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A new framework for B1 insensitive adiabatic pulse design is proposed, denoted Spin Lock Adiabatic
Correction (SLAC), which counteracts deviations from ideal behaviour through inclusion of an additional
correction component during pulse design. SLAC pulses are theoretically derived, then applied to the
design of enhanced BIR-4 and hyperbolic secant pulses to demonstrate practical utility of the new pulses.
At 7T, SLAC pulses are shown to improve the flip angle homogeneity compared to a standard adiabatic
pulse with validation in both simulations and phantom experiments, under SAR equivalent experimental
conditions. The SLAC framework can be applied to any arbitrary adiabatic pulse to deliver excitation with
increased B1 insensitivity.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The use of greater static magnetic field strength in magnetic
resonance imaging (MRI) facilitates acquisition of images with
higher signal-to-noise ratio (SNR). At 7T and beyond, however, this
improvement is undermined by the excitation wavelength causing
interference and dielectric resonances that result in an inhomoge-
neous B1 field throughout the object being imaged [1,2]. The
heterogeneous excitation field causes inconsistency in image con-
trast as flip angles vary across the object. Efforts have been made to
overcome B1 inhomogeneity using post-processing [3,4], multiple
channel transmit array coils [5,6] and pulse design [7–9].

Frequency swept pulses have been used for decades to over-
come inhomogeneous B1 fields. Much of this work has been in
the form of adiabatic pulses, in which the magnetisation follows
a sweeping effective field when the RF amplitude exceeds a given
threshold at which the adiabatic condition is satisfied [10]. Devel-
opments over the years have increased the utility of adiabatic
pulses such that they can be used for excitation with arbitrary flip
angles [11], slice-selective inversion [12], refocusing pulses [13]
and slice-selective excitation [14–16]. Further progress in
frequency-modulated (FM) pulses has led to pulses which depend
on the weighting given to their trajectory through excitation k-
space to achieve B1 insensitivity [17–20]. With these develop-
ments, adiabatic pulses have extended the utility of a range of
imaging sequences to be applicable to conditions with significant
RF transmit inhomogeneity.

The performance of adiabatic pulses can be defined as how well
magnetisation follows the trajectory of the effective field produced
by the pulse. This may be improved by increasing pulse amplitude
or increasing pulse duration, however this comes at the expense of
greater specific absorption rate (SAR). Also crucial for optimising
the performance of an adiabatic pulse is choice of amplitude and
phase modulation functions. Examples of such functions are sech/-
tanh [12], tanh/tan [21] and sin/cos [22]. Modifications to these
well known analytical functions can produce improvements in
both B1 and B0 insensitivity [23,24].
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A new avenue for extending the B1 insensitivity of adiabatic
pulses is proposed, involving the introduction of an additional
component to dynamically reduce the deviation from the desired
trajectory by creating a spin lock in an excitation frame of refer-
ence. This approach of Spin Lock Adiabatic Correction (SLAC) thus
defines a new class of pulses that by design lead to increased flip
angle homogeneity in high field environments. We present a
derivation of the SLAC principle and analyse its characteristics
using the superadiabiticity framework [25]. We demonstrate SLAC
performance in both simulation and experiment at 7T, building on
the exemplars of a BIR-4 adiabatic pulse [11] and a hyperbolic
secant (HS) pulse [12].

2. Theory

Consider an arbitrary adiabatic pulse defined by amplitude

Be;Ad
1 tð Þ, phase /Ad tð Þ, and duration Tp,

BAd
1 tð Þ ¼ Be;Ad

1 tð Þei/Ad tð Þ; 0 6 t 6 Tp: ð1Þ
Adiabatic pulses are known to be tolerant of both B0 and B1

inhomogeneity. An important factor in pulse design at high field
is to maximise tolerance to B1 inhomogeneity. In the following,
we will denote by n the B1 field weighting factor that relates the
B1 strength at a reference point in space to the B1 strength at an
arbitrary location in space.

In the frequency-modulated frame (Fig. 1a) with x0-axis locked

to /Ad tð Þ, the effective field produced by an adiabatic pulse, BAd
eff ,

makes an angle a with the B0 field, where

a n; tð Þ ¼ arctan
cnBe;Ad

1 tð Þ
Dx tð Þ

 !
; ð2Þ

and

Dx tð Þ ¼ d/Ad

dt
; ð3Þ

where c is the gyromagnetic ratio. Note the explicit dependence of
angle a on the B1 field weighting factor, n; this is a crucial factor
moving forward.

