practice we are
only concerned with the main-lobe and first nulls of the
profile, where the approximation is reasonably good. The
effects of this approximation will be demonstrated in the
example designs presented below.

The approximation is always perfect at one spectral
frequency, the origin. At this point there is no spectral
phase shift between subpulses, so it doesn’t matter
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FIG. 3. Different prefocus/refocus possibilities for EPSE pulses.
An even number of subpulses (a—c) allows either prefocusing (b),
refocusing (c), or both (a). With an odd number of subpulses (d—€)
the possibilities are both (d) or neither (e). In the last case the

prefocusing and refocusing lobes cancel when moved from one
end of the pulse to the other.

b) Even, Prefocus Only
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FIG. 4. Gradient waveform considerations. The ideal waveform
for the oscillating gradient is shown in (a). This requires infinite
gradient slew rates. The triangle gradient waveform (b) produces
the maximum k-space coverage when gradient slew rate is the only
constraint. When peak gradient amplitude is also a constraint the
waveform becomes trapezoidal (c). One unfortunate aspect of the
waveform in (b) is that the RF amplitude at the k-space origin is
maximized. If peak RF amplitude is also a constraint the gradient
can be reduced in the middle to allow the RF amplitude to be
brought down, as in (d).

whether the spectral shift is constant or blipped. This is
useful for designing very high quality rejection bands for
water suppression, as we will show below.

2D Inverse SLR Transform

The idea behind the design of spectral-spatial EPSE
pulses is that at each spatial position we would like to
apply a different spectral hard pulse sequence. Inside the
slice we want a 180° rotation, outside the slice we want
a 0° rotation. In the transition band all of the intermediate
rotation angles must occur. All of these different pulses
must be applied simultaneously.

We start by choosing an echo-planar gradient trajec-
tory. There are two major constraints. First, the area of
each gradient lobe determines the extent of the k, cover-
age, and hence the minimum slice width. This is im-
proved by using longer gradient lobes. The other con-
straint is the location of the replication sidelobes in the
spectral dimension. Major sidelobes occur at multiples of
the oscillating gradient frequency. In addition there are
asymmetric “ghost” sidelobes halfway between the major
sidelobes (2). The gradient frequency must be high
enough to ensure that these sidelobes are beyond the
edge of the spectral stop band. For example, if we use 1
ms gradient subpulses with a total pulse duration of 16
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FIG. 5. Different types of slew-rate limited echo-planar trajecto-
ries. (a) and (b) are the conventional (constant slow gradient) echo-
planar gradient waveforms and k-space trajectory. This is neces-
sarily the trajectory for EPSE pulses. (c) and (d) are the blipped
echo-planar gradient waveforms and k-space trajectory. This is the
model we assume when designing EPSE pulses.

ms we can obtain a slice thickness on the order of 1 cm,
while the nearest sidelobes are centered at =500 Hz.

sin(0(x,kw)/2)

a) sin(0(x,w)/2) b)

¢) sin(8(kx,kw)/2) d)

FIG. 6. Stages of the two-dimensional inverse SLR transform.
The input to the 2D inverse SLR transform is shown in (a). After the
first one-dimensional inverse SLR transform along the spectral
dimension (b) the surface can be considered to be the spatial
profiles as a function of the subpulse index. (c) is the result of the
inverse SLR transform along the spatial dimension. The RF pulse
is computed by traversing this surface in the raster echo-planar
manner. The RF pulse and the spin-echo profile are shown in Fig.
7. The response produced by this pulse is shown in (d). This agrees
well with the desired response (a).
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FIG. 7. RF pulse produced by tracing the surface of Fig. 6¢ in the
raster echo-planar trajectory (a), and the crushed spin-echo profile
this pulse produces (b). The sidelobes are lower than in Fig. 6d due
to the square dependence on flip-angle.

