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The generalized magic asymmetric gradient stimulated echo (generalized MAGSTE) sequence compen-
sates background gradient cross-terms and can be adjusted to asymmetric timing boundary conditions
which for instance are present in echo-planar MR imaging. However, its efficiency is not optimal because
one of the two diffusion-weighting gradients applied in each interval usually must have a reduced ampli-
tude to ensure the desired cross-term compensation. In this work, a modification of generalized MAGSTE
. is investigated where this gradient pulse is replaced by two gradient pulses with full amplitude but oppo-
Background gradients . site polarities. It is shown that with these bipolar gradients (i) the sequence retains the cross-term
Cross-term compensation . a1 . . . . e .
MRI compensation capability for an appropriate choice of the gradient pulse durations and (ii) the diffu-
sion-weighting efficiency is improved, i.e. higher k and b values can be achieved without prolonging
the echo time. These results are confirmed in MR imaging experiments on phantoms and in vivo in the
human brain at 3 T using spin-echo and echo-planar MR imaging. In the examples shown, the b value
could be increased between about 30% and 200% when using the bipolar gradient pulses. Thus, bipolar
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gradients may help to improve the applicability of the generalized MAGSTE sequence.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The measurement of diffusion coefficients with pulsed-field-
gradient NMR [1-3] is often hampered by macroscopic or micro-
scopic background gradient fields which are caused by magnetic
field inhomogeneities or susceptibility differences in heteroge-
neous samples [4]. The interaction of these background gradients
with the pulsed gradients applied for diffusion weighting results
in a so-called cross term (e.g. [5]). The cross-term is proportional
to the product of both gradient amplitudes and thus yields a diffu-
sion weighting which neither is constant nor increases with the
square of the pulsed gradient amplitude when varying the diffu-
sion-weighting gradients. Consequently, it distorts the expected
signal behavior and yields incorrect diffusion coefficients if it is
not taken into account appropriately. Whereas the effect of macro-
scopic background gradients, i.e. those that can be considered to be
constant within the measurement volume or across a voxel, van-
ishes when taking the geometric mean of acquisitions with oppo-
site polarities of the diffusion-weighting gradient pulses,
microscopic gradient fields, i.e. those that vary on a length scale
well below the measurement volume or voxel size, are inert to this
approach.
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Thus, pulse sequences which inherently null these cross-terms
in each acquisition have been developed in the past. They involve
a modified switching of the pulsed gradients in combination with
additional RF pulses. For the standard spin-echo diffusion-weight-
ing preparation, it has been shown that the use of multiple refocus-
ing RF pulses is sufficient to compensate the cross-terms [6].
Analogously, the pulsed-gradient stimulated echo (PGSTE) prepa-
ration that is the gold standard for samples with a T, relaxation
time short compared to the desired diffusion time, has been ex-
tended by applying refocusing RF pulses in the middle of the prep-
aration and readout interval and two gradient pulses of opposite
polarity for the diffusion weighting in each of the intervals [7].
However, this approach presented by Cotts et al. cannot compen-
sate cross-terms of background gradient fields that change during
the middle interval of the stimulated echo, i.e. if the diffusing spins
“feel” different background gradient fields in the preparation and
readout interval. Because long diffusion times can be achieved with
the PGSTE preparation, this is a rather common scenario in heter-
ogeneous samples (e.g. [8]).

As a solution, the so-called magic asymmetric gradient stimu-
lated echo (MAGSTE) sequence has been developed [9-12]. It com-
pensates cross-terms in the readout and preparation interval
independently by using a certain, so-called “magic” ratio of the
amplitudes of the two pulsed gradients in each interval.

Several extensions of the MAGSTE sequence have been pre-
sented to improve its performance. In the first, a third gradient
pulse of inverted polarity is introduced which yields an increased
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diffusion-weighting efficiency [13]. Thereby, the assumption of
identical delay times at the begin and end of each interval that is
present in most non-imaging experiments, was retained. Another,
the so-called generalized MAGSTE sequence, focusses on imaging
experiments and is a modification that takes asymmetric timing
demands as in diffusion-weighted echo-planar imaging (EPI) [15]
into account, i.e. different delay times at the begin and end of the
readout interval. It extends the standard MAGSTE experiment by
using different durations for the two diffusion-weighting gradient
pulses in the interval in order to cover all the time available and
improve the diffusion-weighting efficiency accordingly. Most re-
cently, a modification has been presented that involves additional
refocusing RF pulses in the readout and preparation interval to
shorten the echo times of the individual spin echoes involved
and thus reduce the sensitivity to background gradient fields that
vary within the preparation or readout interval [16].

In this work, the idea of using bipolar diffusion-weighting gra-
dient pulses in MAGSTE sequences [13], so far considered and
investigated only for identical delay times, is applied to general-
ized MAGSTE in order to achieve a further improvement of the dif-
fusion-weighting efficiency for imaging experiments. The gradient
pulse with the lower amplitude is replaced by a combination of
two gradient pulses with full amplitude but opposite polarities. It
is shown theoretically and experimentally that (i) the pulse dura-
tions can be adjusted to ensure the cross-term compensation in
the preparation and readout interval independently and (ii) higher
k and b values can be achieved without prolonging the echo time,
i.e. the diffusion-weighting efficiency is improved.