The adiabatic condition is achieved when the effective field is
swept sufficiently slowly that the magnetisation follows the effec-
tive field. In practice, however, B1 inhomogeneity and finite pulse
duration cause the magnetisation to deviate from the effective
field. The deviation that occurs over the course of the adiabatic

pulse is dependent on the rate at which BAd
eff is swept, da

dt . Our pro-
posed method of Spin Lock Adiabatic Correction applies an addi-
tional field, of amplitude Be;SL

1 , to reduce the deviation:

BSLAC
1 tð Þ ¼ Be;Ad

1 tð Þ þ iBe;SL
1 tð Þ

� �
ei/

Ad tð Þ ð4Þ
Fig. 1. Rotating frames of reference. (a) The frequency modulated (FM) frame: the effec
vary. (b) The BAd

eff frame: the angle between effective field in this frame and BAd
eff is depend

The cone angle, �, is decreased when BSL
1 is applied.
The correcting component is chosen with reference to a nomi-
nal B1 field factor, n ¼ nref :

Be;SL
1 tð Þ ¼ � 1

cnref
da nref ; t
� �
dt

ð5Þ

The first adiabatic frame aligns BAd
eff with the z00-axis, and is indi-

cated by double prime notation (Fig. 1b). Let E be the effective field
in this frame. The goal of SLAC is to minimise �, the angle between

BAd
eff and E, as demonstrated in Fig. 1c. The result of applying the

additional SL component is to achieve greater fidelity in the mag-
netisation trajectories. The cone angle � is defined by

� tð Þ ¼ arctan
jj dadt ey0 þ cBSL

1 tð Þjj2
jjcBAd

eff tð Þjj2

 !
ð6Þ

where ey0 is a unit vector in the y0-direction.

For a chosen nominal field weighting factor, n ¼ nref , the SLAC
pulse perfectly cancels the trajectory deviation, resulting in an
optimal cone angle, � ¼ 0.

In general, the addition of BSL
1 leads to greater B1 amplitudes in

SLAC-optimised pulses, consequently resulting in a higher energy
deposition. In order to maintain equal SAR exposure, the SLAC
pulse amplitude is linearly rescaled to match the power of the
underlying adiabatic base-pulse:

BSLAC
1 tð Þ ¼ BSLAC

1 tð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR Tp

0 jjBAd
1 tð Þjj22dtR Tp

0 jjBAd
1 tð Þjj22 þ jjBSL

1 tð Þjj22dt

vuut ð7Þ

where BSLAC
1 is the rescaled field.

3. Methods

SLAC was applied to two widely used adiabatic pulses, the BIR-4
pulse, which enables plane rotations of arbitrary flip angle by lock-
ing magnetisation in a plane orthogonal to the effective field [11],
and the hyperbolic secant pulse [12], a widely used adiabatic full
passage (AFP) pulses, in order to assess its effect on pulse perfor-
mance in simulations and experiments. Excitation performance
was assessed using BIR-4, SLAC-BIR-4 and SAR-matched SLAC-
BIR-4 pulses. Inversion performance was assessed using HS,
SLAC-HS and SAR-matched SLAC-HS pulses. Standard block pulses
of duration Tp = 0.5 ms and 1 ms were used as references for exci-
tation and inversion respectively.

The nominal flip angle of the BIR-4 pulse was set to h ¼ 45� and
the four BIR-4 pulse segments were derived from tanh/tan adia-
batic half passages (AHP) with parameters f = 20, j = arctan(20),
Dxmax=2p = 5 kHz applied to equations defined by [21] (see
Appendix). These parameter choices were made in order to
tive field is swept as off-resonance frequency of excitation, Dx, and amplitude, BAd
1 ,

ent on the sweep rate in the FM frame during an adiabatic pulse. (c) The BAd
eff frame:
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approximate a set of equations derived using the numerically opti-
mised modulation (NOM) procedure [23]. Each segment was indi-
vidually SLAC-optimised to produce the SLAC-BIR-4 pulse. The
nominal B1 field weighting factor, nref , used for the SLAC-
optimisation was selected based on the simulation. It was set
where the BIR-4 pulse simulated with the same pulse duration
and reference B1 strength produced 95% of the transverse magneti-
sation corresponding to the desired flip angle. Choosing a percent-
age of transverse magnetisation much lower than 95% requires too
large a correction component with increased B1 sensitivity
(Fig. 3a). 95% of transverse magnetisation roughly corresponds to
a field weighting factor threshold, n, at which correction using
BSL
1 produces good results (Fig. 3b). Choosing a value closer to

100% results in a trivially small correction component being
employed (Fig. 3c).

The HS pulse used was a vendor-provided HS pulse (Siemens
Healthineers, Erlangen, Germany) with parameters l = 975.5 and
b = 3.4516 corresponding to Dxmax=2p = 535 Hz with a pulse dura-
tion Tp = 10.24 ms applied to equations as found in [8] (see Appen-

dix). The nominal B1 field weighting factor, nref = 0.7, used for the
SLAC-optimisation was selected based on the simulation.

