Improving high-field MRI using
parallel excitation

MRI at high magnetic field strengths promises to deliver clearer images of the body’s structure and
function. However, high-field MRI currently faces several substantial engineering challenges before it can
be considered robust and safe enough for routine clinical use. Challenges include increased radiofrequency
(RF) energy deposition that can create unsafe patient heating, large main field inhomogeneities that
prevent functional neuroimaging in the lower brain and inhomogeneous RFs transmit fields that cause
spatially varying image contrast. Patient-tailored multidimensional RF excitation pulses have been proposed
as a means to address many of these challenges. While these pulses show significant promise, their
effectiveness has been severely limited by their long durations. Parallel excitation using multiple RF
transmit coils driven simultaneously is a new technology that has been proposed to reduce multidimensional
pulse durations. Parallel excitation provides an instantaneous spatial encoding mechanism that can be
traded for conventional time-consuming gradient field encoding, and permits multidimensional RF pulses
to be accelerated by several-fold. In general, parallel excitation gives the MRI applications developer
degrees of freedom that can be used for many purposes to enhance the performance of high-field MRI.
This article reviews the hardware and theoretical foundations of parallel excitation, its applications in

high-field MRI and open research problems.
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Promises & challenges of

high-field MRI

MRI at field strengths of 7 Tesla (T) and
higher promises to enhance clinical diagnosis
and enable new medical discoveries via benefits
such as higher signal-to-noise ratio [1], increased
sensitivity and spatial resolution in functional
neuroimaging, increased spectral resolution in
spectroscopic imaging [2], and enhanced mag-
netic susceptibility contrast 3]. However, just as
the benefits grow with field strength, so do the
technical challenges. Increased traveling wave
behavior at high field gives rise to inhomoge-
neous transmit radiofrequency (RF) (B +) fields
and, subsequently, inhomogeneous excitation
angle (or tip angle) patterns, resulting in spa-
tially varying image contrast and even complete
loss of signal [4-6]. Ficure 1A illustrates this with a
typical gradient echo axial brain image collected
at 7T. Despite hand-tuning of the RF coil used
for transmission and reception, owing to B+
inhomogeneity, a bright signal peak appears in
the center of the brain that is twice as intense
as the cortex (profile plotted in Ficure 1B). The
large difference in signal intensity reflects the
large variations in excitation flip angles across
the brain that substantially degrade the diag-
nostic value of such an image. Ficure 1C & D
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illustrate another substantial problem at high
field strengths, that of main field B inhomo-
geneities that cause signal loss near regions of
high susceptibility differences. While suscepti-
bility-weighted imaging and blood oxygenation
level-dependent functional MRI benefit from
enhanced magnetic susceptibility contrast at
high field strengths, the same effect also prevents
their use in lower brain regions where the sus-
ceptibility differences between air in the nasal
cavity and sinuses and adjacent tissues result in
signal loss near the air—tissue boundaries [7].
Ficure 1C shows an image acquired with a blood
oxygenation level-dependent functional MRI
sequence. In that image, a large through-slice B,
gradient above the nasal cavity (Ficure 1D) creates
through-slice phase dispersion and subsequent
signal loss that renders the image unusable for
functional MRI studies involving this area of
the brain. Another significant challenge at high
field is the safety risk posed by increased specific
absorption rate (SAR), which is a measure of RF
heating of biological tissue. SAR increases with
RF imaging frequency, and thus increases with
field strength. The US FDA places limits on the
maximum local and global SAR that can be
deposited into a patient. This currently limits or
prevents many high-field imaging applications.
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Figure 1. Problems in high-field brain imaging. (A) Axial brain image collected at 7T using a gradient echo sequence and a birdcage
coil. (B) Intensity profile through the image’s short axis. Owing to radiofrequency field inhomogeneities, the center of the brain is more
than twice as intense as the cortex. (C) Axial lower brain image collected at 3T using a gradient echo sequence with a long echo time,
such as is used in blood oxygenation level-dependent functional MRI. Magnetic susceptibility effects give rise to large through-slice
magnetic field gradients above the sinuses (D), causing complete signal loss in that region.

a.u.: Arbitrary unit.

(A) Courtesy of Mohammad Khalighi (GE Healthcare, CA, USA). (C & D) 3T images courtesy of Chun-Yu Yip.
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The actual excitation angle produced by an
RF pulse at a given spatial location is propor-
tional to both the B + field and the nominal
excitation angle (which is determined by the
RF pulse) at that location. Conventional 1D
excitation pulses produce uniform nominal
excitation angle patterns, and therefore fail to
produce uniform contrast when excited using
a nonuniform B + field. While novel RF coil
designs can mitigate B, + inhomogeneities to

Imaging Med. (2010) 2(6)

a degree [89], no current coil design is capable
of fully compensating this effect. This is partly
due to the fact that at high field the shape of the
B+ field produced by a given RF coil can vary
significantly between subjects. Thus, in order
to achieve homogeneous excitation angles at
high field, more degrees of freedom are needed
to tailor a nominal excitation angle pattern to
each subject that cancels the inhomogeneous
pattern caused by B + nonuniformity. If the
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B+ field is measured in a given subject, then it
is possible to design RF excitation pulses that
excite compensatory nominal excitation angle
patterns. Because the B+ fields vary in multiple
dimensions, the pulses must produce compensa-
tory patterns that also vary in multiple dimen-
sions, leading to tailored multidimensional RF
pulses [10,11]. In a similar fashion, the through-
slice signal loss problem can be effectively
mitigated using tailored multidimensional
RF pulses that are designed, using measured
B, maps [12,13], to excite a pattern that cancels
the phase dispersion created by through-slice
B, gradients.

However, because multidimensional tailored
RF pulses have historically used gradient fields
to excite one spatial frequency component at a
time, they have required excessively long dura-
tions that severely hamper their efficacy. For
example, the long durations of tailored mul-
tidimensional pulses for B+ homogenization
make them sensitive to B inhomogeneities and
unsuitable for many applications requiring a
uniform excitation angle distribution across a
wide range of resonance frequencies. Similarly,
the long durations of pulses for through-slice
signal loss compensation prevent them from
mitigating signal loss in multiple regions simul-
taneously (13]. Recently, parallel excitation using
an array of localized RF coils driven by unique
RF waveforms has been proposed independently
by Katscher ez a/. (14] and by Zhu [15] as a means
of reducing the duration of, or accelerating,
such RF pulses. While conventional excitation
assumes an RF coil producing a uniform B+
field and deviations from this assumption are
detrimental to image quality, the nonuniformity
of localized coils is actually exploited in parallel
excitation as a spatial encoding mechanism that
permits excitation of a range of spatial frequency
components simultaneously, and can be traded
for gradient encoding to accelerate multidimen-
sional excitation pulses. Parallel excitation is an
exciting technology that promises to address
several problems in high-field MRI.