Next we choose the 2D profile we would like to pro-
duce. Ideally we would like to specify the rotation. Prac-
tically it is easier to specify the Cayley-Klein spin param-
eter B(x,w), which is

B(x.w) = i(n, — inJsin(8(X.w)/2)

where 6(x.0) is the flip angle at a particular position and
spectral frequency. and (ny. n,, 0) is the unit vector de-
fining the axis of the rotation (10). The crushed spin-echo
profile is

M (x.0) = iB*(x.w)

for spectral-spatial pulses it is usually easier to design the
2D profile as the product of two 1D profiles, although this
is not necessary. The spectral and spatial profiles can be
designed by any method, such as Fourier design or by
digital filter design methods. The usual pulse design con-
straints apply. For example, the bandwidth of the spatial
profile profiles determines the minimum slice width. In
the spectral dimension the 8 must be the Fourier trans-
form of a discrete sequence of the same length as the
number of subpulses. The 2D profile is simply the outer
product of the two 1D profiles. Fig. 6a is a plot of the
initial B(x,w) specified for the design of an EPSE pulse.
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The calculation of the RF waveform proceeds in two
stages. Conceptually we can consider this process to be a
2D inverse SLR transform, similar in idea to a 2D inverse
discrete Fourier transform. A major difference is that the
order of the transforms is critical in the SLR case. A
tformal derivation of the inverse SLR transform for two
dimensions has been reported by Buonocore (11). Here
we proceed by considering how the spatially selective
subpulses and the spectrally selective envelope interact.

The first stage consists of 1D inverse SLR transforms
(10, 12, 13) along the spectral dimension. These are com-
puted for each spatial position along the uniformly sam-
pled spatial dimension. The flip angle at each position is
determined by the spatial profile. Inside the slice the flip
angle is r, in the transition band it varies continuously
from 7 down to close to zero, and out-of-slice it stays
close to zero. This is important because of the “band-
width narrowing” effect of large flip angle pulses which
causes the slice profile to be significantly narrower than
the frequency content of the pulse would indicate. This
means that a 7 pulse must have a wider bandwidth to
have the same slice width as a /2 pulse. This first stage
of the EPSE design insures that at each spatial position
the spectral hard pulse has the appropriate bandwidth.
Fig. 6b shows the result of this first transform stage ap-
plied to the initial specification plotted in Fig. 6a. Close
inspection shows the in-slice pulses are narrower than
the transition band pulses, illustrating the compensation
for large-tip-angle bandwidth narrowing.

The second stage consists of 1D inverse SLR transforms
in the spatial dimension. The first stage has computed
the spectral hard pulses that must be played at each spa-
tial position. In the second stage we compute each of the
spatial subpulses. Consider the /" sample of all of these
spectral hard pulse sequences. Taken together this is the
flip-angle profile that must be produced by the jth spatial
subpulse. These are generally relatively small flip angles,
in which case they can be designed using Eq. [1]. For

b)
1

M, crushed spin-echo profile in (b).
Experimental profiles are shown for

the blipped slow gradient in (c) and
a constant slow gradient in (d). The
constant gradient profile is equiva-
lent to the spectral-spatial re-
sponse.

c¢) Blipped EP

-1 kHz 0

d) Constant EP
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FIG. 9. Pass and stopband locations for the metabolite imaging
EPSE pulse. Also shown are the spectral locations of several of the
key metabolites. The band edges were chosen assuming a By
inhomogeneity of 26 Hz peak-to-peak.

larger flip angles or more accurate designs the SLR algo-
rithm should be employed, again using the relation that
B(x) = i(n(x) - in(x))sin(6(x)/2), where (n,(x), n,(x), 0)
is the axis of the rotation at a particular spatial position.

Fig. 6¢ is the result of applying the 1D inverse SLR
transforms to the spatial dimension of the function in Fig.
6b. The EPSE RF waveform is found by tracing this sur-
face along the raster echo-planar trajectory. The response
produced by this RF pulse is shown in Fig. 6d. The agree-
ment with the desired response, Fig. 6a, is very good. The
RF pulse itself and the spin-echo profile are plotted in
Fig. 7. Note that the subpulses in Fig. 7 differ both in
amplitude and in shape.

Most spin-echo pulses are designed to have linear
phase, meaning that at the time of echo formation all
refocused spins are in phase. This is important for imag-
ing where the integral across the profile is of concern. In
spectroscopy this is not the case. The spectral profile is
subsequently resolved. Any known spectral phase profile

a) g
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can be corrected. Substantial spectral profile improve-
ment can be obtained by exploiting this flexibility in
phase profile (10). This will be demonstrated in the next
section where we present design examples.