3.1. Simulation

Simulations of block, BIR-4, SLAC-BIR-4, HS and SLAC-HS pulses
were performed in MATLAB (Natick, Massachusetts, USA) via
numerical integration of the Bloch equations with relaxation
Fig. 2. (a) B1 amplitude over the duration of the pulse for BIR-4 (black), unscaled SLAC-B
BIR-4 pulse. (b) Phase of B1 over the duration of the pulse for BIR-4 (black) and SLAC-B
between 0 and p=2 as the proportions of orthogonal field components, BSL

1 and BAd
1 , vary th

and 3Tp=4 ¼ 7:5 ms. (c) B1 amplitude over the duration of the pulse for HS (black), unscal
the HS pulse. (d) Phase of B1 over the duration of the pulse for HS (black) and SLAC-HS (bl
referred to the web version of this article.)
parameters of T1 = 1 s and T2 = 0.5 s. BIR-4 and SLAC-BIR-4 pulse
shapes were calculated over a range of pulse durations (4–11 ms)
and pulse amplitudes with reference B1 strength, xref

1 =2p = (100–
300 Hz), corresponding to the maximum amplitude of a BIR-4
pulse. HS and SLAC-HS pulse shapes were calculated for xref

1 =2p
= 500 Hz corresponding to the maximum amplitude of a HS pulse.
Both unscaled pulses and SAR-matched pulses were simulated for
both SLAC-BIR-4 and SLAC-HS. Computations were conducted over
the range of B1 field weighting factor, n 2 0:5;1:5½ �. The metric used
to assess the performance of the excitation pulses was the mean
over the simulated B1 strength range of the magnitude of trans-
verse magnetisation produced by the pulse normalised by the
desired transverse magnetisation,

Cxy ¼
Z 1:5

0:5

jjMxy B1 Tp
� �

; n
� �jj2
sin hð Þ dn ð8Þ

where B1 Tp
� �

is the particular pulse being evaluated at Tp.
The metric used to assess the performance of the inversion

pulses was the mean over the simulated B1 strength range of the
longitudinal magnetisation produced by the pulse,

Cz ¼
Z 1:5

0:5
Mz B1 Tp

� �
; n

� �
dn ð9Þ

Further simulation was performed to demonstrate the effect of
SLAC on off-resonance performance of pulses. The effects of pulses
were simulated across an off-resonance range Dx0=2p = (�10 kHz
IR-4 (red) and scaled SLAC-BIR-4 (blue), normalised by maximum amplitude of the
IR-4 (blue). The phase difference between SLAC-BIR-4 and BIR-4 envelopes varies
roughout the pulse with the maximum phase difference occurring at Tp=4 ¼ 2:5 ms
ed SLAC-HS (red) and scaled SLAC-HS (blue), normalised by maximum amplitude of
ue). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 3. Performance dependence on choice of B1 field amplitude factor, nref , used for tuning BSL
1 for unscaled SLAC-BIR-4 (red) and SAR-matched SLAC-BIR-4 (blue) compared to

BIR-4 (black). Example choices: (a) nref = 0.55 (b) nref = 0.95 (c) nref = 1.35. Flip angle h ¼ 45� . Dashed orange line: Target Mxy ¼ sin 45�ð Þ. Dashed purple line: nref . Dashed green
line: Mxy produced by BIR-4 pulse at nref . (d) Dependence of Cxy on nref for a SAR-matched SLAC-BIR-4 pulse (solid line) and dependence of Cz on nref for a SAR-matched HS
pulse (dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to 10 kHz) and RF amplitude corresponding to nxref
1 =2p = (0–

10 kHz), with the maximum amplitude of an adiabatic pulse,
xref

1 =2p = 200 Hz in the case of the simulated BIR-4 pulse and
xref

1 =2p = 500 Hz in the case of the simulated HS pulse.
Additionally, the performance was analysed in superadiabatic

frames for BIR-4, SLAC-BIR-4, HS and SLAC-HS at n ¼ 1. This analy-
sis concerns the cone angle defined by the effective field in an adi-
abatic frame of reference, e.g. � in Fig. 1b/c, and helps to assess the
potential flip angle inaccuracy of any adiabatic pulse. The nþ 1ð Þth
adiabatic frame is defined as being locked to the effective field in
the nth frame. For frames of reference beyond the first adiabatic
frame the convention of [25] is followed and the cone angle in
the nth frame is denoted by an.
3.2. Experiments

Data were acquired on a research 7T MRI (Siemens Healthi-
neers, Erlangen, Germany) using a single-channel TX-RX volume
coil (QED, Mayfield Village, Ohio, USA). Experiments were per-
formed on a Siemens spherical spectroscopy phantom (8.2 g Na
C2H3O2 + 9.6 g C3H5O3 Li per 1000 g H2O).

Volume images were obtained using a 0.5 ms block pulse, and
BIR-4 and SAR-matched SLAC-BIR-4 pulses with Tp = 10 ms,

xref
1 = 200 Hz, nref ¼ 0:95. The resulting amplitude and phase func-

tions are visualised in Fig. 2(a–b). Each pulse experiment was
acquired with a custom-built 3D GRE-readout with parameters:
TR = 5000 ms, TE = 10 ms, BW = 260 Hz, FOV = 200 mm isotropic,
matrix size 256 � 128 � 64, total scan time = 11h23m.

