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1 | INTRODUCTION

Purpose: To develop and evaluate a method for RF envelope correction without
extra hardware or synchronization.

Methods: Transmitted RF waveforms are measured through a simple pulse sequence
called the gradient reversal approach to evaluate RF (GRATER). The measured RF
waveforms are used to compute predistorted RF waveforms. This process is repeated
until a stopping criterion is met, for example, based on pulse performance or a maxi-
mum number of iterations. Excitation profiles and simultaneous multi-slice (SMS)
image quality are compared before and after RF predistortion.

Results: The proposed method improved the accuracy of multiband RF pulses, re-
ducing normalized root mean squared error (NRMSE) by >12-fold, and reducing
spurious side-lobe excitation by >6-fold. The reduction in unwanted side-lobe signal
is demonstrated using SMS bSSFP imaging at 3T in phantoms and in the heart.
Conclusion: Iterative GRATER-based predistortion is a practical, hardware-free
way to boost performance of short duration, low flip angle RF pulses, such as those
used in SMS bSSFP imaging. Because of its efficiency, this technique could be in-

cluded as part of an initial scan setup or for use with subsequent scans.
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steady-state free precession (bSSFP) imaging. bSSFP im-
aging necessitates short duration, high flip-angle (FA) RF

MRI depends on accurate production of RF waveforms for
precise excitation. RF pulses with a high peak RF trans-
mit field, and rapid fluctuations in supply current can push
the RF subsystem to its limits, leading to RF transmit im-
perfection.l’2 This can lead to undesirable effects in several
advanced MRI applications, including spurious side-lobe
excitation in simultaneous multi-slice imaging.l‘3 A precise
excitation profile is especially important for SMS balanced

Preliminary versions of this work were presented at ISMRM 2018
(Abstract 171), ISMRM 2019 (Abstract 921).

pulses that are more likely to incur RF transmit imperfection
and produce spurious side-lobe excitation. Spuriously excited
side lobes are often subject to low FA excitations. If this side
lobe is in the stop-band of the bSSFP off-resonance profile,
it produces high signal intensity.4 These extra excited slices
can alias into desired slices after reconstruction, producing
high signal intensity artifacts with structures from unwanted
excited side lobes.

Predistortion techniques have been developed to im-
prove the fidelity of RF excitation by measuring the RF
envelope to create new waveforms that correct for expected
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nonlinearity.>” These methods require extra hardware,
synchronization, and processing to measure transmitted
RF waveforms. Recently, the gradient-reversal approach
to evaluate RF (GRATER) was introduced as a fast and
simple way to measure RF pulses without extra hardware
or synchlronization.8 GRATER involves (1) excitation in
the presence of a gradient, and (2) immediate signal ac-
quisition in the presence of an inverted gradient along the
same axis. GRATER was combined with an outer-volume
suppression (OVS) pre-pulseg to ensure equal excited sig-
nal along the slice-select direction and produce measure-
ments with <2.4% error in a variety of small FA multiband
pulses. GRATER, however, had not been used to facilitate
predistortion.

In this work, we present a method for iterative correction
of RF imperfection with GRATER-measured waveforms. We
show that predistorted waveforms can correct for transmis-
sion imperfection in a variety of multiband pulses. Finally,
we demonstrate improved image quality with predistorted
3-band bSSFP cardiac imaging.

2 | METHODS

Experiments were performed on a clinical 3T MRI Scanner
(HD23, GE Healthcare, Waukesha, WI). GRATER measure-
ments were obtained using the body coil and a60 X 10 x 10 cm
cubed rectangular phantom. Final RF waveforms were pro-
duced after 40 iterations of GRATER-based predistortion.
Forty iterations were used to experimentally demonstrate
convergence. SMS bSSFP images were acquired in phan-
toms and in vivo using an 8-channel cardiac coil.