2. Theory

In Fig. 1a, the basic MAGSTE pulse sequence is shown. If the gra-
dient pulse amplitudes obey the, so-called “magic”, ratio [9,11]
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cross-terms with background gradient fields are nulled in the prep-
aration and readout interval independently.

In general, the times required for the individual RF excitations
and/or the data acquisition may differ. For instance, the time
needed for the echo train of diffusion-weighted EPI may exceed
that for the /2 RF excitation in the readout interval considerably
(e.g. see Fig. 1). A similar difference can be present in the prepara-
tion interval, e.g. when using long RF pulses like 2D-selective RF
(2DRF) excitations [17-19] for the initial RF excitation. Thus, an
asymmetric timing of the two diffusion-weighting gradient pulses
in each interval can be helpful to avoid unused fill times and re-
duce the echo time.

An example of this generalized MAGSTE sequence is shown in
Fig. 1b for a long data acquisition part, e.g. required for the echo
train of an EPI acquisition (“Read” direction in Fig. 1g). Compared
to the standard MAGSTE sequence it involves a shorter delay time
63 and a longer gradient pulse of duration ¢’ in the first part of the
readout interval. In the example shown, both gradient pulses have
identical amplitudes, i.e. the “magic” amplitude ratio of the MAG-
STE sequence has changed to a “magic” duration ratio. However,
with the boundary condition of cross-term compensation this spe-
cial case only occurs if [14]
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For arbitrary J3, a modified gradient pulse amplitude ratio #' is re-
quired to ensure the compensation which is given by [14]
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Fig. 1. Basic RF (upper) and gradient pulse sequences of (a) standard MAGSTE and generalized MAGSTE with (b, ¢, and e) monopolar diffusion-weighting gradient pulses, i.e.
as presented previously, and (d and f) with bipolar diffusion-weighting gradient pulses. In (b) identical amplitudes of the two gradient pulses are assumed, i.e. the special case
where the gradient pulses differ only by their length is shown which is achieved for 63 = d3 magic. (¢) The timing for the so-called “short-echo-train” regime (93 > 3 magic) where
the second gradient pulse in the readout interval has a lower amplitude. (d) The modification where this gradient pulse is replaced by bipolar gradient pulses, i.e. a
combination of two gradient pulses with full amplitude but opposite polarity. (e and f) The corresponding sequences for the “long-echo-train” regime, i.e. 95 < 63 magic. If " in
(d and f) is chosen appropriately, cross-terms with background gradients are compensated as in (b, ¢, and e). A mirror-symmetric sequence timing is shown in (a-f) but it
should be noted that due to the cross-term compensation achieved in each interval independently, preparation and readout intervals with different timings can be combined
without sacrificing the cross-term compensation. (g) Basic sequence for the gradient pulses applied for spatial selectivity and encoding in the EPI experiments performed.
Seven k-space lines and two non-phase-encoded reference echoes used for phase-correction (PC) are shown. Gray gradient pulses are dedicated to spoil unwanted transverse

coherences.
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For the magic duration ratio which corresponss to ' = 1 (Fig. 1b),
the diffusion-weighting efficiency is optimal because both gradients
in the readout interval have the same (maximum) amplitude. For
n' <1, the second gradient pulse has the lower amplitude
(Fig. 1c). Assuming that the echo train of echo-planar imaging is
the reason for §; > J3 and the motivation to apply diffusion gradi-
ents with different pulse durations (as shown in Fig. 1), this case
can be considered as the “short-echo-train” regime because the
echo train, and thus &y, is too short to achieve the optimum diffu-
sion-weighting efficiency with #' = 1. For §; = 3, which will not
be considered in detail here, the short-echo-train regime reduces
to a previously described modification of the MAGSTE sequence
[13]. If #' > 1, the first gradient pulse in the readout interval has
the lower amplitude (Fig. 1e). This represents the “long-echo-train”
regime because then the echo train (and 6,) is too long to achieve
the optimum efficiency.

In both cases, the gradient pulses with the lower amplitude can
be replaced by bipolar gradient pulses, i.e. a combination of two
gradient pulses with the full amplitude but opposite polarities.
Thus, the pulse sequences shown in Fig. 1d and f are obtained for
the short- and long-echo-train regime, respectively. It will be
shown that for both regimes (i) the cross-term compensation can
be retained if the pulse durations are chosen appropriately while
(ii) the diffusion-weighting efficiency is improved.

2.1. Short-echo-train regime

Due to the cross-term compensation desired for each of the
preparation and readout intervals independently, it is sufficient
to consider the preparation interval only. The derived results also
hold for the readout interval.

The cross-term of the pulsed gradients shown in Fig. 1d with a
constant (background) gradient field g, is given by
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where 7y represents the gyromagnetic ratio and rectangular gradient
pulses have been assumed for the sake of simplicity.
The cross-term vanishes if

weighting gradient pulses to ensure that the cross-terms are com-
pensated for the §” rounded to the gradient raster time. Solving
bcross‘short =0 ylelds
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which can be used to scale the gradient pulse amplitudes for any gi-
ven ¢§". Thereby, g, represents the amplitude for the first gradient
pulse in the preparation interval (or the last gradient pulse in the
readout interval) while g, and —g, are to be used for the other
two gradient pulses, respectively.