Single slice images were obtained by applying an inversion
pulse followed by spoiling of residual transverse magnetisation,
then a sinc pulse excitation and readout. A 1 ms block pulse, and
HS and SAR-matched SLAC-HS pulses with Tp = 10.24 ms,

xref
1 =2p = 500 Hz, nref ¼ 0:7, were used as inversion pulses.

The resulting amplitude and phase functions are visualised in
Fig. 2(c–d). Each pulse experiment was acquired with a 2D GRE-
readout with parameters: TR = 5000 ms, TE = 10 ms, slice thick-
ness = 3 mm, BW = 260 Hz, FOV = 200 mm isotropic, matrix size
256 � 128, total scan time = 20.2 m.

B1 maps were estimated from two single-slice GRE images at
45� and 90� using a double-angle method [26]. TR = 10000 ms,
TE = 10 ms, slice thickness = 3 mm, FOV = 200 � 200mm, matrix
size = 256 � 128.
4. Results

SLAC optimisation targets a reduction of the cone angle, �
(Fig. 1c). Superadiabatic analysis was performed to investigate this
aperture in the first three adiabatic frames for BIR-4 and SLAC-BIR-
4 (Fig. 4) and for HS and SLAC-HS at n = 1. The unscaled and SAR-
matched SLAC-BIR-4 result in smaller cone angles in the first two
frames compared with standard BIR-4 pulse. The unscaled SLAC-
BIR-4 pulse also produces a smaller maximal cone angle in the
third adiabatic frame than a standard BIR-4 pulse. The frame with
the lowest maximum angle for SLAC-BIR-4 suggests a small flip
angle error of the SLAC-corrected pulse shape at n = 1 due to the
cone angles being smaller than those of the standard BIR-4. The
unscaled and SAR-matched SLAC-HS pulses result in smaller cone
angles for the majority of the pulse duration in all three frames
compared with the standard HS pulse, however, they have greater
maximal cone angle in all of these scenarios aside from the SAR-
matched SLAC-HS in the first frame. The smaller maximal cone
angles of the HS pulse compared to the SLAC-HS pulse in the sec-
ond and third order frames suggests a smaller flip angle error from
the original HS pulse shape at n = 1. These assessments based on
superadiabatic behaviour agree with the performance in simula-
tion of the pulses. Flip angle error of unscaled and SAR-matched
SLAC-BIR-4 pulses was smaller than that of BIR-4 pulses at n = 1,
while the flip angle error of HS was smaller than that of unscaled
and SAR-matched SLAC-HS at n = 1 (Fig. 5).



Fig. 4. (a–c) Superadiabatic behaviour of BIR-4 (black), SLAC-BIR-4 (red) and SAR-matched SLAC-BIR-4 (blue) for n = 1. Cone angle in the (a) first, (b) second and (c) third
adiabatic frames. (d–f) Superadiabatic behaviour of HS (black), SLAC-HS (red) and SAR-matched SLAC-HS (blue) for n = 1. Cone angle in the (d) first, (e) second and (f) third
adiabatic frames. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Simulations were used to investigate the effect of field weight-
ing factor to which BSL

1 is tuned, nref , on the pulse performance
across the B1 field strength range with a target flip angle of
h ¼ 45� for BIR-4 and h ¼ 180� for HS (Fig. 3). The simulation
results reveal large variance in transverse magnetisation across
the simulated field weighting factor range if nref is chosen to be
small. nref ¼ 0:55 corresponds to BIR-4 producing 76% of target
Mxy, therefore the contribution from BSL

1 is large (Fig. 3a). For a cho-

sen nref , SLAC-optimisation achieves flip angles closer to the target
magnetisation across the n range. nref ¼ 0:95 corresponds to BIR-4
producing 95% of target Mxy, therefore the contribution from BSL

1 is

moderate (Fig. 3b). If nref is chosen to be high changes to perfor-
mance are slight. nref ¼ 1:35 corresponds to BIR-4 producing 98%
of target Mxy, therefore the contribution from BSL

1 is small
(Fig. 3c). For comparison, the block pulse reaches the target mag-
netisation at the reference field weighting, n ¼ 1, with strong under
and overshoot for n diverting from this reference (Fig. 5). While the
mean magnitude of transverse magnetisation Cxy, varies nonlin-



Fig. 5. (a) Transverse magnetisation vs. field weighting factor n following a 45� BIR-4 pulse (black), SAR-matched SLAC-BIR-4 pulse (blue), SLAC-BIR-4 pulse (red) and block
pulse (purple). Tp = 10 ms, xref