This article will introduce parallel excitation
from an applications perspective, with a focus
on its application to accelerating patient-tailored
RF pulses for high-field imaging. The next sec-
tion will discuss the hardware required to imple-
ment parallel excitation, and provide an intuitive
understanding of how parallel excitation enables
RF pulse acceleration. Then the applications of
parallel excitation currently under investigation
will be discussed, followed by an overview of
open research problems.
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Multichannel parallel excitation

® Hardware

Accelerating tailored RF pulses using parallel
excitation requires the ability to deliver unique
RF waveforms through a multiple-channel RF
coil array simultaneously. Thus, a parallel excita-
tion system must fully replicate the components
of a single-channel excitation chain to multiple
channels. Ficure 2 shows an example of a parallel
excitation system, which is comprised of four
hardware components: a Medusa spectrometer
console [16], a rack of vector modulator boards
(one per transmit channel), a rack of RF power
amplifiers (one per transmit channel), and a
transmit coil array [17,18]. The Medusa console
functions as a control and logic distribution
center. Prior to imaging, the digital RF pulse
waveforms for each transmit channel are down-
loaded from a PC to the console via a USB con-
nection. At the beginning of a repetition time
(TR) period, the console receives a signal from
the MRI system cabinet, which triggers it to pro-
duce digital RF pulse waveforms and send them
to the vector modulator boards, where they are
converted to analog signals and are applied to
modulate a duplicated carrier/Larmor RF fre-
quency signal from the system cabinet. Using a
duplicated RF carrier frequency signal ensures
that all channels will be in phase at the begin-
ning of each excitation, which is a subtle but crit-
ical feature of a parallel excitation system, and is
one of the major engineering difficulties encoun-
tered in modifying conventional MRI hardware
to perform parallel excitation. The modulated
RF signals are sent to the RF power amplifi-
ers, and the amplified signals are sent to the coil
array. In this system, the transmit coil array is
composed of surface coils with no attempt made
to decouple the coils in hardware, although the
system is capable of digital coil decoupling
using feedback from current sensors placed on
the coils [19,20]. Other transmit coil array designs
have been proposed that decouple the transmit
elements in hardware which simplifies B+ map-
ping and may reduce subject-dependence of the
B+ fields and improve power efficiency [21-24].
It is worth noting that owing to the additional
hardware required for parallel excitation, the
cost of a parallel excitation-enabled MRI system
will likely increase compared with a standard
single-channel system.

B Accelerating tailored RF pulses

Parallel excitation is a spatial encoding mecha-
nism that complements conventional gradient
encoding. Unlike gradient encoding, however,
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Figure 2. A parallel excitation system. The system is comprised of a Medusa console, which handles RF sequencing and distributes
unblanking signals, a rack of vector modulator boards that modulate a common carrier/Larmor frequency signal to simultaneously
produce the unique RF signals for each transmit channel, a rack of RF power amplifiers, and a surface coil array.

RF: Radiofrequency.

Images courtesy of Pascal Stang (Stanford University, CA, USA).

parallel excitation encoding occurs simultane-
ously across a range of spatial frequencies, allow-
ing one to trade gradient encoding for paral-
lel excitation encoding to reduce the duration
of multidimensional excitation pulses. Ficure 3
illustrates this concept through a simplified 1D
example of a small-tip-angle excitation. When
an RF pulse excites small-tip angles, the spatial
tip angle pattern is approximately the Fourier
transform of the pulse, evaluated along an exci-
tation k-space trajectory defined by the gradient
waveforms [25]. The top row of Ficure 3 illustrates
an unaccelerated single-channel excitation. As
the pulse is played out, the gradients move the
coil’s k-space point spread function (equal to the
Fourier transform of its B,+ map) along the exci-
tation k-space trajectory, and the point spread
function weights each visited k-space location. In
Ficure 3, the filled-in circles denote weighted loca-
tions as the k-space point spread function moves
from left to right, while the empty circles denote
locations where weighting has yet to occur. In
this example, the unaccelerated RF pulse creates
a sinc-shaped weighting of excitation k-space,
corresponding to a rectangular profile in the
image domain.

The duration of an RF pulse can be reduced
by decimating the set of locations visited by
the excitation k-space trajectory. In multi-
dimensional parallel excitation, the decimation

increases the gaps between visited locations in
excitation k-space. As is shown in the second
row of Ficure 3, while decimating the visited loca-
tions reduces the pulse duration, a single coil
acting in isolation cannot weight the unvisited
locations, resulting in undesirable aliasing of the
nominal excitation pattern in the image domain.
However, it is possible to create the target
weighting pattern using multiple coils possess-
ing k-space point spread functions that are broad
in the decimated dimension, and will therefore
simultaneously weight a neighborhood of loca-
tions around each visited location. Given a priori
knowledge of the coils’ unique, linearly inde-
pendent k-space point spread functions, one can
design a set of pulses to create an arbitrary excita-
tion k-space weighting. This is illustrated in the
last two rows of Ficure 3. When excited simultane-
ously, the excitation k-space weighting generated
by the two coils sum, resulting in an alias-free
image domain pattern excited with half the pulse
duration of the single-channel excitation.

In summary, parallel excitation complements
gradient encoding by enabling the controlled
weighting of a full set of excitation k-space loca-
tions, including locations not visited by the exci-
tation k-space trajectory. Since parallel excita-
tion encoding simultaneously weights a swath
of spatial frequencies, gradient encoding can be
traded for parallel excitation encoding to reduce
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the duration of a multidimensional pulse. Given
perfect linear independence between the coils’
point spread functions, one can reduce pulse
duration by a factor equal to the number of
coils. Perfect linear independence is impossible
in practice, and pulses are typically accelerated
by a smaller factor such as by half the number
of transmit coils.

