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Hexagonal Gradient Scheme With RF Spoiling Improves
Spoiling Performance for High-Flip-Angle Fast Gradient

Echo Imaging

Aaron T. Hess* and Matthew D. Robson

Purpose: To present a framework in which time-varying gra-
dients are applied with RF spoiling to reduce unwanted signal,
particularly at high flip angles.

Methods: A time-varying gradient spoiler scheme compatible
with RF spoiling is defined, in which spoiler gradients cycle
through the vertices of a hexagon, which we call hexagonal
spoiling. The method is compared with a traditional constant
spoiling gradient both in the transition to and in the steady
state. Extended phase graph (EPG) simulations, phantom
acquisitions, and in vivo images were used to assess the
method.

Results: Simulations, phantom and in vivo experiments showed
that unwanted signal was markedly reduced by employing hex-
agonal spoiling, both in the transition to and in the steady state.
For adipose tissue at 1.5 Tesla, the unwanted signal in the
steady state with a 60° flip angle was reduced from 22% with
constant spoiling to 2% with hexagonal spoiling.

Conclusions: A time-varying gradient spoiler scheme that
works with RF spoiling, called “hexagonal spoiling,” has been
presented and found to offer improved spoiling over the tradi-
tional constant spoiling gradient. Magn Reson Med 77:1231-
1237, 2017. © 2016 The Authors Magnetic Resonance in
Medicine published by Wiley Periodicals, Inc. on behalf of
International Society for Magnetic Resonance in Medicine.
This is an open access article under the terms of the Cre-
ative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the
original work is properly cited.
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INTRODUCTION

Incomplete spoiling of transverse magnetization in
spoiled gradient-refocused echo (GRE) sequences with
large flip angles (those significantly larger than the
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Ernst angle) results in large signal variations during
the approach to the steady state (1). These may present
as visible artifacts in fast imaging, such as prospec-
tively gated cardiac cine. Incomplete spoiling can also
reduce the accuracy of quantitative methods based on
multiple measurements with a variable flip angle such
as those used for T, and B, mapping (2,3). These sig-
nal fluctuations manifest as artifacts in the phase-
encoding direction, potentially rendering images unus-
able. Crawley et al (4) introduced the concept of using
spoiler gradients to reduce the visibility of the refo-
cused and unwanted signal. Zur et al (5) introduced
radio frequency (RF) spoiling, in which the phase of
successive RF pulses increments quadratically, render-
ing refocused echoes incoherent with respect to each
other. However, Epstein et al (1) commented that when
imaging with high flip angles and/or a long T,, RF
spoiling produces “jagged variations” in the signal
evolution.

In the RF spoiling work by Zur et al (5), a requirement
was established that the gradient moment accumulated
in each repetition period should not change, and thus
results in a constant spoiler gradient. In this work we
describe how to relax this condition and demonstrate a
gradient spoiling scheme with time-varying spoiler gra-
dients. From this a six-point, three-dimensional (3D),
time-varying spoiler gradient scheme, called “hexagonal
spoiling,” is evaluated. We hypothesize that using
higher-order gradient spoiling schemes will enhance the
natural spoiling effects of T, and T, relaxation and diffu-
sion by increasing the number of pulse repetition time
(TR) periods between the initial excitation and the refo-
cusing of this unwanted signal. Hexagonal spoiling is
compared with constant gradient spoiling both with and
without RF spoiling using simulations and phantom
experiments. In vivo spoiled GRE images were acquired
to evaluate the new time-varying spoiler scheme with RF
spoiling.

THEORY

In this section, extended phase graph (EPG) (6-8) theory
is employed to describe the requirements for RF and gra-
dient spoiling. EPG theory represents magnetization as
discrete Fourier components that are manipulated by RF
pulses and gradients using the operators T(o,®) and
S(Ak), respectively. The effect of an RF pulse of flip
angle o and phase ® is
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In Eq. [1], the superscripts — and + depict magnetiza-
tion before and after an RF pulse. F is the transverse
magnetization for Fourier component k, in which F Z is
the complex conjugate, and Z; is the longitudinal mag-
netization with Fourier component k. k, indicating a dis-
crete Fourier component, can be one, two, or three
dimensional. A gradient with moment Ak leads to

S(Ak) Fk _’FkJrAk and Zk_>Zk [2]

where S(Ak) is a simple shift operator applied only to
the transverse magnetization.