1 = 200 Hz, nref ¼ 0:95. The BIR-4, SLAC-BIR-4 and SAR-matched SLAC-BIR-4 produce transverse magnetisation close to that obtained from a
perfect 45� flip for n P 1. As n decreases below 1 the transverse magnetisation decreases for these frequency swept pulses, with the decrease largest for the BIR-4 and the
second largest decrease for the SAR-matched SLAC-BIR-4. The block pulse underflips for low n, flips accurately to 45� for n ¼ 1 and overflips for high n. (b) Longitudinal
magnetisation vs. field weighting factor n following a HS pulse (black), SAR-matched SLAC-HS pulse (blue), SLAC-HS pulse (red) and block pulse (purple). Tp = 10 ms, xref

1 =
200 Hz, nref ¼ 0:95. The HS, SLAC-HS and SAR-matched SLAC-HS produce longitudinal magnetisation close to that obtained from a perfect 180� flip for n P 0:75. As n decreases
below 0.75 the magnitude of the longitudinal magnetisation decreases for these frequency swept pulses, with the decrease largest for the HS and the second largest decrease
for the SAR-matched SLAC-HS. The block pulse underflips for low n, flips accurately to 180� for n ¼ 1 and overflips for high n. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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early with nref , it has a clear maximum. Where SLAC is applied to
the HS pulse the mean longitudinal magnetisation, Cz, is minimised
around nref = 0.7, however, it stays relatively constant for choice of
nref > 0:7 (Fig. 5d).

An overview of the simulated performance across pulse design
parameters, pulse amplitude reference B1 and pulse duration is
illustrated using heatmaps (Fig. 6). Performance, denoted as Cxy

(8), was evaluated as the mean value of the achieved transverse
magnetisation across the simulated B1 range. Fig. 6a–c show the
performance for BIR-4, SAR-matched SLAC-BIR-4 and unscaled
Fig. 6. Mean transverse magnetisation normalised by the desired transverse magnetisat
SLAC-BIR-4 pulse. The change in performance, DCxy, relative to a BIR-4 pulse is shown
highlights the regions where performance is decreased (red) and improved (blue to yellow
B1 strength,xref

1 =2p = (100–300 Hz). Flip angle = 45�. The SAR-matched SLAC-BIR-4 pulse
SLAC-BIR-4 pulse produces greater performance than the BIR-4 pulse for all simulated p
legend, the reader is referred to the web version of this article.)
SLAC-BIR-4 respectively. The SAR-matched SLAC-BIR-4 outper-
forms the standard BIR-4 over a wide range of simulated pulse
shapes (Fig. 6d) which highlights the performance difference.
SAR-matched SLAC-BIR-4 pulses improve flip angle accuracy across
a range of B1 for longer pulse durations and lower reference B1. The
highest simulated increase in C was 13%. The chosen experimental
parameters, Tp = 10 ms and xref

1 = 200 Hz, depict a standard adia-
batic scenario and show a simulated increase in C of 2%. The sim-
ulation results for this case are displayed in Fig. 5 and
demonstrate that this increase in C corresponds to an increase of
ion, Cxy, following a 45� (a) BIR-4 pulse, (b) SAR-matched SLAC-BIR-4 pulse and (c)
for (d) SAR-matched SLAC-BIR-4 and (e) SLAC-BIR-4. A divergent colour scheme
). Simulations were performed across pulse durations, Tp = (4–11 ms) and reference
shows an improvement over the BIR-4 pulse across a large range of parameters. The
ulse shape parameters. (For interpretation of the references to colour in this figure
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7% in magnitude of transverse magnetisation for low B1 field
weighting factor, n. The unscaled SLAC-BIR-4 pulse shows clear
improvements for all simulated pulse shape parameters (Fig. 6e).

SLAC targets B1-insensitivity and only has a marginal effect on
off-resonance performance (Fig. 7). In simulations, the region
where magnetisation is within 5% of the desired magnetisation is
a slightly different shape, however, the overall ranges of this level
of performance are comparable for both adiabatic pulses and their
SLAC equivalents. It should be noted that, close to resonance, SLAC-
BIR-4 considerably reduces the oscillation of transverse magnetisa-
tion at largeB1 field weighting factor, n.

A central transversal slice of the 3D volumes acquired with
block, BIR-4 and SAR-matched SLAC-BIR-4 excitations are dis-
played in Fig. 8a–c, respectively. The block pulse results in very
high image intensity within the central phantom region and very
low image intensity in the bands above right and below left of
the central region. In the BIR-4 and SLAC-BIR-4 images the image
intensities in these regions are closer to the mean image intensity.
This is consistent with the simulation of these pulses (Fig. 5a). The
measured B1 map (Fig. 8d) highlights that these hyper- and
hypointense regions correspond to areas of high and low B1 field
strength, respectively. The differences between the images
acquired with the SAR-matched SLAC-BIR-4 and standard BIR-4
pulse are analysed by examining the voxelwise ratio of the image
intensities (Fig. 8e). It reveals an increase of around 4% in image
intensity in the central region and an increase of around 10% in
the darker regions adjacent to the central region.