Ficure 4 shows three multidimensional excita-
tion k-space trajectories that have been used in
parallel excitation. The spiral-in trajectory shown
in Ficure 4A is the most commonly used trajec-
tory for 2D pulses, owing mainly to its relatively
short duration (usually between 2 and 10 ms)
and its ability to fully exploit the 2D accelera-
tion afforded by cylindrical transmit arrays. A
spiral pulse is accelerated by reducing the num-
ber of arcs in the trajectory and increasing the
gaps between arcs. The echo-planar trajectory in
Ficure 4B is useful when a sharp profile is desired
in the fast dimension (), and a smooth profile is
acceptable in the phase-encoded dimension (£).
It is well-suited to linear arrays in which the cotls
are laid out along the phase-encoded dimension,
so that the pulse can be accelerated by reducing
the number of phase encoding steps in k. The
1D example of RF pulse acceleration in Ficure 3
corresponds to the phase-encoded dimension of
an echo-planar pulse. Echo-planar trajectories

Improving high-field MRI using parallel excitation

used in excitation are generally longer in dura-
tion than spirals, usually between 8 and 20 ms.
[llustrated in Ficure 4C, 3D spokes trajectories
sample the £ -dimension densely, and the £ and
k_dimensions sparsely. Their duration is con-
trolled by limiting the number of phase encod-
ing locations visited in the £ — £ plane, and are
well suited for B+ and B, shimming applica-
tions in which a sharp slice profile is desired in
z, but the transmit array can perform most of the
spatial encoding in x and y. Spokes trajectories
are also referred to as fast—/e‘Z trajectories, echo-
volumar trajectories, and rungs trajectories, and
are usually between 3 and 15 ms in duration.

Tailored parallel

excitation applications

B Transmit RF field (B,+) shimming

The goal of B + shimming using tailored parallel
excitation is to excite a homogeneous flip angle
pattern throughout a target slice (or slab, in 3D
imaging). 3D spokes excitation k-space trajecto-
ries (Freure 4C) are well suited to this application,
because they achieve high resolution in the slice
dimension where a thin slice profile is desired,
and low resolution in the in-plane dimension,
where the target pattern varies slowly and the lim-
ited spatial encoding achieved by the trajectory
is complemented by the transmit array. Spokes
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Figure 3. lllustration of radiofrequency pulse acceleration using parallel excitation. In conventional MRI, a single channel is used
for excitation. This coil’s narrow k-space point spread function only weights locations visited by the excitation k-space trajectory. When
such a pulse is accelerated by increasing the distance between visited k-space locations, gaps in the deposited weighting profile cause
undesirable aliasing of the excited image-domain pattern. Parallel excitation can remove aliasing artefacts, because coils in a transmit
array possess broad, linearly independent k-space point spread functions that allow controlled weighting both at the visited locations and
in the gaps.

RF: Radiofrequency.
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Figure 4. Multidimensional k-space trajectories used in parallel excitation. (A) Spiral-in
trajectories can be accelerated in both k_and ky, by reducing the number of arcs in the trajectory and
increasing the gaps between arcs. (B) Echo-planar trajectories are well-suited to creating sharp
excitation profiles in the fast dimension (k ) and smooth profiles in the phase-encoded dimension (ky).
They are accelerated by reducing the number of phase-encoding steps in ky. (C) 3D spokes
trajectories sample the k -dimension densely to produce a sharp slice profile, and the k, and
dimensions sparsely to produce low-resolution patterns in those dimensions.

pulses for B + shimming were first proposed for
application in the brain at 3T using single chan-
nel transmit [10], where it was shown that a very
effective B + shim can be achieved by exciting an
inverse Gaussian pattern in the slice plane that
approximately cancels the center brightening
effect, resulting in a reported 66% reduction in
image nonuniformity. Parallel spokes excitation
was first demonstrated at 3T by Setsompop ez al.
26]. Ficure 5 demonstrates the improved flip angle
homogeneity achieved by parallel spokes pulses
at 7'T. Fioure 5A & B compare iz vivo flip angle maps
produced by a birdcage coil driven in approxi-
mate quadrature mode against five-spoke pulses
(6 ms duration) driven independently on the
in-phase and quadrature channels of the same
coil on a GE 77T scanner. The five-spoke pulses
produce smoother excitation angle maps with
a significantly narrower distribution than the
quadrature excitation. Ficure 5C compares 772 vivo
images collected on a Siemens 77T scanner using
a birdcage excitation, 16-channel RF shimming
(equivalent to one-spoke parallel excitation) and
16-channel parallel two-spoke pulses (2.29 ms
duration) [27]. Reduction in image intensity
variations and more uniform contrast is easily
appreciated for the two-spoke parallel excitation
pulses; measured excitation angle maps reflected
more than a 50% decrease in the spoke pulses’
excitation angle standard deviation, compared
with birdcage excitation.

Spokes pulses are typically designed by assum-
ing that the B + field is constant through the
excited slice, which allows them to be designed
efficiently in a separable manner. First, a slice-
selective subpulse (e.g., a sinc or Shinnar-Le
Roux pulse [28]) is designed. Then the weights
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for each £ — k location for each coil are designed
using a standard parallel excitation pulse design
method [29], and are applied to the subpulses.
Because the spokes trajectory only visits a small
number of £ — £ locations near zero frequency,
the size of the numerical problem to determine
the weights is rather small, so the pulses can be
designed very quickly compared with other types
of parallel excitation pulses.