DESIGN EXAMPLES

We will consider two design examples here. The first is a
linear-phase EPSE pulse suitable for imaging either the
water or lipid peak while suppressing the other. This is
similar to the example of the previous section. The sec-
ond is a higher performance pulse designed particularly
to provide water suppression for metabolic imaging (3,
4). Here we want very high stop-band attenuation over a
narrow band about at the water frequency, and very sharp
transition between the pass and stop bands. We use a
minimum phase pulse, designed with the water stopband
on resonance.

Linear-Phase EPSE Pulse for Lipid-Water Imaging

The first example is a linear-phase EPSE pulse. In the
spectral dimension we choose a time-bandwidth product
TB = 4 profile. If we use a 16 ms pulse the bandwidth is
250 Hz, from =125 Hz. The transition width depends on
the ripple allowed in-slice and out-of-slice (10). If we
make the passband ripple 1% and the stopband ripple
0.1%, then the figure of merit D, for the pulse is 2.0 (see
ref. 10). The transition band is then 250 - 2/4 = 125 Hz,
going from 62.5 Hz to 187.5 Hz. At 1.5 T the water-lipid
difference frequency is about 230 Hz. so the stopband
and passband widths allow on the order of =1 ppm tol-
erance to B, inhomogeneity. The sampling rate deter-
mines the separation between the main lobe and the side-
lobes. We choose this to be 1 kHz, so the subpulses are

b)
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FIG. 10. Minimum phase spectral-
spatial EPSE pulse designed for
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metabolite imaging. The basic de-
sign is plotted in (a), along with the
spectral-spatial profile (b). (c) a log-
arithmic plot of the spectral profile
after integrating over the spatial di-
mension. Note that the stopband at
zero, where water will be, is fairly
deep, but not very broad. The M,
and M, profiles are plotted in (d) to
illustrate the nature of the phase
shifts caused the minimum phase
profile. The phase is zero over most
of the passband. It does shift at the
edges of the passband, but is spec-
trally resolvable and can readily be
corrected on reconstruction.
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FIG. 11. EPSE pulse designed
with the stopband on resonance,
and then modulated. The pulse (a)
is very similar to that in Fig. 10a,
differing mainly in the presence of a

Amphuude, KH/

small quadrature component. The
profile has a reduced sidelobe near
the critical stopband, while the other
sidelobe has increased. A compari-
son of the spectral profiles after in-
tegrating across the spatial dimen-
sion shows that the on-resonance
stopband is both broader and
deeper.

Amplitude

each 1 ms in duration. This puts the first ghost sidelobes
at =500 Hz, which is far enough away not to contaminate
the first stopbands.

In the spatial dimension we choose a TB = 2 profile.
For convenience we use Dolph-Chebyshev window pro-
file (14). The gradient is a triangle waveform. Each lobe is
1 ms long, so at a gradient slew rate of 2 (G/cm)/ms the
gradient just reaches the 1 G/cm full scale on our 1.5T GE
Signa system. The maximum excursion in k. is then
about +1 cycle/cm. With a time-bandwidth 2 profile this
gives a minimum slice width of about 1 cm.

The pulse with these specifications is plotted in Fig.
8a. The simulated crushed spin-echo profile is plotted in
Fig. 8b. Images of experimental profiles are shown in Fig.
8c and d. Fig. 8c is the profile obtained with the blipped
slow gradient assumed in the pulse design. Fig. 8d is the
experimental profile for a constant slow gradient, which
simulates the spectral-spatial response. Note the pres-
ence of the “N/2” ghosts centered at =500 Hz.

Minimum-Phase EPSE Pulse for Metabolic Imaging

The next example is of pulse specially designed for a
multislice metabolic imaging pulse sequence (4). Most of
the water suppression in the sequence is from the EPSE
pulse, so the quality of the spectral stopband is critical.
The constraints on the spectral profile are determined by
the location of the metabolites of interest and B, homo-
geneity. We assume a B, inhomogeneity of 26 Hz peak-
to-peak. If the water frequency is taken to be zero, the
stopband goes from +13 Hz. The metabolite closest to
water is choline, which is at ~93.5 Hz, so the lower pass-
band edge is at -80.5 Hz. Fig. 9 is a plot of the pass and
stop bands, along with the location of several of the im-
portant metabolites.