A transversal single-slice volume acquired with using block, HS
and SAR-matched SLAC-HS inversion pulse preparations are dis-
played in Fig. 9a–c, respectively. The block pulse results in very
low image intensity within the central region and bottom edge of
the phantom and, similarly, very low image intensity in the bands
above right and below left of the central region. In the HS and
SLAC-HS images the image intensities in these regions are much
higher intensity. This is consistent with the simulation of these
pulses (Fig. 5b). The measured B1 map (Fig. 9d) highlights that
these regions correspond to areas of high and low B1 field strength,
respectively. The differences between the images acquired with
the SAR-matched SLAC-HS and standard HS pulse are analysed
by examining the voxelwise ratio of the image intensities
Fig. 7. The effect of resonance offset on magnitude of transverse magnetisation following
offset on longitudinal magnetisation following a (c) HS pulse and (d) SAR-matched SLA
range corresponding to the dashed boxes in (a–d) are shown in (e–h) respectively. In (
contour line = 0:95 sin 45�ð Þ, solid red contour line = 1:05 sin 45�ð Þ. In (g–h) contour lines m
line = �0.95. (For interpretation of the references to colour in this figure legend, the rea
(Fig. 8e). It reveals an increase of around 4% in image intensity in
the darker regions adjacent to the central region.
5. Discussion

SLAC is a new framework for improving the performance of adi-
abatic pulses. This method involves applying a correcting field to
an adiabatic pulse in order to minimise the deviation which arises
from restrictions on the rate at which the effective field is swept.
The performance improvement was analysed in simulations and
confirmed in experiment. SLAC pulses were found to outperform
the BIR-4 and HS pulses upon which they were based and when
rescaled to be equal in terms of SAR, SLAC pulses still maintained
greater B1 insensitivity than both BIR-4 and HS pulses while main-
taining equivalent off-resonance performance.

Superadiabatic analysis [25,27] is able to reveal the angles
between effective fields in higher adiabatic frames. When the adi-

abatic effective field, BAd
eff , and the magnetisation are initially colli-

near the trajectory of magnetisation is bounded by a cone of angle
equal to the angle between the effective field in a given frame and
the effective field in the previous frame. While the true trajectory
of magnetisation is complicated by the rate of rotation in each adi-

abatic frame and by the angle between BAd
eff and the magnetisation

at the start of the pulse, links between cone angles and pulse per-
formance can still be drawn. In the case of a truncated adiabatic

pulse such as the HS pulse, the adiabatic effective field, BAd
eff , is

slightly offset from the magnetisation at the beginning of the pulse
and the upper bound of flip angle error is the sum of the field offset
angle and the cone angle.

SLAC is targeted at reducing the cone angle in the first adiabatic
frame. In the case that n ¼ nref , magnetisation is locked to the effec-
tive field perfectly in the FM frame. In other words, the cone is col-
lapsed and the effective field is stationary in the first adiabatic
frame. Subsequently, the effective field is stationary in all higher
adiabatic frames. For the case that n– nref SLAC reduces the cone
angle extremely effectively in the region where rate of change of
the effective field is closest to linearly proportional to n. This is

when BAd
eff is close to the north pole of the Bloch sphere and in a
a 45� (a) BIR-4 pulse and (b) SAR-matched SLAC-BIR-4 pulse. The effect of resonance
C-HS pulse. Results corresponding to a reduced RF amplitude and resonance offset
e–f) contour lines mark �5% of the desired transverse magnetisation: solid black
ark 95% and 97.5% inversion: dashed black contour line = �0.9, dashed red contour
der is referred to the web version of this article.)



Fig. 8. Image acquired with (a) block pulse excitation, (b) BIR-4 pulse excitation, (c) SAR-matched SLAC-BIR-4 pulse excitation. (d) B1 map of phantom produced from two
single slice GRE images with excitation angles 45� and 90� using a double angle method. (e) Ratio image produced by voxelwise division of volume acquired with SAR-
matched SLAC-BIR-4 pulse by volume acquired with BIR-4 pulse.
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BIR-4 pulse this effect is seen at Tp=4 and 3Tp=4 (Fig. 4). However,

when BAd
eff is close to the equator of the Bloch sphere and the rate of

change of the effective field is nonlinearly proportional to n, the B1

field weighting factor range over which the correcting field is effec-
tive is reduced. This nonlinearity results in larger effective field
angle derivatives which cause larger cone angles in higher adia-
batic frames in the regions where n is vastly different from nref .
To summarise what this means for pulse performance, the main
presented advantage of SLAC is a decrease in the RF amplitude
threshold at which the magnetisation is faithfully locked to the
effective field (Fig. 5).