Because spokes pulses are comprised of a train
of slice-selective subpulses similar to spectral-
spatial pulses (30], they tend to be spectrally selec-
tive, which can result in significant excitation
angle inhomogeneity at off-resonant frequencies,
even if a map of B inhomogeneities is included
in the pulse design. For example, in practice this
would be particularly problematic for non-fat-
suppressed sequences, since the resulting images
would contain spatially varying fat/water con-
trast. However, the effect can be mitigated by
explicitly designing the spokes pulses to produce
homogeneous excitation angle patterns across a
range of frequencies, at the expense of increased
inhomogeneity on resonance. Kerr ez al. intro-
duced dual-band water—fat excitation pulses,
and showed that spokes pulses designed simul-
taneously for both water and fat frequencies are
still highly effective in mitigating excitation
angle inhomogeneity in the pelvis at 3T [31.
Conversely, Malik ez al. proposed a method
using parallel excitation to improve the perfor-
mance of water-selective spectral-spatial pulses in
inhomogeneous B, fields, for fat suppression [32].
Setsompop ez al. have also demonstrated spokes
pulses designed to produce uniform excitation
angle patterns across a 2 ppm chemical shift
range, for use in chemical shift imaging [33].

future science group



Improving high-field MRI using parallel excitation

A Birdcage excitation Five-spoke parallel excitation B 1000
mmm Birdcage excitation
Five-spoke parallel excitation
800
>
Q
g 600
>
o
D
LL
400
200
0
20 28 36 44 52 60
Excitation angle (°)
C Birdcage excitation RF shimming Two-spoke parallel excitation

Subject 1

Subject 2

Figure 5. B+ homogenization in the brain at 7T with parallel excitation. (A) Axial excitation angle maps measured using a
hand-tuned ‘quadrature’ birdcage coil excitation, and two-channel parallel excitation on a 3D spokes trajectory. The birdcage coil mode
excited a pattern with a large central peak, while a much more uniform pattern was obtained using parallel excitation. (B) The excitation
angle histogram of both maps shows that parallel excitation dramatically reduced the excitation angle variance, which will result in more
uniform image contrast over the whole slice. (C) A comparison of birdcage coil excitation, 16-channel RF shimming and 16-channel
two-spoke parallel excitation in two volunteers. The gradient echo images obtained with parallel spokes excitation are significantly more
homogeneous than the other two excitation types.

RF: Radiofrequency.

Flip angle maps in (A & B) courtesy of Mohammad Khalighi (GE Healthcare, CA, USA). Images in (C) courtesy of Kawin Setsompop
(Massachusetts Institute of Technology, MA, USA).
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It should be noted that methods for B +
shimming using one-spoke parallel excitation
have come to be known collectively as RF shim-
ming (834-38]. In these methods the same RF
pulse shape is used for each transmit channel,
but the phase and amplitude of each channel’s
pulse is adjusted to optimize B + homogeneity
and in some instances SAR [38]. While RF shim-
ming does not exploit the temporal degrees of
freedom available in fully channel-independent
parallel excitation, it greatly simplifies the pulse
design, hardware, and SAR prediction for paral-
lel excitation. Given a sufficient number of trans-
mit coils, RF shimming has been demonstrated
to deliver good B+ homogeneity at high field,
particularly in the brain.

B Through-slice signal

loss compensation

The goal of RF-based approaches to through-
slice signal loss compensation is to excite a
through-slice phase pattern equal to the nega-
tive of the phase accrued between excitation and
signal collection. Because the excited phase pat-
tern cancels the accrued phase pattern, all spins
in the slice dimension are in phase when the
signal is measured, so they add constructively
and no signal is lost.

Two classes of RE-based approaches have been
proposed. In one, maps of B, inhomogeneities
are measured on multiple, thinner slices within
the target slice for compensation, and these maps
are used to design a 3D pulse (e.g., using a spokes
k-space trajectory) that excites the target nega-
tive phase pattern [12,13]. The extension of this
technique to parallel excitation is straightfor-
ward, and requires the additional measurement
of B+ maps. Fieure 6A illustrates the improvement
in performance that parallel excitation brings to
this method. In that simulated example, eight-
channel parallel excitation was used to increase
the in-plane spatial resolution of the pulse by a
factor of three, while reducing the pulse dura-
tion by 20%. This enabled the simultaneous
compensation of the three large regions of sig-
nal loss that plague inferior brain slices, whereas
single-channel excitation is generally capable of
compensating only one.

However, the first approach’s B inhomo-
geneity mapping requirement, as well as the
required patient-specific pulse design, moti-
vated a second RF-based approach that does not
have these requirements. The second approach
makes use of the observation that the magnitude
of the through-slice gradient is approximately
proportional to the mean B, (or equivalently

Imaging Med. (2010) 2(6)

frequency) offset in the slice, with a constant of
proportionality that is largely subject- and slice
location-invariant [39]. Based on this relationship
a 2D negative phase target excitation pattern is
defined in the frequency and slice dimensions,
and a spectral-spatial RF pulse [30] is designed
to excite the pattern. Recently, a technique has
been proposed that combines this method and
B + homogenization using parallel excitation, to
form a 4D spectral-spatial excitation that simul-
taneously compensates through-slice signal loss
and B+ inhomogeneities [40]. In that method,
a short spokes subpulse designed to produce
uniform flip angles across the slice is repeated
with weightings designed to achieve the same
target negative phase pattern as in the single
channel method. In a multisubject evaluation
of the method at 3T, the authors reported an
average 90% signal recovery above the sinuses
and a 20% reduction in image inhomogeneity.
Ficure 6B shows a representative result from that
study; recovery of signal above the sinuses, as
well as image intensity homogenization in mul-
tiple locations is apparent. In this particular
example, B + maps were measured on a phantom
and the pulse was designed prior to scanning the
human subject. The promising results obtained
in spite of potential B+ miscalibration demon-
strate that the method may be effective without
collecting B+ maps for each subject.

B Restricted field-of-view imaging

& spectroscopic localization

The goal of restricted (or reduced) field-of-view
(rFOV) imaging is to produce an unaliased
image of a volume of spins that is shrunk in one
or more of the dimensions resolved by the imag-
ing readout, so that shorter readouts can be used
along the restricted dimensions [41]. Such tech-
niques have been proposed for dynamic imag-
ing scenarios such as cardiac [42], interventional
and functional MRI [43], as well as diffusion
MRI [44], where they can improve frame rates,
increase achievable image resolution and reduce
artifacts caused by motion and field inhomo-
geneities. Spectroscopic localization is a related
problem, in which the goal is to restrict the spa-
tial volume of spins to a single voxel, so that only
the spectral dimension need be resolved by the
signal readout [45).