The form of the operator T(«, ®) demonstrates that with
every RF pulse, magnetization is shifted only between Fy,
F*_y, and Z, for each k. RF spoiling results from the mix-
ing of these states by an RF pulse when each of these states
has experienced a different history of @, leading to a reduc-
tion in unwanted signal by phase cancellation. For efficient
spoiling, any applied spoiling gradient, S(Ak), must shift
all F to arrive at a new k that already contains magnetiza-
tion from previous RF pulses with differing phases. Tradi-
tionally, this is ensured by using a constant spoiler gradient
(5). Figure 1 column 1 shows the buildup of magnetization
in Fourier space with constant (k,) gradient spoiling. The
first spoiler gradient shifts Fy to F'y, outside the field of
view. The second RF pulse shifts magnetization into F~_;,
which is then refocused by the second spoiler gradient. To
reduce this unwanted signal RF, spoiling is employed,
although with such a short configuration history, it is
unlikely to be complete. To prevent this refocusing, a time-
varying gradient regime can be considered in which the gra-
dient moment is doubled every repetition, but this rapidly
leads to impractically large spoiler gradients (9).

We now generalize the constant spoiling of Zur et al
(5) to multiple dimensions of k.

Consider a set of spoiler gradient moments, M;,
defined as the addition or subtraction of the three pri-
mary spoiling moment vectors (M;, Mz, M3) as follows:

M; = ajM1 + bjMz + CjMS [3]

where, a;, b;, and ¢; are integers. The consequence of
applying these spoiling gradients is that all coherences
can only lie on points defined by

IN(/ = XM1 +yM2 + ZM3 [4]

where x,y, and z are drawn from the set of integers z.
If one selects M; to Mj, so that they span 3D space,
then Eq. [4] provides the definition of a Bravais Lattice.
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This definition enforces translational invariance in whic}}
the neighborhood of possible points around any single k
is identical to every other. Such sets of gradient spoiler
moments fulfill the first requirement for spoiling gra-
dients: different coherence pathways result in the same
k , leading to signal cancellation by RF spoiling (5).

The second requirement for spoiling gradients is that
their moment should be greater than the maximum spa-
tial frequency of interest. This is usually the extreme of
the sampled image’s k-space, Kjnqge. Thus, magnetization
with  [ky| > [2Ky image| OT |ky| > |2Ky image| is considered
spoiled. For this reason we can set a constant amplitude
|M1| > |2kx,image|-

In two dimensions (2D), there are only two schemes in
which [Mj}| is constant. In the first scheme, which corre-
sponds to square symmetry, (a;,b;) must be drawn from
(1,0), (0,1), (—1,0) or (0,—1). In the second case of hexag-
onal symmetry, the angle between M®* and M is 60°
and (a;,b;) can be any of (1,0), (0,1), (-1,1), (-1,0),
(0,—1), and (1,—1).

The hexagonal case is the scheme that has been eval-
uated in this work for two reasons. First, it has rotational
symmetry about the center of k-space, which ensures a
constant cumulative effect of all preceding and forthcom-
ing gradients, no matter which RF pulse the magnetization
originates from. Second, the hexagon has a higher number
of spoiling gradient combinations than the square case,
leading to a longer duration before states are refocused.

Iterating around the vertices of a hexagon in 2D delays
the refocusing of the first unwanted signal until the fourth
repetition. This Fourier component buildup is shown in
Figure 1 column 2, although the first unwanted signal in
the fourth repetition is too small to plot.

The benefit of applying the third dimension of spoiling
is to further delay the refocusing of the magnetization, and
hence to allow it further attenuation through T, and T,
relaxation and diffusion. In 3D, once again we can apply
the standard spoiling moment requirement in which
[Mj| = constant > |2ky jmqge| . Although there are multiple
schemes for selecting M;, M, and M; owing to the
increased dimensionality of the system, the hexagonal
arrangement was again chosen for its large number of verti-
ces and symmetry. We can follow from the hexagonal
spoiling approach described in 2D, but in this case using
the additional gradient moment applied perpendicular to
the plane of Mﬁ‘e" and MQEX, and (a;, b;, ¢;) in the sequence
(1,0,1), (0,1,1), (-1,1,1), (-1,0,1), (0,—1,1), and (1,-1,1).
Figure 1 column 3 shows the buildup of coherences with
this method that further delays the refocusing of the first
unwanted coherence until the sixth RF pulse, which is too
small to be observed in Figure 1. This 3D hexagonal spoil-
ing method is evaluated in the remainder of this work.