The importance of appropriately choosing nref should not be
understated. While it has been shown that greater adiabaticity as
a result of applying SLAC can cause an increase in performance,
the choice of nref is critical for obtaining good adiabaticity across
the n range of interest. As in Fig. 3, if nref is chosen too ambitiously
a correction targeted far below the threshold for adiabaticity in the
BIR-4 pulse results in compromised performance in a large section
of the n range of interest. If nref is selected well above the adiabatic
threshold, performance difference can be trivial. However,
between these two extremes a value of nref can be chosen where
the correcting field yields an improvement in the n range of inter-
est while performance is maintained above this threshold. The val-
ues for nref used in simulation of SLAC-BIR-4 pulse performance
across pulse duration, Tp and xref

1 were selected using a heuristic
algorithm to produce values that gave a performance improve-
ment. Further simulation of the effect of nref choice demonstrated
the nonlinearity of performance as a function of nref choice for dif-
ferent pulse shapes (Fig. 3d). Optimisation of the choice of nref

could give further gains in performance. In this first exposition of
SLAC it is noted that experimental data has been acquired only
for volume excitation and inversion and that both unscaled and
SAR-matched SLAC envelopes have higher maximum amplitude
than for the corresponding adiabatic pulse.

While here we have applied SLAC to a tanh/tan BIR-4 pulse and
a HS pulse (Fig. 2), the concept is broadly applicable to all adiabatic
pulses. Note that optimisation of adiabatic pulses and SLAC are not
necessarily competing concepts; SLAC may be applied to envelopes
that have already undergone an optimisation procedure. The SLAC
approach is fundamentally different to numerically optimised
modulation [23], while both methods focus on B1 insensitivity
through the lens of the adiabatic condition. The NOM approach
modulates the time course through the envelope in order to slow
changes in the effective field, as this is the source of departure from
adiabaticity. NOM is applied with consideration to different field
weighting factors and requires numerical integration in order to
generate pulse envelopes. While NOMmakes use of temporal mod-
ulation of amplitude and phase functions to minimise the da

dt vector
as it appears in the first adiabatic frame, SLAC makes use of an
addition to the B1 field to directly counteract it.

Other recent approaches to advance adiabatic pulses include
pulses composed of shorter pulses either as a means of deriving
an adiabatic pulse [28] or to make the pulse slice-selective by
shaping the subpulses and applying a gradient, as the Slice-
selective Tunable-flip Adiabatic Low peak-power Excitation



Fig. 9. Image acquired with (a) block pulse inversion, (b) HS pulse inversion, (c) SAR-matched SLAC-HS pulse inversion followed by sinc pulse excitation. (d) B1 map of
phantom produced from two single slice GRE images with excitation angles 45� and 90� using a double angle method. (e) Ratio image produced by voxelwise division of slice
acquired with SAR-matched SLAC-HS pulse by slice acquired with HS pulse.
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(STABLE) technique does [29]. These approaches can also be
applied in combination with one another to yield further improve-
ments in excitation [16]. Similarly, Moore et al. created B1 insensi-
tive composite pulses which could then be made slice-selective by
shaping the subpulses and applying gradients [7,30]. It is antici-
pated that applying a technique such as STABLE to a SLAC pulse
will enable slice-selection.

SLAC is applied with the aim of cancelling out an effective field
component in the first adiabatic frame. It is able to be designed this
way as the effective field that it is counteracting is always in the
same plane as the B1 field. However, there is the possibility that
it could be beneficial to apply correcting fields in higher adiabatic
frames. This would mean these fields would be composed of both a
B1 and a DB0 component. Accounting for the nonlinear behaviour
across a n range is a considerable challenge. Yet if this can be over-
come, application of a DB0 component that improves performance
would result in improvements with no increased SAR cost and with
no additional peak amplitude constraints. Although matching SAR,
SLAC optimisation leads to higher peak RF amplitude which limits
its application in situations where adiabatic pulses are applied at
the maximum RF amplitude allowed by a given coil and amplifier.
Further analysis of SLAC pulses that include the requirement of
amplitude-matched x1 would be warranted in order to extend
the utility of SLAC pulses. For example, a maximum amplitude con-
straint could also be addressed using amplitude modulation of BSL

1 .
Further, while the presented approach is an optimisation for a sin-
gle n value, future extensions could be based on optimisation of the
adiabatic condition across a n range of interest.
6. Conclusion

A method for developing B1 insensitive pulses based on an
extension of adiabatic pulses has been demonstrated in theory,
simulation and experiment. This method uses an additional field
applied in concert with an arbitrary adiabatic pulse in order to
lower the B1 field amplitude threshold at which the desired mag-
netisation trajectory is maintained. When applied with a carefully
chosen B1 field amplitude weighting parameter, nref , this was
shown to produce an increase in image intensity on the order of
10% in regions with low B1 field weighting factor when compared
with a BIR-4 pulse and an increase in image intensity of 4% in
regions with low B1 field weighting factor when compared with a
HS pulse used as a preparation pulse. This method extends the pos-
sibilities of analytically derived B1 insensitive pulse improvements
and shows that these are applicable to practical 7T imaging
sequences.
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Appendix A

A.1. SLAC-BIR-4 pulse envelope equations

The equations required for implementation of the SLAC-BIR-4
pulse used in experiment and simulations are below. Eqs. (A.1),
(A.2) and (A.3) come directly from previously described BIR-4 pulse
envelopes [21]. Eq. (A.9) describes the amplitude of the additional
component, derived from Eqs. (A.1) and (A.2) and the reference B1

field weighting factor, nref , to which performance is tuned.