Radiofrequency excitation can be used to
restrict an imaging FOV in two ways: either
the spin signals outside the desired imaging vol-
ume can be suppressed through consecutive RF
excitation and gradient dephasing (a technique
known as saturation), followed by a standard
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excitation pulse and an rFOV readout, or a mul-
tidimensional excitation scheme can be used to
excite only spins within the reduced imaging
FOV in the first place, followed directly by an
rFOV readout. Owing to the long pulse durations
required for multidimensional excitation-based
rFOV imaging, as well as their susceptibility to
B, inhomogeneities and gradient system imper-
fections [46], saturation techniques have histori-
cally been favored for rFOV imaging. However,
saturation can degrade imaging frame rates, par-
ticularly when a saturation module (comprised
of a single RF and gradient dephaser pair) must
be repeatedly applied in multiple dimensions, or
when B + inhomogeneities require the repeated
application of saturation modules to achieve
acceptable signal suppression. Furthermore,
since no excitation pulse of finite duration can
excite exactly zero excitation angles outside of a
target saturation region, saturation techniques
partially suppress the signal within the rFOV.
They also preclude the interleaved imaging of
multiple adjacent restricted volumes, since the
signals in one volume are suppressed by the
saturation pulses for the other.

The performance of multidimensional excita-
tion-based rFOV techniques can be substantially
improved by combining them with parallel exci-
tation to reduce pulse duration, and with gradi-
ent measurement techniques to eliminate errors
caused by gradient imperfections. Ullmann ez al.
first demonstrated rFOV imaging with spiral
parallel excitation in a biological sample in a
4.7 T animal scanner [47], where it was shown
that an accurate excitation with reduced sensitiv-
ity to B, inhomogeneity and no visible aliasing
in rFOV images could be achieved on a three
channel transmit array with acceleration factor
of two (leading to a pulse duration of 3.5 ms). It
was later demonstrated by that group and oth-
ers that designing rFOV parallel RF pulses on
measured excitation gradient waveforms further
improves excitation accuracy [48.49]. While gradi-
ent waveform measurement using conventional
imaging-based techniques can be time con-
suming, recent advances in NMR probe-based
gradient measurement may result in insignifi-
cant measurement times, compared with other
pre-scan procedures currently performed [s0].
Ficure 7 illustrates an application of parallel exci-
tation to rFOV excitation. In this example, a 2x
accelerated spiral pulse (excitation field of view
6 cm, 3.25 ms duration) was designed for a four-
channel transmit array (the parallel excitation
hardware described in the ‘Hardware’ section),
to excite a 4 x 4 cm square region of flip angle
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A 1D slice-selective 3D tailored RF

3D tailored RF
+ parallel excitation

B 1D slice-selective

4D parallel excitation

Figure 6. Improved through-slice B, gradient compensation in the brain
with parallel excitation. (A) In a simulated inferior axial slice at 3T, three large
signal dropouts appear above the sinuses and ear canals with conventional
slice-selective excitation (left image, arrows). While standard single-channel 3D
tailored RF excitation is effective in compensating a single region of signal loss, it is
unable to compensate the three regions present in this slice (middle image). Parallel
excitation enables the excitation of a more sophisticated spatial pattern that
compensates all three regions of signal loss (right image). (B) 4D spectral-spatial
parallel excitation can compensate through-slice B, and in-plane B, +
inhomogeneities to a large degree, without measuring B,+ or B, maps on a

per-subject basis.
RF: Radiofrequency.

Images in (B) courtesy of V Andrew Stenger (University of Hawaii, HI, USA).

15° (Ficure 74). Prior to pulse design, the excitation
gradient waveforms were measured using the
Duyn method [s1], and pulses were designed on
the measured trajectory. The pulse design algo-
rithm permitted the specification of flip angle
error levels inside and outside the square, which
were specified to be four-times lower outside,
minimizing the amount of signal that would
be aliased into the square region in an rFOV
acquisition [52]. Freure 7B & C show that while the
individual coils excite patterns with significant
flip angles outside the square, when transmitted
simultaneously the out-of-square signals cancel,
and only the target square remains.

To date, the majority of research in rFOV
imaging with parallel excitation has focused on
2D excitation pulses. However, unless a 2D par-
allel rFOV pulse performs slice selection in one
of its dimensions, imaging the magnetization it
excites requires either a 3D imaging readout, a
slice-selective spin echo pulse, or some form of
out-of-slice saturation to restrict signal to the
slice for which the rFOV pulse was designed.
All these approaches severely restrict multislice
or multivolume imaging, since magnetization
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y (cm)

-6 X (cm) 6

Figure 7. Restricted field of view excitation using a four channel transmit
array and a 2x accelerated spiral pulse. (A) Target pattern. The white region
depicts the region where zero excitation is desired, while a 15° excitation angle is
desired in the 4 cm? gray region. (B) When excited in isolation, the individual
channels produce large excitation angles in the zero excitation region, but when
excited simultaneously as shown in (C) these signals cancel, and only the target

square pattern remains.
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outside the target slice is saturated by the rTFOV
pulse. Recently, Schneider ez /. have demon-
strated a novel class of 3D excitation pulses
capable of restricting the excited volume in three
spatial dimensions (53]. The pulses use a ‘shells’
trajectory comprised of concentric spheres, that
was demonstrated to be capable of encoding a
6.4 cm field of view with 4 mm resolution in
three dimensions in 5 ms. Combined with an
eight-channel transmit array and a fast head gra-
dient system, these pulses could provide excellent
spectroscopic localization in the human brain.

In summary, the performance enhancements
afforded by parallel excitation with measured
gradients make multidimensional excitation
techniques an attractive choice for rFOV imag-
ing, and may lead to more widespread use of
rFOV methods. Continuing research in this area
focuses largely on the need for methods to design
large-tip-angle multidimensional pulses that are
required to generate spin echoes [s4-57], and on
the need for novel excitation gradient trajectories
that simultaneously provide high spatial selec-
tivity, low sensitivity to off-resonance and wide
spectral bandwidths.