METHODS

EPG simulations were implemented in MATLAB (The
Mathworks, Natick, Massachusetts) following the method-
ology of Weigel (6). The simulations were performed with
discrete 3D Fourier component bins (k), separated in ky
by cos (60°), in k, by sin (60°) and in k, by 1. EPG simu-
lations were set up to compare a constant spoiling gradi-
ent to (3D) hexagonal spoiling using a TR of 10 ms and
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60 repetitions for all cases. T, and T, were chosen to rep-
resent that of peanut oil, because of its close resemblance
to adipose tissue (10). Inadequate spoiling of adipose tis-
sue can cause substantial artifacts because of its long T,
relative to its Ty, low diffusivity, and because it appears
subcutaneously in regions of high RF-coil sensitivity. The
T, and T, values of peanut oil were quantified ona 1.5 T
scanner (Avanto, Siemens, Munich, Germany) by fitting
the main spectral peak observed in stimulated echo and
spin echo spectroscopic measurements to the expected
signal. T, and T, were found to be 180 and 65 ms, respec-

tively. Unless otherwise stated, an RF spoiling phase of
50° was used in the simulations.
Five different simulations were run:

1. Tys of 180, 434, and 300-1500 ms in 100-ms steps,
T, =TR/10 (giving ideal spoiling), flip angles of 1°
to 90° in steps of 1°.

2. T4s of 300 to 1500 ms in 100-ms steps, T,s of 10 to
250 ms in 10-ms steps, flip angles set from 5° to
90° in 5° steps for both constant and hexagonal
spoiling with RF spoiling.
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3. T, of 180 ms, T, of 65 ms (peanut oil at 1.5T), flip
angles of 1° to 20° in steps of 1°, and 20° to 90° in
steps of 5°, both with and without RF spoiling, for
both constant and hexagonal spoiling gradients.

4. T, of 180 ms, T, of 65 ms (peanut oil at 1.5 T), flip
angle of 60°, four RF spoiling phases, 0° (none),
50°, 117°, and 123° for both constant and hexago-
nal spoiling gradients.

5. T; of 434 ms, T, of 43 ms (peanut oil at 7T (11)),
flip angle of 60° for both constant and hexagonal
spoiler gradients with RF spoiling.

The 3D hexagonal spoiling scheme was implemented
in a spoiled GRE pulse sequence in which the time-
varying gradients were assigned to the readout and slice
select axes, and the constant (M;) gradient was assigned
to the phase encode axis. This choice was informed by
an empirical assessment of image quality and likely
relates to the eddy current effects. Imaging gradient
moments were accounted for when calculating the
spoiler moments. Phantom experiments were carried out
on a 1.5T scanner (Avanto, Siemens) and human 7T
scanner with constant spoiling and hexagonal spoiling,
with RF spoiling phase of 50°. A peanut oil phantom
measuring 35 x 35 x 60 mm?® was used.

To study the approach to steady state, in each 1.5T
phantom experiment 176 RF pulses were applied with a
TR/echo time (TE) of 10 ms/2 ms at flip angles of 1° to 20°
in 1° increments, and 20° to 90° in 5° increments, read-
out bandwidth of 300Hz/pixel with a 12-channel head
coil. A nonselective RF pulse was used to avoid slice pro-
file effects, with a readout field of view (FOV) of 256 mm
with 176 readout points and no phase-encoding gradients.
At 7T, a transceiver birdcage head coil (375-mm diame-
ter), 512 RF pulses, TR/TE of 10 ms/2 ms and a slab selec-
tive 60 ° 250 mm excitation, were used. The mean signal of
each readout was used to study the signal variation in the
first 30 TR periods and the final steady-state signal ampli-
tude. These were compared with the theoretical spoiled
steady state, Sgs, and signal in the approach to the steady
state for a spoiled gradient echo sequence S(j):

S — sin(a)(1 — e ™)
ss = Cscale (1 — COS(d)e_TR/Tl)

(5]

TR

SO) = CscuIeSin(“) [fz,ss + <Cos(a)e_ﬁ>jil(l 7fz‘ss)] [6]

where « is the flip angle, j is the RF pulse counter, and
the variable f, is the steady state of the longitudinal
magnetization for a spoiled acquisition (12). The scaling
constant ¢y, was calculated using a least squares fit to
the measured Sg from the lowest five flip angles of the
two RF-spoiled measurements.