A.2. BIR-4 pulse equations

xAd
1 tð Þ ¼ xmax

1 tanh
f f tð Þð Þ
Tp

� �
ðA:1Þ

DxAd tð Þ ¼ Dxmax tan j g tð Þ=Tp
� �� �

tan jð Þ ðA:2Þ

/Ad tð Þ ¼
Z t

0
DxAd t0ð Þdt0 þ u t � Tp=4

� �
/1 þ u t � 3Tp=4

� �
/2 ðA:3Þ

f tð Þ ¼

Tp=4� t; 0 6 t 6 Tp=4
t � Tp=4; Tp=4 < t 6 Tp=2
3Tp=4� t; Tp=2 < t 6 3Tp=4
t � 3Tp=4; 3Tp=4 < t 6 Tp

8>>><
>>>:

ðA:4Þ

g tð Þ ¼

t 0 6 t 6 Tp=4
Tp=2� t; Tp=4 < t 6 Tp=2
t � Tp=2; Tp=2 < t 6 3Tp=4
Tp � t; 3Tp=4 < t 6 Tp

8>>><
>>>:

ðA:5Þ

/1 ¼ pþ h=2 ðA:6Þ
/2 ¼ p� h=2 ðA:7Þ

u tð Þ ¼ 0; t < 0
1; t P 0

	
ðA:8Þ

where h is the flip angle.

A.3. Correcting component equations

Eqs. (A.9)–(A.11) are derived by substituting Eqs. (A.1) and (A.2)
into Eqs. (2) and (5).

xSL
1 tð Þ ¼ N tð Þ

D tð Þ ;where ðA:9Þ

N tð Þ ¼
xmax

1 f tan jð Þ tanh f f tð Þð Þ
Tp

� �2
� 1

� �

DxmaxTp tan
jg tð Þ
Tp

� �

�
jxmax

1 tanh f f tð Þð Þ
Tp

� �
tan jð Þ tan jg tð Þ

Tp

� �2
þ 1

� �

DxmaxTp tan
jg tð Þ
Tp

� �2 ; ðA:10Þ

D tð Þ ¼
nrefxmax

1 tanh f f tð Þð Þ
Tp

� �
tan jð Þ

Dxmax tan jg tð Þ
Tp

� �
Þ

0
@

1
A

2

þ 1; ðA:11Þ

Eqs. (A.1), (A.3) and (A.9) can then be substituted into Eq. (4) to
yield the SLAC-BIR-4 pulse.

A.4. SLAC-HS pulse envelope equations

The equations required for implementation of the SLAC-HS
pulse used in experiment and simulations are below. Eqs. (A.12),
(A.13) and (A.14) come directly from previously described HS pulse
envelopes [8]. Eq. (A.15) describes the amplitude of the additional
component, derived from Eqs. (A.1) and (A.2) and the reference B1

field weighting factor, nref , to which performance is tuned.

A.5. HS pulse equations

xAd
1 tð Þ ¼ xmax

1 sech b 2t=Tp � 1
� �� � ðA:12Þ

DxAd tð Þ ¼ lb tanh b 2t=Tp � 1
� �� � ðA:13Þ

/Ad tð Þ ¼
Z t

0
DxAd t0ð Þdt0 ðA:14Þ
A.6. Correcting component equations

Eqs. (A.15), (A.16), (A.17) are derived by substituting Eqs. (A.12)
and (A.13) into Eqs. (2) and (5).

xSL
1 tð Þ ¼ N tð Þ

D tð Þ ;where ðA:15Þ

N tð Þ ¼ 2
lTp

xmax
1 sech b

2t
Tp

� �
1� cosech2 b

2t
Tp

� �� �
; ðA:16Þ

D tð Þ ¼
nrefxmax

1 sech b 2t
Tp

� �
lb tanh b 2t

Tp

� �
0
@

1
A

2

þ 1; ðA:17Þ

Eqs. (A.12), (A.14) and (A.15) can then be substituted into Eq. (4)
to yield the SLAC-HS pulse.

A.7. MATLAB code

MATLAB scripts for generation of pulse magnitude and phase
for SLAC-BIR-4 and SLAC-HS pulses can be found at https://github.-
com/edwardmgreen/SLAC.
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