Considering the gradient integrals k, it can be shown that with
bipolar gradient pulses higher k values are obtained (see Appendix
B), i.e. the diffusion-weighting efficiency is improved with respect
to k. A corresponding analysis for the b value is difficult and could
not be obtained due to the complex equations but numerical sim-
ulations were performed (see below).

2.2. Long-echo-train regime

For the long-echo-train regime, i.e. the pulse sequence of Fig. 1f,
the cross-term for rectangular diffusion-weighting gradient pulses
is given by
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The zero-crossing of this expression is (see Appendix A)
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which for 63 < § + J4, i.e. the boundary condition of the long-echo-
train regime, is (i) positive and (ii) lower than § + §; — Js, i.e. lower
than ¢’ (see Appendix A). Thus, it is a reasonable solution and en-
sures compensation of cross-terms for the complete parameter
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which has been obtained according to the method of Cardano
[20,21] (see Appendix A). This solution is (i) positive for any
83 > 03 magic, 1.e. within the complete short-echo-train regime, and
(ii) lower than ¢ for 3 < 6 + 61, i.e. for any &' > 0 (see Appendix
A). Thus, it ensures that the desired cross-term compensation can
be achieved for any timing parameters within the short-echo-train
regime. For §; = d3, i.e. symmetric delay times, the solution simpli-
fies to that described in [13] as expected.

Because the gradient pulse duration in real experiments usually
must meet some raster time (i.e. the dwell time of the gradient
waveform), Eq. (5) may be of limited value for practical purposes.
However, different amplitudes can be used for the diffusion-
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range of the long-echo-train regime.

Because Eq. (8) may also yield a pulse duration that is not on the
required gradient raster time, the amplitudes of the gradient
pulses can be adjusted to retain the cross-term compensation
according to

g (725"3 £ 65" (5+01) — 68" (5+01)%)—105° — 65 (36, + 433)
—60(0] + 4810, +253))
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for any ¢”. Here, g, is the amplitude of the last gradient pulse in the
preparation interval (or the first gradient pulse in the readout inter-
val) while —g; and g, are the amplitudes of the other two gradient
pulses, respectively.

As for the short-echo-train regime, the gradient integral k
achieved with bipolar gradients is higher for a given timing (see
Appendix A). To investigate the b efficiency, numerical simulations
were required (see below).

2.3. Finite ramp times

In practice, finite ramp times, i.e. trapezoidal gradient pulses,
must be used. Eq. (5) and (8) could be extended accordingly but
would represent only a part of the solution because pulse dura-
tions on the gradient raster time are required. Thus, it is easier to
use the pulse durations §” of Egs. (5) and (8), respectively, round
it to the gradient raster time, and adjust the gradient pulse ampli-
tudes according to the extensions of Eqs. (6) and (9) for finite ramp
times which can be calculated straightforwardly and are given in
Appendix C. This approach was used in the present study.

2.4. Asymmetric timing

In some experiments, an asymmetric timing with different fill
times J, and &, prior to and after the refocusing RF pulse, respec-
tively, may be required. The solutions obtained for §” in this case
are provided in Appendix D.

3. Experimental

The analytical derivations leading to Egs. (4)-(9) and the
numerical calculations for the plots shown were obtained with
Maple 10 (version May 13 2005, Waterloo Maple Inc., Waterloo,
Ontario, Canada). Numerical calculations of the k and b values in
the preparation interval were performed in IDL (version 5.5a,
Research Systems Inc., Boulder, CO, USA). Thereby, § was varied
between 0.2 ms and 50.0 ms, §; between 0.2 ms and 100.0 ms,
&, between 0.2 ms and 20.0 ms, and 63 between 0.2 ms and the
minimum of §; and 30.0 ms, all in steps of 0.2 ms.

MR measurements were performed on a 3 T whole-body MR
system (Magnetom Trio, Siemens Healthcare, Erlangen, Germany).
The RF was transmitted via the body coil while a standard 12-
channel head coil was used for signal reception. Water phantoms,
a cantaloupe (cucumis melo reticulatus) and healthy volunteers
were investigated. From the latter, informed consent was obtained
prior to the examination according to the institution’s guidelines.

The diffusion-weighting preparations shown in Fig. 1b-f and
the preparation of Cotts et al. [7] as well as a standard PGSTE prep-
aration were combined with an EPI sequence (Fig. 1g) as described
previously [14] and a standard spin-echo sequence. For the spin-
echo sequence, the gradient pulses and data acquisitions related
to phase correction (PC in Fig. 1g) were discarded. Furthermore,
only a single echo per shot was acquired in the readout interval
which was preceded by a standard (warp) phase-encoding gradient
pulse. To mimic the effect of background gradients, two additional
pulsed gradients in slice direction which covered the full prepara-
tion and readout interval, respectively, could be inserted into the
different preparation sequences with independently user-select-
able amplitudes.

MR images were acquired with an in-plane resolution of
3 x 3mm?, a slice thickness of 10 mm in phantoms and 5 mm
in vivo, respectively, and a repetition time (TR) of 12,000 ms in
phantoms and 6000 ms in vivo, respectively. Standard spin-echo
MR images were obtained with a receiver bandwidth of 260 Hz
per pixel and a field-of-view of 180 x 240 mm? yielding an acqui-

sition time of 12 min per image. For acquisitions with 2DRF excita-
tions the field-of-view in the phase-encoding direction could be
reduced to 36 mm plus 15 mm oversampling (3 min 24 s per im-
age) without aliasing. Echo-planar images were acquired with
field-of-views of 180 x 240mm? in  phantoms and
192 x 240 mm? in vivo, respectively. The receiver bandwidth was
1785 Hz per pixel in phantoms and 1840 Hz per pixel in vivo,
respectively. Thus, identical echo times could be obtained in phan-
tom and in vivo experiments.