2.1 |

RF excitation was improved by correcting for expected er-
rors in transmitted waveforms. Figure 1 illustrates iterative
GRATER-based predistortion using a flow-chart. GRATER
measurements were performed with the readout gradient
amplitude set to half the negative slice-select gradient am-
plitude; twice the number of RF resolution points were then
acquired in the GRATER-measured waveform. This excita-
tion and readout pair took 3.2 ms. The raw measured data
was then processed in MATLAB (The MathWorks, Natick,
MA) in <2 s, and a new predistorted waveform was created.
The next iteration of predistortion would then begin a total of
10 s after the previous measurement. Iteration time was set
conservatively at 10 s to ensure complete T, relaxation be-
tween measurements. GRATER measurement averaging and
OVS were not used. The waveform was corrected for off-
resonance, T; decay, time-shift, scaling, and initial phase
angle calculated during the first iteration. Scaling and time-
shift were calculated and updated each iteration. Computation

Predistortion technique

. . o o 189
Magnetic Resonance in MedlcmeJ—

GRATER
transmit T;
measure R;

4

performance
E=D-R,

predistortion
Thi=Ti+ aE
i=i+1

FIGURE 1
series of GRATER-measurements R; and creation of predistorted

The proposed predistortion method consists of a

waveforms 7}, until a certain stopping criterion is met, for example,
based on a performance threshold and/or a maximum number of
iterations. Predistortion consists of (1) determining error E between
desired waveform D and R;, and (2) adding a weighted version of £
to the previously transmitted waveform to create a new predistorted
waveform

time for an in-house MATLAB implementation was reduced
to <2 s (compared to <7 s in Landes and Nayakg) by setting
the initial guess for initial phase angle as the difference be-
tween the mean of the phase angle of the desired waveform
and the raw GRATER data.

2.2 | Evaluation: predistortion
technique and subsequent RF performance

GRATER-based predistortion was used to measure a vari-
ety of multiband pulses with different damping factors o in
a uniform rectangular phantom. RF pulses were tested with
multi-band (MB) factors MB = 3,4,5 and slice thicknesses to
spacing ratios (STR) STR = 2,4. These pulses were designed
using the Shinnar-Le Roux algorithmlo with 648 ps duration,
324 point resolution, FA = 30° (MB = 4,5) or FA = 42°
(MB = 3), and optimized phase scheduling.” In subsequent
experiments, GRATER-based predistortion was performed
with a = 0.25 to prevent over-shooting the solution.'?

Experiments performed without and with low-pass filter-
ing of the predistorted waveform to demonstrate impact of
filtering to improve data quality and facilitate convergence.
The low-pass filter had a cut-off frequency of +80 kHz.
GRATER measurements before predistortion were also ex-
amined to determine feasibility of using a scanner-specific
distortion function for RF predistortion.

Quality of predistortion was assessed using RMSE be-
tween desired and measured waveforms, normalized with
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respect to the L2 norm of the desired waveform (NRMSE).
Improvement in excitation was evaluated with slice profile
measurements, and the mean signal from the largest side lobe
was reported. The slice profile was obtained by acquiring
multiple GRATER measurements with 15 phase-encodes
each along x and y. A 1-s pause was used between measure-
ments to allow for sample relaxation. A total of 648 wave-
form points were acquired in each GRATER measurement.
A long TR was used with phase encoding to ensure sample
relaxation between TRs (phantom T; was 200 ms). The in-
verse Fourier transform was then taken, and the signal was
discarded except at the center of the phantom. In this way,
a frequency profile is obtained along an area with uniform
signal.

2.3 | Evaluation: SMS bSSFP imaging

SMS bSSFP images were acquired in phantoms and in vivo.
Imaging parameters include TR = 3.2, TE = 1.5, FA = 42°,
and per-slice matrix size = 96 X 96. Twelve seconds of
dummy acquisitions were performed before imaging to es-
tablish steady-state. An MB = 3, STR = 4 pulse was used
before and after predistortion to demonstrate differences in
image quality. In vivo images were obtained in a healthy vol-
unteer (F, 28) after screening and providing written informed
consent with approval from the Institutional Review Board.
A phantom of ABS bricks (LEGO) with a different pat-
tern every 2 cm deep was submerged in water and imaged
to indicate aliased signal from extra excited slices. 3-band
bSSFP imaging was performed with full-gradient encoding
(FGE), center-to-center slice spacing = 20 mm, and slice
thickness = 5 mm. Eleven slices were encoded about the 3
excited slices using k,-gradient encoding.13 This experiment

was performed with and without predistorted waveforms to
demonstrate differences in encoded side-lobe signal. The
same 3-band experiment was repeated with an added z-shim
to create a spatial variation in frequency along the z-axis and
illustrate low-flip angle, off-resonant bSSFP imaging (i.e., to
demonstrate the need for precise excitation with SMS bSSFP
imaging).