Unless overridden, our 1.5T GE Signa (GE Medical

10,)

TR

0 o1 02 07
Frequency, kH7

0302

Systems, Milwaukee, WI) enforces an RF pulse length
limit of slightly less than 20 ms. With 1.5 ms subpulses,
13 subpulses fit in 19.5 ms. The major replication side-
lobes are offset from the main lobe by 666 Hz, and the
ghost sidelobes by 333 Hz. This is enough separation to
preserve the required 26 Hz stopbands. The gradient sub-
lobes will be trapezoids since full amplitude can be
reached in 0.5 ms. The maximum excursion in k space is
then about +2 cycles/cm, allowing 1 cm slices with a
sinc-cycle 1 (time-bandwidth 4) profile.

The spectral profile has a bandwidth of 215 Hz, a tran-
sition width of 66.6 Hz, while the overall pulse duration
is 19.5 ms. The effective duration of the pulse is the time
between the centers of the first and last subpulses, which
is 18 ms. The “quality factor” D.. for this profile (10) is

)

which is quite small for a spin-echo pulse. This is a
difficult profile to achieve. There are two parameters to
be chosen, the passband ripple and the stopband ripple.
The passband ripple should be smaller than the expected
noise level. Here we choose the passband ripple to be
5%, so noise will be the limiting factor until an SNR of
20, which is very high for metabolite images. If we use a
linear phase profile the minimum stopband ripple is
about 2%, which is entirely inadequate. However, if we
go to a minimum phase profile the minimum obtainable
stopband ripple drops to 0.1%. Using a minimum phase
profile increases the stopband attenuation by a factor of
20, which is a very substantial improvement.

D, = TBW

66.6 Hz
215 Hz

il

(18 - 10 %s) (215 Hz) (

1.2
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The EPSE pulse designed to these specifications is
shown in Fig. 10a, and the simulated spin-echo spectral-
spatial profile in Fig. 10b. The spectral phase profile is
plotted in Fig. 10d. The phase dispersion from the
minimum-phase pulse occurs principally at the edges of
the passband, and varies slowly relative to normal spec-
troscopic resolution. Since the phase is known and re-
solvable, it can be corrected on reconstruction.

This pulse was designed with the center of the pass-
band on resonance, so at this frequency the profile is
undistorted by the effects of the difference between the
blipped EP trajectory assumed in the design and the con-
tinuous EP trajectory inherent in a spectral-spatial pulse.
Unfortunately, the part of the profile that we care about
most is the stopband. If we look at the logarithmic plot of
the integrated spectral profile in Fig. 10c we see that the
stopband is fairly deep. but that the first sidelobe is in-
terfering. The result is that the stopband is much nar-
rower than desired.

The fidelity of the stopband can be improved by ini-
tially designing the EPSE pulse with the stopband on
resonance. After the pulse has been designed it can be
shifted by modulation (simulating a change in center
frequency). The RF pulse produced by this method is
plotted in Fig. 11a, and its profile in Fig. 11b. The pulse
is very similar to that in Fig. 10a, differing mainly in the
presence of a small quadrature component. The differ-
ence in profile is substantial, though. The sidelobe near
the design frequency is reduced. while the other sidelobe
increases. Logarithmic plots of the integrated spectral
profile (c) shows that the stopband at the designed fre-
quency is both broader and deeper than that in Fig. 10c,
which is replotted for comparison as the dashed line in
Fig. 11c.

CONCLUSION

This paper has presented a method for designing high
performance echo-planar spin-echo pulses. Although de-
signed for a blipped echo-planar trajectory, they work
well as spectral-spatial (or continuous echo-planar)
pulses. As spectral-spatial pulses there is some distortion
in the profile which increases with the distance from the
designed zero frequency. as well as additional “ghost”
sidelobes. This distortion can be eliminated at one fre-
quency by setting that frequency to zero in the pulse
design. For cases where the spectral profile will be re-
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solved. a substantial improvement in profile can be ob-
tained by going to a minimum-phase spectral design.
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