Emerging applications

B Transmit array encoding

Prior to the emergence of parallel excitation,
image signal encoding using RF excitation had
been proposed to alleviate some of the draw-
backs to gradient encoding, including periph-
eral nerve stimulation, eddy current effects
and acoustic noise. RF encoding could be per-
formed by constructing coils with a linear B+
variation through an object, and incrementing
hard pulse excitations to induce sinusoidal signal
magnitude modulations that can be converted

Imaging Med. (2010) 2(6)

to phase modulation using a 90° pulse (s8], or
via specialized RF transmit arrays capable of
exciting magnetization with linear spatial phase
patterns [59], or via pulses that spatially encode
signal in a non-Fourier domain, such as a wavelet
domain (60]. However, owing to several issues
including limits in achievable spatial resolution,
high SAR and long imaging times required to
minimize artifacts due to irregular 7; relax-
ation when encoding pulses excite different flip
angle patterns in each acquisition period, these
methods have not emerged into common use
(although the method in [59) does not suffer some
of these drawbacks and is currently under heavy
development). However, the additional degrees
of freedom provided by parallel transmit arrays
has created renewed interest in this area, and
various methods for RF signal encoding using
parallel excitation have been proposed.

One class of proposed parallel RF encoding
methods uses different linear combinations of
RF coils to create spatially varying phase pat-
terns that either replace gradient encoding [61]
or complement it [62]. Implementation of these
approaches amounts to measuring B + maps,
determining a set of RF shims (i.e., one-spoke
B+ shimming pulses) with different spatial
phase patterns, acquiring image data with each
RF shim, and reconstructing the images given
knowledge of the phase patterns. Katscher ez a/.
showed that it is possible to use a parallel trans-
mit array in this way to acquire low-resolution
images with no gradient encoding [61]; it may be
possible to increase resolution using denser coil
arrays with more channels. Furthermore, they
showed that it was possible to synthesize a large
set of usable phase encoding functions while
constraining the maximum excitation angle
deviation in each function. The ability to create
such an encoding set is important if such excita-
tions are to be used in fast or 7,-weighted imag-
ing sequences where irregular 7, relaxation due
to large flip angle deviations will result in image
artifacts. Usman ez al. (62 have proposed the use
of similar phase encoding RF shims to comple-
ment gradient encoding in compressed sensing
acquisitions [63]. In that scheme, RF encoding
is used to create small random shifts in k-space
in concert with uniformly incremented gradient
phase encoding steps, avoiding eddy current arti-
facts that accompany nonuniformly incremented
gradient phase encoding. However, it may not
be necessary to restrict the set of excited phase
patterns to linear functions; RF encoding can
also be used to excite nonlinear phase patterns
that may further enhance compressed sensing
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performance [62). Currently, however, the degree
of excitation angle uniformity between subse-
quent excitations required to produce accept-
able image quality in practice is not known,
and rather large variations may be acceptable. If
this is the case then another, simpler type of RF
encoding method may be feasible, that aims not
to replace gradient encoding but to reduce the
impact of B,+ inhomogeneity, without requiring
B+ mapping or multidimensional excitation [64].
In this method, multiple undersampled datasets
are acquired in an interleaved fashion using dif-
ferent coil array modes for excitation, which are
equivalent to one-spoke parallel excitation pulses
with uniform magnitudes and different phase
increments between adjacent coils. Because it
can be expected that different coil modes will
have signal dropouts in different locations, a
combination of the images produced by mul-
tiple modes is likely to be more homogeneous
than any single mode’s image. Undersampling
the acquisition avoids the temporal penalty of
acquiring an image for each mode, and a com-
bined image can be reconstructed using the
GRAPPA parallel imaging technique [65), where
the modes are effectively treated as elements in a
receive coil array. Experimental demonstrations
of the method showed that brain and abdominal
images could be acquired at 7T with no signal
dropouts [64].

B Eliminating induced currents in
embedded wires

Embedded metal wires such as guidewires, car-
diac pacemaker leads and deep brain stimulator
leads pose a significant safety hazard in the MRI
environment. This is because the transmitting
RF field can couple to these wires, inducing cur-
rents that cause burns. While many MR-safe
designs of such wires have been proposed, in
general the ability to safely scan around arbi-
trary wires is desirable. Recently, an approach
to safe MRI in the presence of long conduct-
ing wires using parallel excitation has been pro-
posed [66,67]. The idea is to exploit the additional
degrees of freedom provided by a transmit array
to produce a B+ field that at the same time is
usable for imaging, and does not couple signifi-
cant current to a given wire. The wire would be
effectively treated as an element of the trans-
mit array, and the goal would be to decouple
it from the other elements of the array. Initial
investigations showed that measurements from
a current sensor placed on the wire can be used
to distinguish coil array modes that couple to the
wire from modes that do not (and can therefore
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be safely used for excitation). B + mapping was
used as validation of the approach, since cur-
rent coupled to a wire appears as a sharp distur-
bance in otherwise smooth B + maps. Indeed, in
imaging slices coinciding with the current sensor
measurements, B,+ maps of the coupling modes
contained a wire artifact, while maps of the non-
coupling modes contained no visible artifact.
While it may be feasible in practice to place cur-
rent sensors on guidewires used in image-guided
interventions, this approach is not feasible for
measuring currents induced in wires that reside
entirely in the body, such as pacemaker and
stimulator leads. For fully embedded wires, it
has been shown that B + mapping can be used
in place of current sensor measurements. Finally,
it has also been demonstrated that because a
guidewire will still couple to the receive coil,
this technique does not diminish the visibility
of a guidewire, which is desirable to the inter-
ventionalist. While the impact of this work may
be largest at low field strengths for image-guided
interventions, it may also enable safe cardiac and
neuroimaging in people with pacemakers and
brain stimulators at high field strengths.

B Nonlinear gradients
& parallel excitation
Conventional MRI uses linear gradient fields
for spatial encoding that create a linear map-
ping of location to signal frequency, so that a
Fourier transform of the received signal unam-
biguously resolves the spatial signal distribution.
Linear fields convey several advantages, includ-
ing constant resolution across an object, simple
image reconstruction, and isotropic parameter
(e.g., diffusion) encoding. However, the large
magnetic fields created by linear gradient coils
outside their linear region can be quite large; as
a consequence, concerns over peripheral nerve
stimulation are currently a limiting factor in
improving gradient performance. As an alter-
native, nonbijective gradient encoding has been
proposed in which nonlinear gradient fields that
do not provide an unambiguous spatial map-
ping are used in concert with parallel imaging
to resolve spatial ambiguities (68]. Since the peak
gradient field magnitude of nonbijective gradi-
ents can be located much closer to the object, for
a given maximum spatial resolution nonbijective
gradients present significantly less risk of periph-
eral nerve stimulation, permitting faster gradient
switching and shorter signal readouts.
Recently, the combination of parallel excita-
tion and nonbijective gradients has also been
proposed [69], where nonbijective gradients
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Target pattern

Linear encoding fields

permit either the excitation of higher resolu-
tion patterns near the object’s periphery for a
fixed pulse length, or shorter pulse lengths for a
given maximum spatial resolution. Just as paral-
lel imaging is required to resolve spatial ambi-
guities in image reception using nonbijective
gradients [68], parallel excitation is required to
suppress aliasing in excited patterns when using
nonbijective gradients. Ficure 8 compares the
performance of parallel excitation using linear
gradient fields and PatLoc nonbijective gradient
fields in large-tip-angle parallel excitation [70],
and shows that for the same pulse duration and
peak gradient field within the object, the pat-
tern produced with nonbijective gradients has a
significantly higher spatial resolution than that
produced with linear gradients.