This 3-band pulse was again evaluated in vivo and the se-
quence was adjusted for center-to-center slice spacing =24 mm
and slice thickness = 6 mm. Three short axis slices of the
heart were obtained during diastole using (1) single-slice
bSSFP imaging, (2) SMS bSSFP imaging with FGE and 3
encoded slices, and (3) SMS bSSFP imaging with blipped-
CAIPI encoding (BCE)."* Single-slice and SMS images with
FGE were reconstructed using a simple inverse Fourier trans-
form. SMS images with BCE were reconstructed using split-
slice GRAPPA.'*

3 | RESULTS

The proposed iterative predistortion technique substan-
tially improved RF transmission in all 6 multi-band pulses
that were studied. NRMSE between desired and measured
waveforms and side-lobe signal were reduced after predis-
tortion (Figure 2A). With low-pass filtering of predistorted
waveforms, NRMSE decreased most rapidly over the first
10 iterations and had SD 0.0008 < ¢ < 0.0042 for sub-
sequent iterations. NRMSE was reduced from <20.1% to
<2.7% (Figure 2B). Mean signal from the largest spuriously
excited side lobes were <6.6% and <1.1%, before and after
predistortion, respectively (Figure 2C). The relative im-
provement was largest in the MB = 3, STR = 2 pulse with
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FIGURE 2 Multiband pulses were evaluated in pulses with multi-band (MB) factors of 3, 4, and 5 and slice spacing to thickness ratios (STR)
of 4 and 2. (A) NRMSE is shown over 40 iterations of predistortion. NRMSE decreases over the first 10 iterations then remains within 2.7% of

its final value. Before and after predistortion, (B) NRMSE was <20.1% and <2.7%, and (C) mean side-lobe signal from the largest side lobe was
<6.7% and <1.1%, respectively. Relative improvement (before—after ratio) is listed on the left column for each pulse. Relative improvement ranges

from 4.8- to 41.7-fold
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41.7-fold reduction in NRMSE and 12.7-fold reduction
in mean signal of the largest side lobe. Improvement was
lowest in the MB = 4, STR = 4 pulse 4.8-fold reduction
in NRMSE, and 6-fold reduction in mean side-lobe signal.
For each pulse, the largest spuriously excited side lobe
was always next to the main lobe. Without low-pass filter-
ing of the predistorted waveforms, NRMSE diverged after
the first 10 iterations in 5 of 6 tested pulses (Supporting
Information Figure S1), hence this filtering step was re-
tained for all subsequent experiments. We observed no
direct mapping between desired and measured waveforms
(Supporting Information Figure S2) that would have al-
lowed a one-step solution.

The slice profile of a MB = 3, STR = 4 pulse matches
the desired profile after predistortion (Figure 3). Before
predistortion, spurious side-lobe signal has similar spacing
and width as the main desired lobes at z = +4, +6, +8, and
+10 cm. Side-lobe intensity is highest closest to the main
lobes and decreases with distance from the main lobes. After
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predistortion, side-lobe signal approaches the noise floor of
0.3% for frequencies below the cutoff frequency of the pre-
distorted waveform’s low-pass filter. Side-lobe signal before
predistortion is <0.7% for frequencies above this cutoff fre-
quency and is not significantly reduced after predistortion.

Reduction in side-lobe excitation is seen after predistor-
tion in a LEGO phantom with 3-band bSSFP imaging, FGE,
and 12 encoded slices (Figure 4). Before predistortion, en-
coded image signal about z = —4 cm was highest with mean/
max = 6.7%/0.74% compared to the reference image, respec-
tively. After predistortion, encoded signal approached the
level of noise; this is apparent in both the measured z-profile
and the encoded image. In other words, no spurious side-lobe
signal was measured or encoded, indicating an improvement
in RF excitation. Signal in the slice at z = 4 cm contains fea-
tures from the desired reference slice at z = —2 cm, likely
because of imperfections in 3D encoding.

Off-resonant side-lobe excitation was also reduced after
predistortion (Supporting Information Figure S3). The
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FIGURE 3 Amplitude and phase components of MB = 3 and STR = 4 waveforms (A and B) are shown with their corresponding excitation

profiles (C) using (1) Bloch simulations and the desired waveform, (2) experimental measurements and the waveform before predistortion, and

(3) experimental measurements and the waveform after predistortion. Excitation profiles are on a log scale to accentuate side-lobe behavior.