2DRF excitations were calculated according to the low-flip-an-
gle approximation [18]. The blipped-planar trajectory had a resolu-
tion of 10 x 10 mm? and a field-of-excitation, i.e. a distance of the
periodic side excitations, of 150 mm yielding 15 k-space lines (to-
tal duration 5.7 ms). The desired excitation volume was a rectan-
gular profile with a size of 10 x 42 mm? (slice x phase-encoding
direction). To reduce ringing artifacts, the RF envelope was multi-
plied with a two-dimensional Gaussian filter which achieved 15%
of its maximum intensity at the extreme k-space coordinates.
2DRF pulses were scaled to yield a flip angle of 90°.

Diffusion weighting was performed either in slice direction only
(spin-echo imaging) or in phase, read, and slice direction (EPI).
Mixing times (TM) of 150 ms or 300 ms were used, b values were
500, 1000, 1500, and 2000 s mm 2 for spin-echo imaging and
500 and 1500 s mm 2 for EPI measurements, respectively. To dem-
onstrate the improved diffusion-weighting efficiency of the pre-
sented extension, some generalized MAGSTE acquisitions with
monopolar gradients were performed with the same gradient pulse
magnitudes as with bipolar gradient pulses which yielded lower b
values (see below). For the PGSTE preparation, the echo time was
71 ms. EPI acquisitions with generalized MAGSTE were performed
with echo times between 119 ms and 128 ms, those with the stan-
dard MAGSTE preparation [9] with about 220 ms, respectively.
Spin-echo images were obtained with echo times between 81 ms
and 90 ms for generalized MAGSTE, for standard MAGSTE 102 ms
were required.

To demonstrate the cross-term compensation capability of gen-
eralized MAGSTE with bipolar diffusion-weighting gradient pulses,
measurements of the apparent diffusion coefficient (ADC) on a
water phantom were performed where background gradient fields
were mimicked by switching pulsed gradients. In contrast to
microscopic background gradient fields that cause a phase distri-
bution and a related magnitude reduction of the magnetization
in each voxel, these macroscopic gradient fields yield a phase mod-
ulation on a macroscopic scale, i.e. distort the magnetization’s
phase in each voxel differently. This modulation can cause addi-
tional artifacts in echo-planar imaging. Thus, these acquisitions
were performed with spin-echo imaging but timing parameters
(durations of diffusion-weighting gradient pulses) were chosen to
match that of the corresponding EPI acquisitions and an echo time
of 120 ms was used.

The ADC was calculated on a voxel-by-voxel basis with software
provided by the manufacturer (syngo MR, VB15). The ADC values
reported represent the mean value observed in a region-of-interest
in the central part of the phantom.

4. Results

Fig. 2 shows examples of the time courses for trapezoidal gradi-
ents (Fig. 2a), their time integral (Fig. 2b), their b value (Fig. 2c),
and their cross-term with a constant background gradient
(Fig. 2d) for both echo-train regimes in comparison to the general-
ized MAGSTE sequence with monopolar gradient pulses (gray
lines). For the sake of clarity, only the preparation interval is
shown. To yield the time courses for the readout interval, the
plot of the gradients (Fig. 2a), their time integral (Fig. 2b) and the
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Fig. 2. Example time courses (in ms) in the preparation interval for generalized MAGSTE with monopolar (gray) and bipolar diffusion-weighting gradient pulses (black)
showing (a) the diffusion-weighting gradient pulses, (b) their time integral, i.e. k values, (c) their b value, and (d) their cross-terms with a constant background gradient for
the short-echo-train (left) and the long-echo-train time regime (right), respectively. In both examples, 5, and é; were 3 ms, the ramp time 1 ms. For the short-echo-train
example a 6 of 14 ms and a §; of 8 ms were used, for the long-echo-train example 2 ms and 20 ms, respectively. The refocusing RF pulse is applied at 25 ms. The ordinates are
in arbitrary units.
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cross-term (Fig. 2d) must be reversed along the time axis. The plots
of the b values (Fig. 2c) need to be mirrored along the time and the
b axis to obtain the readout interval time course such that the
curves approach their maximum value at the end of the interval.
In the short-echo-train example, the first gradient needs to be
replaced by the bipolar gradients. The gain in k and b compared
to generalized MAGSTE is only about 10% and 20%, respectively.
This is because the additional integral introduced by the second
(negative) gradient pulse is small compared to that of the gradient
in the second half of the preparation interval. However, for typical
EPI acquisitions, the long-echo-train regime is more relevant. The
corresponding example shows that the last gradient in the prepa-
ration interval is slightly shortened for the bipolar gradients but
also has a clearly higher amplitude. This causes a steeper slope in
the k plots (Fig. 2b) which yields considerably increased k values
(about a factor of 2) at the end of the integral although the
“break-even” point with the preceding gradients of effectively
opposite polarities, i.e. the zero-crossing, is achieved later. For
the b values achieved within the preparation interval (Fig. 2c),
the gain is even higher with a factor of about 4. This improvement
can also be expected when taking the TM interval into account be-
cause the b value in this interval increases with the k* at the end of
the preparation interval. In both examples, the cross-term with the
background gradient vanishes as expected at the end of the inter-
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val which is also observed for the generalized MAGSTE sequence
(Fig. 2d).