Open problems

B Transmit RF field (B,+) mapping
Conventional parallel excitation requires B,+
maps to be measured for each coil in the trans-
mit array. In the context of the parallel excita-
tion illustration in Ficure 3, the B, + maps are the
Fourier transforms of the coils’ k-space point
spread functions, which must be known in order
to determine how to tailor each coil’s k-space
weighting, or equivalently its RF pulse. Many
methods for B+ mapping existed prior to the
emergence of parallel excitation; however, par-
allel excitation has generated a renewed interest
in the topic.

Because B,+ map measurement will become
part of the prescan procedure in an acquisi-
tion using parallel transmit, recent work has
focused mainly on reducing acquisition time.
For example, an accelerated version of the classic
‘double angle’ method has been proposed (71,721,
in which a train of adiabatic saturation pulses

PatLoc encoding fields

Figure 8. Simulation of large-tip-angle parallel excitation in combination
with nonbijective PatLoc encoding fields. (A) The target excitation pattern
covers gray matter in the posterior of the brain. (B & C) For the same pulse length
and peak gradient magnitude in the object, PatLoc encoding fields provide
significantly higher spatial resolution in the periphery of the brain, with the same
risk of peripheral nerve stimulation.

Courtesy of Martin Haas (University Hospital Freiburg, Germany).
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are played at the end of each TR that reset the
signal and eliminate the double angle method’s
strong sensitivity to 7;, which had previously
required the use of TRs of up to several seconds.
Using this technique in combination with fast
spiral imaging, the authors reported a scan time
of 3 s per coil in one slice, or 24 s for an entire
eight-channel head array, corresponding to more
than an order of magnitude acceleration over the
standard method. Entirely new approaches to
B + mapping have also been developed, such as a
method that exploits a phenomenon familiar to
NMR researchers known as the ‘Bloch—Siegert
shift’ in which an RF pulse played far off-
resonance induces a phase shift in on-resonant
spins [73]. The method’s insensitivity to long Ts
and B, offsets make it robust and fast. A compar-
ison of the Bloch-Siegert B+ mapping method
to the double angle method is shown in Ficure 9.
In this scenario, the Bloch-Siegert method was
50-times faster than the double angle method,
and produced a map that did not contain the
T -induced errors that manifested as large B+
values in the fluid around the knee in the double
angle map. In addition to innovative imaging
sequences to directly accelerate B+ mapping,
methods have also been developed that improve
robustness for a given B+ measurement time,
thereby improving the quality of rapidly acquired
B + maps. For example, one can synthesize a set
of virtual coils with a tighter distribution of B+
values, compared with the physical coil’s B+
maps [74]. A tighter distribution of B+ values
reduces noise sensitivity and permits additional
optimization of mapping sequences. Accelerating
B + mapping using compressed sensing has also
been proposed [75]. In that method, B+ maps
are reconstructed from undersampled data by
incorporating the a priori knowledge that the
B + maps will be spatially smooth into the recon-
struction algorithm, and it was reported that an
accurate map could be measured using only 40%
of a fully sampled dataset.

Ultimately, the degree to which B+ mapping
can be accelerated will depend on the pulse
being designed. For example, pulses with high-
resolution excitation k-space trajectories, such
as spiral and echo-planar excitations for rTFOV
imaging, will require B + maps at a higher reso-
lution and with lower error than low-resolution
pulses using spokes trajectories. Some applica-
tions may even tolerate a moderate amount of
B+ measurement bias such as may be introduced
by incomplete 7] relaxation, permitting further
acceleration. While a significant research effort
has been invested in accelerating B,+ mapping,
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some researchers have also sought to obviate it,
through alternative pulse design methods that
do not require B+ maps [76], and coil designs
that are insensitive to patient loading, so that B+
maps need not be measured for each patient [23].

B SAR prediction & control

The safety concern posed by increased SAR at
high main field strengths, as well as the increas-
ing complexity of predicting and managing i,
is a significant roadblock to high-field MRI.
Predicting local and global SAR requires knowl-
edge of both the tissue conductivity and the elec-
tric fields accompanying each coil’s RF transmit
magnetic fields in the subject. In parallel exci-
tation, if the patient conductivity and electric
fields were known a priori, limits on the peak
local and global SAR could be incorporated into
RF pulse design, and multidimensional parallel
excitation pulses could even reduce SAR com-
pared with conventional excitations [15,77]. For
example, in a multidimensional parallel pulse
design the extra degrees of freedom provided by
parallel excitation could be used to minimize
SAR, rather than to accelerate the pulse. To illus-
trate this concept, in the unaccelerated excitation
of a 2D pattern such as a square, coils distant to
the square could be switched off to minimize
SAR, and only coils close to the square could be
used for excitation. It has been shown that SAR
increases approximately linearly with pulse accel-
eration [77.78]; roughly speaking, if the example
square excitation pulse were accelerated, then
coils distant to the square would be switched on
and used to cancel aliased excitation created by
the coils close to the square, increasing the total
power deposition. SAR could also be controlled
in pulse design by adjusting the rate at which
the excitation k-space trajectory is traversed,
using an extension of the SAR-reducing vari-
able rate selective excitation technique to parallel
excitation [79].