NRMSE between desired and measured waveforms is reduced from 7.4% to 0.9% with predistortion. Spurious side lobes are reduced from <7.6%

to <0.32% for frequencies between +80 kHz (the low-pass filter cutoff frequency). This approaches the noise floor of 0.3%
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FIGURE 4 Phantom with 3-band bSSFP imaging, full-gradient encoding (FGE), and 11 encoded slices (z = —10:2:10 cm) is shown next
to single-band reference slices (row 1) before (row 2) and after (row 3) predistortion. Without windowing, 3 excited slices are comparable to the
reference slices (+2 and 0 cm), and there is no visually detectable signal in the extra encoded slices. With windowing, extra excited side lobes are
seen with features from reference slices (red arrows). After predistortion, extra encoded signal is reduced. Signal in the slice at z = 4 cm contains

features from the desired slice at 2 cm (green arrows)

Steady-State bSSFP

A

intensity of excited off-resonant signal was highest be-
fore predistortion in slices at z = 4 cm (mean/max signal:
33.5%/103.0% of main lobes). After predistortion, encoded
signal was reduced to mean/max signal: 4.2%/10.98%. After
predistortion, residual signal contained features from the de-
sired slices about z = —2 cm as well as the side lobe at z =
4 cm.

SMS bSSFP artifacts were reduced after predistortion in
vivo with FGE and BCE (Figure 5); features in (left to right)
basal, mid, and apical short axes slices are discernable after
predistortion. Image quality between reference and SMS
bSSFP images with FGE are comparable after predistortion.
Image quality is improved in SMS bSSFP imaging with BCE
after predistortion. Additional artifacts are still present, be-
cause of the aggressive acceleration (R = 3) with low channel
count (8-channel cardiac array).15

Transient bSSFP

X )

FIGURE 5 Steady-state (left) and
transient (right) bSSFP images of the

basal, mid, and apical short-axis slices of
the heart. Single-slice reference (REF)
images are shown next to SMS images with
full-gradient encoding (FGE) and blipped-
CAIPI encoding (BCE) before and after
predistortion (P). Artifacts because of RF
transmit error are reduced after predistortion
in each SMS image with both FGE and BCE
(green arrows). Additional artifacts are still
present in SMS images with BCE, because
of the aggressive acceleration (R = 3) with
low channel count (8-channel cardiac array)

4 |

DISCUSSION

Iterative GRATER-based predistortion improved multiband
pulse performance with >12-fold reduction in NRMSE
and >6-fold reduction in max side-lobe signal. Predistorted
waveforms were used with SMS bSSFP imaging to success-
fully reduce excitation artifacts. This technique could be es-
pecially beneficial for in vivo SMS bSSFP cardiac imaging.
Cardiac muscle has a low T,—T, ratio compared to fat and a
low relative signal intensity. When off-resonant fat is excited
in a spuriously excited side lobe, it can alias into the myo-
cardium, confounding image quality. This low-flip angle,
off-resonant, high-signal excitation was demonstrated with
the added z-shim in lego phantom images and in vivo car-
diac images. This technique could also be useful in situations
where precise excitation is desirable, including other SMS
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imaging applications, MR spectroscopy,16 and hyperpolar-
ized lung imaging.17

The main advantage of using GRATER-based predistor-
tion is that it does not require any extra hardware to mea-
sure RF envelopes. However, GRATER comes with several
disadvantages, including potential biases because of ob-
ject non-uniformity, nonlinearity of the excited signal with
higher flip angles, and sensitivity to noise.® Despite these
disadvantages, these experiments demonstrated significant
improvement in RF excitation after predistortion and <2.7%
NRMSE. Remaining NRMSE could stem from inaccuracies
in GRATER measurements. The GRATER technique as-
sumes each excited slice contributes equal signal. It is pos-
sible error was introduced into the measurements because of
unintended RF excitation outside the phantom’s volume of
60 x 10 x 10 cm’. If this is the case, NRMSE can be reduced
by increasing the size of the phantom used for predistor-
tion. It is also possible that off-resonance introduced error
in GRATER measurements. In this situation, averaging
measurements and an OVS pre-pulse could reduce error.