Unwanted signal is calculated for each TR number j as
the relative difference between the measured signal and
the ideal simulation or the theoretical signal equation S(j):

Sm(j) — SG)

— e (7]
SG)

where S;(j) is the refocused transverse magnetization from

method m. Perfect spoiling would yield unwanted signal = 0.

unwanted signal(j) =

Hess and Robson

The method was evaluated on a healthy volunteer at
1.5T with a transverse-spoiled GRE acquisition through
the liver with matrix of 144 x 101, FOV of 380 x
380mm, flip angles of 1°, and 5-90° in steps of 5°, TR/
TE of 5/3 ms, and bandwidth of 300Hz/pixel. Images
were acquired with a constant spoiling gradient in the
phase encode and readout equal to 1.2 times the maxi-
mum spatial frequency in the readout direction, and hex-
agonal spoiling in which M to M were again 1.2
times the maximum spatial frequency in the readout
direction. RF spoiling was used in both acquisitions.
This scan was acquired in accordance with our institu-
tion’s ethical practices. The severity of artifacts was
quantified in the background, when only noise is
expected, by calculating the root mean square (RMS) of
background intensity, normalized by the same region in
a noise-only acquisition.

RESULTS

Figure 2 shows the simulations and phantom measure-
ments at 1.57T in the approach to the steady state for a
flip angle of 60°, and the steady state reached as a func-
tion of excitation flip angle. The plot shows that with
constant spoiling, large deviations from perfectly spoiled
theory are observed that are reduced by hexagonal spoil-
ing. The phantom and simulations demonstrate the same
general characteristics, but the fine details differ.

The unwanted signal and phase calculated from simu-
lation over the first 60 TRs for both spoiling regimes are
shown in Supporting Figure S1 for flip angles of 30°,
60° and 90°. The mean and standard deviation of
unwanted signal over the first 30 repetitions is plotted
with T, against T, at a 60° flip angle, and T, against flip
angle at a T; of 1 s in the Supporting Figures S2 and S3,
respectively, that demonstrate improvements in spoiling
using the hexagonal approach across the entire range of
T,, Ty, and flip angle space.

Table 1 presents the unwanted signal both while tran-
sitioning to, and in, the steady state calculated from both
simulation and phantom experiments at 1.5T and 7T
with a 60° flip angle, quantifying the unwanted signal
seen in Figure 2 and Supporting Figure S1. The table fur-
ther lists the simulations of three different RF spoiling
phases, demonstrating that 50° is a reasonable incre-
ment. 50° was then used in the phantom and in vivo
experiments. In all cases the standard deviation in the
approach to the steady state was reduced with hexagonal
spoiling. Likewise, the steady-state unwanted signal was
reduced when using hexagonal spoiling for all cases,
showing that it brought the steady state closer to the the-
oretical, ideal steady state.

Figure 3 presents four images from a volunteer at
1.5T, two with constant spoiling and two with hexago-
nal spoiling, at 10° and 90° excitation flip angles. Figure
4 plots the RMS background intensity as a function of
flip angle, normalized to that of a noise reference scan.
The figure shows an increase in background artifacts
with a constant spoiler as the flip angle increases; for
hexagonal spoiling this artifact is reduced above 30°.
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DISCUSSION

This paper presents a scheme of time-varying spoiler gra-
dients that work in conjunction with RF spoiling. A six-
point spoiler gradient regime was defined around the
vertices of a hexagon with two time-varying gradients
and one constant gradient. This scheme substantially
reduces the relative amplitude of unwanted signal at
high flip angles.

Both phantom measurements and simulations demon-
strated good alignment to the theoretical or ideal transition
to—and steady state for—hexagonal spoiling, as shown in
Figure 2. When using RF spoiling with a constant spoiling
gradient, the transition to the steady state is marked by
large oscillations in the magnitude and phase of the
received signal. There is some disagreement between the
phantom measurements and simulation, particularly in

this approach to steady state, which may be the result of
small differences between simulated and executed RF
phase increment. These oscillations are most evident at flip
angles over 30°, and for almost all T, and T,s simulated,
with the exception of very short Tys (T, ~ TR).