The numerical calculations revealed that the k values achieved
in the preparation interval with bipolar gradients are superior to
those of the generalized MAGSTE sequence which is consistent
with the theoretical considerations performed. For the b values of
the preparation interval some combinations of é and the §; could
be found that yield slightly (about 0.3%) lower values for the pro-
posed extension. These values were obtained for a short § (about
0.8 ms), a 6, of 0.2 ms, and 53 ~ J; ~ 30.0 ms. Most likely, the val-
ues below 1 occur due to rounding errors as they coincide with
very short " of 0.06 ms or below. But even if the values are correct,
it should be emphasized that this reduction refers to the b value of
the preparation or readout interval alone and can be compensated
by the b contribution achieved during TM which is proportional to
k*. For the range of parameters used in the calculations a TM as
short as 18 ms is sufficient to obtain higher b values than with
the generalized MAGSTE sequence. Because stimulated echo prep-
arations are preferred for long diffusion times, it is unlikely that
shorter TM values are relevant in practice.

In Fig. 3, values of 6" compared to 6 and &' are presented for the
short-echo-train (Fig. 3a) and the long-echo-train regime (Fig. 3b),
respectively. Typically, 6" is about 20-40% of ¢ for the short-
echo-train regime (Fig. 3a) which also is observed in Fig. 2a. It
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used in all plots. §, = J3 was assumed and set to 3 ms if 63 was not one of the abscissas.
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approaches zero for d3 = d3 magic Which defines the case that both
gradient pulses in the generalized MAGSTE sequence with mono-
polar gradient pulses have identical amplitudes, i.e. the efficiency
is already optimal and cannot be further improved by the use of
bipolar gradient pulses. For the long-echo-train regime (Fig. 3b),
§" can be much larger than é because it now represents a fraction
of the time ¢’ available for the diffusion gradients prior to the refo-
cusing RF in the readout interval. Compared to &, it typically is
about 10-20% and also approaches zero for ds; = d3magic as
expected.

Plots of the k and b values achieved with bipolar gradient pulses
relative to those obtained with monopolar gradient pulses are pre-
sented in Fig. 4. For the short-echo-train regime (Fig. 4a) typical k
ratios are about 1.1. Accordingly, the b value gain for long TM
(500 ms) is about 20%. It increases when shortening TM, up to
30-60% for 10 ms. This difference is due to the additional contribu-
tion to b caused by the intermediate de- and rephasing within the
preparation that is not reflected in the k value achieved at the end
of the interval. Thus, it is independent of TM and appears more
pronounced if the contribution related to TM which is proportional
k* - TM is small.

The gains are much more pronounced in the long-echo-train re-
gime (Fig. 4b), in particular for shorter 5 and longer &;. k* and b val-
ues may be several times higher compared to generalized MAGSTE.
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The b ratio shows some dependency on TM (data not shown) but
the differences are marginal relative to the values of Fig. 4b. As ex-
pected, all plots approach 1 for 63 = 63 magic-

In Fig. 5, ADC maps are shown that were obtained in the water
phantom without and with simulated background gradient fields
to demonstrate the cross-term compensation capability of general-
ized MAGSTE with bipolar gradient pulses. Without background
gradient fields, ADC values are very similar to those observed pre-
viously [14] and range from 1.943 (Fig. 5a) to 1.981 - 10> mm?s~!
(Fig. 5¢). Compared to the value of about 2.03 - 10> mm? s~! ex-
pected for the temperature within the MR room (about 20 °C)
[22] a slight but systematic underestimation seems to be present
which most likely is caused by an imperfect gradient scaling
[14]. A deviation as low as about 2% from the nominal amplitude
would be sufficient to induce the observed differences. Applying
simulated background gradient fields with 1.0 mT m~' in both
intervals yields already a considerably increased ADC value of
2.23-103mm? s°! (+15%) for the PGSTE preparation (Fig. 5e).
Applying different gradient amplitudes in the preparation and
readout interval, dephases the STE signal and does not yield images
suitable for an ADC calculation (data not shown). In contrast, ADC
maps for the other preparations could be calculated when using
background gradient amplitudes of —1.0 and +2.0mT m™!
(Fig. 5f-=h). While the preparation of Cotts et al. then yields about
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ed to monopolar diffusion-weighting gradient pulses for (a) the short- and (b) the
of 10 ms (I, light gray) and 500 ms (I, dark gray), for the long-echo-train regime b

values were calculated for a TM of 300 ms. J, and J; were 3 ms, the gradient ramp time 1 ms in all plots.
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Fig. 5. Maps of the apparent diffusion coefficient (ADC) obtained in a water phantom with (a and e) the standard PGSTE preparation, (b and f) the diffusion preparation of
Cotts et al., and generalized MAGSTE with bipolar gradients in (c and g) the short-echo-train and (d and h) the long-echo-train regime, respectively. (e-h) Were acquired with
additional gradients to simulate the effect of background gradient fields. For details see text.