Iterative RF predistortion using a pulse-sequence-based
RF measurement technique has been previously demon-
strated.'® There are 2 differences between the Lebsack and
Wright18 work and our work. First, the previous RF mea-
surement technique uses a spin-echo (SE) pulse, whereas
GRATER does not. SE introduces some risk of scaling error
because of imperfections in the SE pulse. In addition, SE can-
not be used with a short TR, and GRATER measurements are
substantially faster (10 ms). Second, the previous iteration
scheme compares desired and measured magnetization pro-
files. A windowed version of the Fourier transform of the dif-
ference between profiles was taken and scaled by a damping
factor to produce updated RF waveforms. The damping factor
changed during each iteration based on differences between
magnetization profiles. This ensured stability of technique.
GRATER-based predistortion uses measured and desired RF
waveforms directly, does not dynamically update the damp-
ing factor, and stability has been demonstrated in this work.

Forty iterations were sufficient to demonstrate feasibil-
ity of GRATER-based predistortion. NRMSE did not in-
crease after 10 iterations if a low-pass filter was applied
to the predistorted waveform. With 10 s per iteration, pre-
distortion of each waveform took almost 7 min, which is
needlessly long and not practical for the clinical setting.
We expect that 10 iterations with a repetition time on the
order of 2 s is more than adequate and will be practical
clinically. This time can be further shortened using a more
sophisticated iteration and stopping criterion. In these ex-
periments, for example, choosing a stopping criterion as
ANRMSE <0.1% between iterations would have allowed
for a solution to be reached within 10 iterations. Other
stopping criterion could be to stop iterative predistortion

when a certain NRMSE or spurious side-lobe signal level
has been reached.

The chosen update direction was simply the difference
between desired and measured waveforms in an effort to
minimize NRMSE between these waveforms.'® If an approx-
imated derivative were available for this NRMSE function
being minimized, other more sophisticated schemes could be
used, such as gradient descent. Unfortunately, no clear rela-
tionship was discernable between the distortion in measured
RF pulses and desired pulses in this study. Estimating the
gradients is a topic for future research. The current method
works with few iterations, is fast, and is easy to implement.
A gradient-based likely would not accelerate convergence
compared to the current implementation but could potentially
achieve lower NRMSE.

A limitation of this study is that GRATER-based predis-
tortion was not compared with an alternative technique such
as the pick-up coil approach.1 RF measurements made with
GRATER and the pick-up coil method proved comparable,®
however, equivalence in the context of pre-distortion remains
future work.

S | CONCLUSION

This study demonstrates feasibility of iterative GRATER-
based RF predistortion as part of an initial sequence setup
to improve image quality in later scans. This could be useful
for a wide range of RF pulses with high peak B} and rapid
current oscillations that could incur nonlinearity, or with low-
cost RF amplifiers with a limited linearity range. This tech-
nique is likely to be critical for SMS bSSFP imaging at 3T
where short, high flip angle RF pulses are desirable but also
likely to produce side-lobe excitation that can alias back into
the desired slices.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

FIGURE S1 NRMSE between desired and measured wave-
forms for 1 to 40 iterations of predistortion, (A) with low-pass
filtering of the predistorted waveform, and (B) without low-
pass filtering. Without low-pass filtering, NRMSE steadily
increases after iteration 10 in each example except for in the
MB = 3, STR =4 pulse

FIGURE S2 The real, imaginary, amplitude, and phase com-
ponents of desired and measured waveforms before predis-
tortion. We observed no direct mapping between desired and
measured RF waveforms. Estimating the gradient is a topic
for future research (this has been demonstrated successfully
with gradient nonlinearity corrections).”’ Instead, this article
proposes a pulse-specific method to improve RF performance
FIGURE S3 Phantom with 3-band bSSFP imaging, full-
gradient encoding (FGE), 11 encoded slices, and added
off-resonance is shown next to single-band reference slices
(row 1) before (rows 2-3) and after (rows 4-5) predistortion.
Before predistortion, main lobe signal has different signal
intensity compared to the reference slices and off-resonant
side-lobe excitation has higher signal variation than on-
resonant (see Figure 5). Side-lobe signal is reduced after pre-
distortion (red arrows) and residual encoded signal contains
features from the desired slices (green arrows)
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