The unwanted signal in the steady state in phantom
and simulation was again slightly different, although it
was consistently reduced with hexagonal spoiling, as
given in Table 1. The largest change was in a phantom at
7T using a 60° flip angle; the relative amplitude of
unwanted signal in the steady state with a constant
spoiler was as high as 42%, whereas hexagonal spoiling
reduced this to 9%. Differences of this magnitude would
be significant for quantitative methods that measure tis-
sue and B] characteristics under the assumption of ideal
spoiling.
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Table 1
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Unwanted Signal, Mean, and Standard Deviation in First 30 Repetitions, and at Repetition 60 for Simulations and 176 for Phantom to

Represent the Steady State®

Transition to steady-state

unwanted signal (Mean = SD)

Steady-state unwanted

(%) signal (%)

Method Field RF spoiling phase Constant 3D hexagonal Constant 3D hexagonal
Simulation 15T 123° 62 = 66 811 30 4
117° 58 = 61 811 32 4
50° 55+ 64 5+7 22 2
0° 147 =72 24+ 23 139 26
Phantom 15T 50° 62 =70 11+8 38 12
0° 91 + 68 23+19 170 34
Simulation 7T 50° 40+130 0+20 20 2
Phantom 7T 50° 170 =140 14 =10 42 9

AAll results reported from 60° flip angle experiments and Ty and T, of peanut oil and a peanut oil phantom.

Other methods have been proposed to minimize the
effect of unwanted coherences in the approach to
steady state. One such method is to use a prepulse
and wait period to get the longitudinal magnetization
into its steady state (13). This method requires previ-
ous knowledge of flip angle and T, and for them to
be within a small range. Other methods have been

Constant spoiler 10°

Constant spoiler 90°

Hexagonal spoiler 10°

Hexagonal spoiler 90°

presented that reduce unwanted coherences by aver-
aging or filtering multiple RF-spoiled acquisitions
with different RF spoiling cycles (14,15). Related to
this is the use of random spoiler gradients in a radial
acquisition, in which the unwanted coherences effec-
tively cancel each other out in the oversampled cen-
tral k-space (16).

FIG. 3. In vivo spoiled gradient
echo images acquired with 101
readout lines during a breath
hold. (a and ¢) Acquired with a
constant spoiler at flip angles of
10° and 90°. The artifacts in the
90° excitation overwhelm the
image of the liver. (b and d) The
same images acquired using
hexagonal spoiling with identical
spoiler magnitude.
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FIG. 4. RMS background intensity of in vivo liver spoiled-gradient-
echo images for flip angles between 1° and 90°, normalized to the
same measure in a noise reference image. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

The limitation of time-varying spoiler gradients is that
eddy currents will also vary between repetitions. Their
manifestation will depend on both the performance of the
scanner’s eddy current compensation and the orientation
of the applied gradients. Eddy current artifacts caused by
hexagonal spoiling are likely to manifest as repeats of the
image along the phase-encode direction, as a result of the
cyclic nature of the scheme. Figures 3 and 4 demonstrate
that the benefits from the method can outweigh these
effects, but eddy current effects may limit this method on
some MRI hardware. A further limitation of time-varying
spoiler gradients is that there is a small time penalty in rep-
etition time when compared with constant spoiling: The
residual moment at the end of a Cartesian readout must be
considered in the time-varying gradient calculation.

There are several applications in which using this high-
flip-angle spoiled GRE acquisitions method could be
applied, and in which the artifacts seen in vivo (Fig. 3c)
would render them unusable if a constant spoiler is used.
The actual flip angle imaging (AFI) (17) B mapping tech-
nique is an example of when two flip angles are inter-
leaved, making the method sensitive to inadequate spoiling
(2). Spoiled GRE T, mapping with multiple flip angles is
another method that is susceptible to inadequate spoiling
(3). Other applications could include mitigating artifact
when a large range of B, is present, such as when using sur-
face transmit coils, or when the inflow of blood causes non-
steady state behavior.

In conclusion, a time-varying gradient spoiler scheme
that works with RF spoiling, called hexagonal spoiling,
has been presented and found to offer superior suppres-
sion of unwanted signal over the traditional constant
spoiling gradient.