2.8% higher ADC values, both generalized MAGSTE preparations
showed only a variation of about 0.26% or below which is on the
order of the reproducability [14]. This demonstrates the cross-term
compensation capability of the generalized MAGSTE preparation
with bipolar gradient pulses.

Fig. 6 shows the improved efficiency of generalized MAGSTE
with bipolar gradients in the short-echo-train regime. The images
of inner-field-of-views were obtained with spin-echo acquisitions
using 2DRF excitations in a water phantom and a cantaloupe. Using
bipolar diffusion-weighting gradient pulses (Fig. 6a and b) yields
significant higher signal attenuations than generalized MAGSTE
with monopolar gradient pulses (Fig. 6¢c and d). In the example
shown, the b value in Fig. 6¢ and d is reduced by about 30% com-
pared to that of Fig. 6a and b. Adapting generalized MAGSTE with
monopolar gradient pulses to the same b value requires prolonga-
tion of the echo time by about 9 ms (Fig. 6e and f) which yields a
signal loss of about 20% in the cantaloupe. In standard MAGSTE
(Fig. 6g and h), this loss is more pronounced because the echo time
needs to be increased by another 12 ms. Due to the long T, relax-
ation time of water, no such signal difference is obvious in the
water phantom.

Corresponding results for the long-echo-train regime and EPI
acquisitions are shown in Fig. 7. Comparing generalized MAGSTE
with bipolar (Fig. 7a and e) and monopolar (Fig. 7b and f) diffu-
sion-weighting gradient pulses with identical  clearly shows the
higher diffusion-weighting achieved with the presented extension
(b value increased by about 100%). To achieve an identical b value,
the gradient pulse duration needs to be prolonged which yields a

10% signal loss in brain white matter for generalized MAGSTE with
monopolar gradient pulses (Fig. 7c and g) and about 60% for stan-
dard MAGSTE (Fig. 7d and h).

5. Discussion

A modification of the generalized MAGSTE sequence is pro-
posed where one of the diffusion-weighting gradient pulses is re-
placed by bipolar gradient pulses, i.e. a combination of two
gradient pulses with full amplitude but opposite polarities. It is
applicable to any timing boundary conditions with the exception
of the magic length condition where generalized MAGSTE with
monopolar diffusion-weighting gradient pulses yields identical
amplitudes for both gradient pulses. Beyond this condition and
depending on the timing parameters, two regimes can be distin-
guished which differ by the gradient pulse that yields the lower
amplitude and is replaced by the bipolar gradient pulses. For both
timing regimes solutions for the gradient pulse durations are pro-
vided that retain the cross-term compensation capability of the se-
quence which applies to the preparation and readout interval
independently. The extension with bipolar gradient pulses yields
higher k and b values for both timing regimes as has been revealed
analytically and with numerical calculations and has been demon-
strated experimentally.

Regarding the pulse sequences shown in Fig. 1, it should be kept
in mind that different timings can be used in the preparation and
readout interval. For instance, if a long echo train in an EPI acqui-
sitions requires a long readout interval with a pronounced timing

Fig. 6. Diffusion-weighted images of inner field-of-view obtained with a spin-echo sequence (TM 150 ms) and 2DRF excitations using (a-f) generalized MAGSTE and (g and h)
standard MAGSTE in (a, c, e, and g) a water phantom and (b, d, f, and h) a cantaloupe. The timing parameters correspond to the short-echo-train regime of generalized
MAGSTE with bipolar gradient pulses (a and b). Using monopolar gradients either yields reduced b values (c and d) or a prolonged echo time with a corresponding signal loss
(e and f). The latter is even more pronounced for standard MAGSTE (g and h). All images of the same phantom are shown with identical gray scaling, i.e. intensity differences

reflect a lower b value or an increased T,-related signal loss.
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Fig. 7. Diffusion-weighted images acquired with EPI (TM 300 ms) and (a-c, e-g) generalized MAGSTE (long-echo-train regime) and (d and h) standard MAGSTE in (a-d) a
water phantom and (e-h) in vivo. Generalized MAGSTE with monopolar gradients is at the expense of a reduced b value for otherwise identical parameters (b and f) or a signal
loss due to a longer echo time (c and g). This also holds for standard MAGSTE with the same b value (d and h). All images of the same object are scaled identically, i.e. intensity

differences correspond to a reduced b value or a lower signal-to-noise ratio.

asymmetry of the diffusion-weighting gradient pulses, the prepa-
ration interval could be used with a more symmetric and shorter
timing to reduce T,-related signal losses. However, to minimize
the interval’s duration the usage of bipolar diffusion-weighting
gradient pulses with their improved efficiency is still recom-
mended [13].

It should be noted that the gradient pulse duration §” according
to Egs. (5) and (8) can be very short and may not be compatible
with the finite ramp time required to realize the high amplitudes
usually desired for diffusion-weighting gradient pulses. In princi-
ple, the equations could be solved for a reduced amplitude of the
short gradient pulses. However, because the ramp time again de-
pends on the amplitude, this is expected to be quite tedious. Fur-
thermore, the efficiency gain achieved for very short §" is
marginal because the timing parameters are very close to the ma-
gic length case where the efficiency ratios approach 1 (see Fig. 1b).
Thus, it can be recommended to use the conventional approach
based on monopolar diffusion-weighting gradient pulses in this
parameter range instead.

The presented modification considers different delay times at
the begin and end of the readout interval, i.e. §; # J3, to take the
timing demands in imaging experiments into account. Thus, it
extends a previously presented work with bipolar diffusion gra-
dients which was limited to identical delay time [13]. The theo-
retical results described for the short-echo-train regime are more
general but simplify to those presented in [13] for §; = J5. The
diffusion-weighting efficiency achievable with the current ap-
proach is increased compared to that with identical delay times.
For instance, the b value obtained in Fig. 6a and b is about 30%
larger than that achievable with the symmetric approach of [13]
for identical echo times and gradient amplitudes (data not
shown).

MAGSTE pulse sequences like the presented approach can be
applied to reduce or compensate cross-terms related to any back-
ground gradients. However, it should be kept in mind that they
were designed to deal with cross-terms of microscopic background
gradients that vary within a voxel and, for instance, are caused by
susceptibility differences on a microscopic level. If only macro-
scopic background gradients like magnetic field inhomogeneities
are present that can be considered to be constant within each vox-
el, other compensation strategies may be appropriate. The most
prominent is to take the geometric average of acquisitions per-
formed with opposite polarities of the diffusion-weighting gradi-
ent pulses which is expected to reduce such cross-terms
sufficiently for most applications.

Cross-terms of microscopic background gradients with the gra-
dient pulses applied for spatial encoding or to spoil unwanted sig-
nal contributions, are more difficult to account for. They are
independent from the diffusion-weighted preparation but vary
with the imaging sequence used, e.g. they are generally less pro-
nounced for (fast) spin-echo techniques. These cross-terms are
hard to compensate completely, however, with a careful sequence
design involving temporally close de- and rephasing (see Fig. 1g)
and an appropriate choice of the gradient pulse polarities (e.g.
the cross-term of the 7/2 slice selection and rephasing gradient
pulses in the preparation interval with a constant background gra-
dient is expected to vanish if one of the combinations is inverted),
these cross-terms can be minimized and are much smaller than
those of non-compensated diffusion-weighting gradient pulses.

6. Conclusion

An extension of the generalized magic asymmetric gradient
stimulated echo (generalized MAGSTE) sequence has been pre-
sented that involves bipolar diffusion-weighting gradient pulses,
i.e. a third gradient pulse with inverted polarity is added to the
readout and preparation interval. As for the underlying generalized
MAGSTE sequence, the gradient pulse durations can be adjusted to
compensate cross-terms with background gradients in the prepa-
ration and readout interval independently, but with bipolar gradi-
ents a higher diffusion-weighting efficiency can be achieved. Thus,
the extension may help to improve the applicability of generalized
MAGSTE.
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Appendix A

The derivation of Egs. (5) and (8) is summarized in the following
paragraphs. The cross-terms of Eqs. (4) and (7) are cubic polynomi-
als of ¢". Their zero-crossings can be determined with the method
of Cardano [20,21] which describes the solutions of the equation
x>+ X2+ CiX+co=0 (A1)

depending on the coefficients c;.
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For the short-echo-train regime, i.e. Eq. (4),

4p°+27¢ <0 (A2)
with
p= 3 c33 ccé—cg

‘o (3)

— 2 0 G Co
q 27(,‘3 3c§+53

is fulfilled which means that three real solutions exist. They are
given by

Xy =—,/—3 p cos (%arccos(—g —5—3) +§> -3

X;=4/—%p cos (%arccos(—% —f7—7)> —-3% (A.4)
X3=—,/—%p cos (%arccos(—% _127_7)_%)_6_263

where

\/—g p=V8(5+d +d), (A5)

the argument of the arccos is

which is beyond the maximum value of  + 6; for 5. Thus, J,, is a
reasonable solution within the full long-echo-train regime.

Appendix B

In this section, the argumentation to prove the enhanced k effi-
ciency for bipolar gradient pulses is sketched. In the short-echo-
train regime, the ratio of the gradient integrals k obtained with
bipolar and with monopolar diffusion-weighting gradient pulses
is given by
kbip,short _ & + & — ((3 — (S”) _ 26" + (3] — 53
(1 Jnl) 5(1—[n)
with ¢” given by Eq. (5). The easiest way is to consider the J, depen-
dency of the k ratio. There are several solutions for J, that yield a

value of 1 for the ratio, i.e. equal k values for both preparations. Only
one of these solutions,

(A.10)

kmono

(82); = % \/1254 +36501 + 365207 + 65(53 — 03) — 65 (5 + 1),
(A11)

could be positive and is achieved if d3 = 93 magic. Because d3 > 3 magic

8V2(+ 61 + 6,)°

and the final summand

C

=0+
36 + 01

(A7)
However, it remains to clarify which, if any, of the solutions obeys
the required boundary condition 0 < §” < 4.

The argument of the arccos given in Eq. (A.4) is positive for any
reasonable timing with 63 < § + ;. Thus, the arccos has values in
[0,7] and the argument of the cos-function is within [—Z, Z] for
all x; in Eq. (A.4) which results in positive cos-values. The leading
factor for x,, given by Eq. (A.5), is positive as well. Thus, x; is larger
than the final summand which is § + §; and it can be concluded
that it is not a suitable solution.