ACKNOWLEDGMENTS

This study was supported by funding from the Medical
Research Council. The authors would like to thank

Elizabeth Tunnicliffe for language editing and input on
the theoretical analogy, and Francesco Padormo and
Peter Koopmans for discussions on this subject.

REFERENCES

1. Epstein FH, Mugler JP, Brookeman JR. Spoiling of transverse magnet-
ization in gradient-echo (GRE) imaging during the approach to steady
state. Magn Reson Med 1996;35:237-2345.

2. Yarnykh VL. Optimal radiofrequency and gradient spoiling for
improved accuracy of T1 and B1 measurements using fast steady-
state techniques. Magn Reson Med 2010;63:1610-1626.

3. Preibisch C, Deichmann R. Influence of RF spoiling on the stability
and accuracy of T1 mapping based on spoiled FLASH with varying
flip angles. Magn Reson Med 2009;61:125-135.

4. Crawley AP, Wood ML, Henkelman RM. Elimination of transverse
coherences in FLASH MRI. Magn Reson Med 1988;8:248-260.

5. Zur Y, Wood M, Neuringer L. Spoiling of transverse magnetization in
steady-state sequences. Magn Reson Med 1991;21:251-263.

6. Weigel M. Extended phase graphs: dephasing, RF pulses, and ech-
oes—pure and simple. ] Magn Reson Imaging 2014;41:266—295.

7. Hennig J. Echoes—how to generate, recognize, use or avoid them in
MR-imaging sequences. Part I: Fundamental and not so fundamental
properties of spin echoes. Concepts Magn Reson 1991;3:125-143.

8. Hennig J. Echoes—how to generate, recognize, use or avoid them in
MR-imaging sequences. Part II: Echoes in imaging sequences. Con-
cepts Magn Reson 1991;3:179-192.

9. Wang HZ, Riederer SJ. A spoiling sequence for suppression of
residual transverse magnetization. Magn Reson Med 1990;15:175—
191.

10. Yu H, Shimakawa A, McKenzie CA, Brodsky E, Brittain JH, Reeder
SB. Multiecho water-fat separation and simultaneous R2* estimation
with multifrequency fat spectrum modeling. Magn Reson Med 2008;
60:1122-1134.

11. Jordan C, Saranathan M, Bangerter N, Hargreaves B, Gold G. Muscu-
loskeletal MRI at 3.0T and 7.0T: a comparison of relaxation times
and image contrast. Eur ] Radiol 2013;82:734-739.

12. Bernstein MA, King KE, Zhou XJ, Fong W. Handbook of MRI pulse
sequences. Am Assoc Phys Med; 2005.

13. Busse RF, Riederer SJ. Steady-state preparation for spoiled gradient
echo imaging. Magn Reson Med 2001;45:653-661.

14. Leupold ], Hennig J. Increasing spoiling efficiency in RF-spoiled gra-
dient echo sequences by averaging of RF phase-cycle-adapted k-
spaces. Magn Reson Med 2011;66:1123-1128.

15. Nielsen J-F, Noll DC. Improved spoiling efficiency in dynamic RF-
spoiled imaging by ghost phase modulation and temporal filtering.
Magn Reson Med 2016;75:2388-2393.

16. Lin W, Song HK. Improved signal spoiling in fast radial gradient-
echo imaging: applied to accurate T1 mapping and flip angle correc-
tion. Magn Reson Med 2009;62:1185-1194.

17. Yarnykh VL. Actual flip-angle imaging in the pulsed steady state: a
method for rapid three-dimensional mapping of the transmitted
radiofrequency field. Magn Reson Med 2007;57:192-200.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article

Fig. S1. Simulations of the approach to the steady state for three flip
angles: 30°, 60°, and 90°. (a and b) Unwanted signal calculated using Eq.
7. (c and d) Phase of the simulated signal (S(j)) in Eq. 7, which is zero in
the ideal case.

Fig. S2. Simulated plots of unwanted signal in the approach to steady state
for a range of T4 and T, values using a flip angle of 60°, demonstrating a
consistent reduction in unwanted signal when using hexagonal spoiling.

Fig. S83. Simulated plots of unwanted signal in the approach to steady state
for a range of flip angles and T, values with T4 fixed at 1 s, demonstrating
a consistent reduction in unwanted signal for flip angles over 30°.


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

	l
	l
	l