For x3 in Eq. (A.6), the argument of the cos must be in [- %, —Z]
which corresponds to cos-values within %,@I] Considering that
the leading factor is negative, the maximum value of x; is achieved
for a cos-value of I but yields (1 —+v2)(d+d1) — V23, which is
negative. Consequently, x; is also not the desired solution.

Xy increases with d3, has a zero-crossing for 63 = 63 magic, and is
positive for any d3 > 05 magic Which is the boundary condition for
the short-echo-train regime, i.e. x; > 0 within the short-echo-train
regime. The maximum value of x; as a function of J3 that can be
achieved in a real experiment is obtained for 63 = 6+ 6; and is
equal to ¢ only for negative 6. For large 4§, it is 3, i.e. it can be con-
cluded that x; < ¢ for 0 < 6, < oo, i.e. any relevant timing.

For the long-echo-train regime, i.e. Eq. (7),

4p*+27¢*>0

which means that there is only one real solution which is given Eq.
(8). It is negative for large Js, increases with decreasing 63, and has a
single zero-crossing at 03 = d3magic. Thus, it is positive for
03 < 93 magic Which is fulfilled for the long-echo-train regime.

It remains to check, whether this solution may exceed the upper
limit for §;, _, i.e. 6 + 6; — d3. Solving &}, , = 6 + 5, — 63 for J3 yields

long? long

(A-8)

03 = {/653 + 83 +126% (01 + 62) + 63 (61 + 83)° (A.9)

65 + 1267 (281 4 83) + 65(582 4 610 + 02) + 12610, (251 + 83) + 1183 — 63

(A.6)

in this regime, 5, must be larger than (d,), according to Eq. (2). Be-
cause in this case, the limit of the k ratio for large § is
2 5y2sin g% arcsin (% \/ZP) ~ 1.19, i.e. larger than 1, it can be con-
cluded that the k ratio is larger than 1 within the full short-echo-
train regime, i.e. bipolar diffusion-weighting gradient pulses yield
an improved k efficiency.

For the long-echo-train regime, the k ratio is
kbip,long _ 5/ - 5// - (0 + (3”) _ (31 ‘* (33 - 2(3” (A]Z)

o(1—n) o(1—nl)

where " given by Eq. (5). The argumentation is analogous to that of
the short-echo-train regime. In this case, only one solution of J; is
found for equal k values but it is identical to (d,), of Eq. (A.11). Be-
cause d3 < d3magic is valid here, the 5, must be smaller than (d,);.
Considering that the k ratio approaches zero for large J,, i.e. beyond
(02);, it can be concluded that the ratio is larger than 1 for the long-
echo-train regime as well.

Thus, equal efficiencies are only obtained if 53 = 93 magic for finite
(and positive) § and §;. Otherwise, i.e. within the full short- and
long-echo-train regimes, a larger k value is achieved for bipolar dif-
fusion-weighting gradient pulses.

leIOl'lO

Appendix C

For trapezoidal gradients with a ramp time t;amp, Egs. (6) and (9)
must be extended to

g (—25”3 +66"(0+61)+68" (5481 +25,)% —252)-105>
—606° (361 +462) — 63 (07 +4010; +285)— 3, — 22 (5" 9)
—3tramp (8% — 28" (5 +61) — 8618, — 88, — 6381 — 36> — 207 — 453))

—g (25”3 —68"(5+51)— 65" ((5+ 81+28,)° — 255) _25°
=287 4203 — 681 (3+01)+22,, (93 + 20" — 25)

Flramp (—30" 460" (0+01) — 3(3+01)° +3(s§)) (A13)



224 J. Finsterbusch/Journal of Magnetic Resonance 199 (2009) 214-224

and
g1 (20" +657(0+01) - 65" (5+ 01)")
—106% — 65% (361 +45,) — 6 (5% + 4515, + 262)
+2800 (6= 8") + tramp (3(5 — 8")% + 631 (6 — (s”)))
-g (25”3 — 657 (5+81)+ 65" (5+61)%)

—28% =283 4283 — 6001 (0 + 1)
Fmp + 2ty (8" = 6 — 61+ 03)
3 tramp (0% + 072 + 02 + 02 — 250" — 26,0 — 2551)),

(A14)

respectively.
Appendix D

Considering different fill times J, and &, prior to and after the
refocusing RF pulse in the preparation interval, respectively, yields

lort = 0+ 01+ 2(02 — 8) — 2V2(3 + 1 + 28, — 8,) cos 3+3

for the short-echo-train regime with

A= 68 +116; -5
~95)° + 8153 — 1478258, + 7565, 8,°
424525 +3066°

+07(450, —338,) +0(458, + 11183) (A-16)
+o, (395’22 +123 53) + 02636, — 395)
and
1
5;;ng=5+51+5275’27ﬁ (A17)
with
B=468 +245 +45° +403 — 48, +120,2(6 + 61 + 62)
+1285(0 — 0y) +128%(401 + 58, — &)
+1262(5;, — 8y) — 2488)(51 + 65) — 2455,(351 + 8,)  (A18)

for the long-echo-train regime, respectively. Note that the timing is
reversed in the readout interval, i.e. 5, is the fill time after, &, that
prior to the refocusing RF pulse.

T 1
= + = arccos

[
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