Unfortunately, while the transmit RF mag-
netic field can be (partially) directly measured
using MRI, the accompanying electric field, con-
ductivity and tissue density that determine SAR
cannot. While at low field strengths (1.5T and
below) quasi-static electric field approximations
provide SAR predictions that are largely patient-
independent, the shortened RF wavelength at
high fields (approximately 14 cm at 7T) leads
to large variations in the electric field patterns
between subjects. Recently, a method for esti-
mating electric field and conductivity maps
have been proposed that uses (measurable) B+
fields as input [80]. As is illustrated in Ficure 10, by
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Figure 9. Accelerated B, mapping using the Bloch-Siegert shift. (A) 3T

sagittal knee image. (B) B, map measured using the double angle method with a
scan time of 21.3 min. (C) B, map measured using the Bloch-Siegert shift with a
scan time of 25.6 s (50x faster).

making some assumptions regarding the receive
magpnetic field and the z-component of the trans-
mit RF magnetic field (which is currently not
measurable using MRI), the authors demon-
strated good correspondence between electric
field maps measured in a phantom experiment
and in a simulation of that experiment.

B Pulse design

Initial demonstrations of parallel excitation
focused on the acceleration of 2D small-tip
excitation pulses: Katscher ez al. presented an
accelerated spiral excitation [14], while Zhu pre-
sented an accelerated echo-planar excitation [15].
Accompanying these two demonstrations were
two different small-tip parallel pulse design
algorithms: Katscher ez 4/. introduced a k-space
domain method suitable for non-Cartesian
pulses, while Zhu introduced a spatial-domain
method tailored to an echo-planar trajectory.
Later, another spatial domain method general-
ized to arbitrary trajectories was introduced [29],
and since then, most new small-tip pulse design
algorithms have been based on this approach.
However, there are many open problems in
parallel excitation pulse design.

One significant challenge in parallel exci-
tation pulse design is computational speed.
Once B,+ maps are measured, parallel excita-
tion pulses must be designed while the patient
lies in the scanner. In multislice studies, prior
to imaging a distinct set of pulses may need to
be designed for each slice, as well as for mul-
tiple excitations (e.g., the 90° and 180° pulses
in a spin echo sequence). Ideally, all pulses for
a study could be designed in under a minute.
Currently, however, to avoid large matrix inver-
sions, most pulse design algorithms are iterative,
and can take up to several minutes to arrive at a
solution. Parallel excitation pulse design usually
involves the solution of an overdetermined set
of linear equations, which can be quite large,
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Figure 10. Experimental validation of electric field mapping via B,+ mapping. (A) The experimental and simulation setup
comprised a bi-cylindrical phantom with different electric conductivities placed in a (64 MHz/1.5T) birdcage coil. (B) Good correlation
between estimated and simulated electric field components is observed, indicating that it may be possible to measure these fields in vivo
and use them to predict specific absorption rate and design specific absorption rate-constrained parallel excitation pulses.

Figures courtesy of Ulrich Katscher (Philips Research, Aachen, Germany).
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especially for 3D pulse design. A typical 2D
pulse design problem has a spatial dimension in
the order of several thousand locations and a few
thousand design variables; a typical 3D design
will have a spatial dimension in the tens of thou-
sands and a few thousand design variables. In
the small-tip angle regime, in the absence of
time-dependent effects such as off-resonance
and exponential signal decay, nonuniform fast
Fourier transforms (NUFFTs) [81] can be used
to rapidly evaluate the pattern excited by the
pulse at a given iteration; time- or frequency-
segmentation approaches can be used together
with NUFFTs to incorporate time-dependent
effects with a moderate increase in computa-
tion time [13]. Further acceleration of small-
tip designs has been achieved by recasting the
design problem so that the Hessian matrix is
Toeplitz and can be evaluated using standard
FFTs (to replace NUFFTs, which require an
additional gridding operation), which acceler-
ates iterative pulse design by a factor of two [82].
It has also been proposed to design pulses using
graphics processing units to finely parallelize
the matrix-vector multiplications used in itera-
tive algorithms, and approximately one order of
magnitude reduction in small-tip pulse design
time has been reported using this approach [s3].
In addition to parallelization, pulse design might
be accelerated via preconditioning, initializ-
ing design iterations with previously designed
pulses for a similar problem, varying the reso-
lution of the spatial design grid, and param-
eterizing pulses (e.g., using spline functions).
Unfortunately, in the large-tip-angle regime
the Fourier relationship between a pulse and its
excited pattern does not hold, and as a result
large-tip-angle pulse design typically requires
an order of magnitude or more compute time,
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even when accelerated via approximations that
do allow the use of NUFFTs to compute search
directions [54,57].

Another significant challenge is the design of
large-tip-angle pulses, which is made difficult by
the nonlinearity of the spin system’s response
to large-tip-angle RF pulses. As a consequence,
in contrast to the linear small-tip-angle case it
is difficult to develop a large-tip-angle pulse
design algorithm that can be relied upon to
always converge to an optimal solution. While
the Shinnar-Le Roux algorithm can be used
to robustly design optimal 1D single-channel
pulses [28], no method currently extends this
ability to parallel or even general multidimen-
sional excitation. There is one exception to
this: ‘self-refocused’ pulses such as spiral pulses
can be designed using small-tip design tools
and scaled to produce large-tip angles without
incurring significant distortion [s5.84], so long
as they are not highly accelerated and do not
compensate time-dependent effects such as
off-resonance. However, a more general design
method is desirable. Some researchers have pro-
posed the use of global optimization routines for
pulse design problems of smaller dimensions,
such as large-tip-angle B+ shimming spokes
pulse designs (85.86]; however, such approaches
are not currently computationally feasible for
designing pulses with more than a handful of
parameters, such as spiral pulses. Currently,
most large-tip pulse design methods are based
on an extension of the optimal control pulse
design algorithm [87] to parallel excitation [sé].
However, the optimal control algorithm has
three significant drawbacks. First, it requires
two computationally expensive Bloch equa-
tion simulations at each iteration to calculate a
search direction that can decrease an excitation
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error metric, and additional Bloch simulations
to evaluate the error metric for points along the
search direction. Second, owing to the compu-
tational infeasibility of calculating a Hessian to
the excitation error metric, gradient descent is
used for minimization, and as a result a large
number of iterations are often necessary to reach
an optimal point. To a large degree, these first
two drawbacks are addressed by the fast optimal
control method [57], which dramatically reduces
the number of Bloch simulations required to
reach an optimal point using a perturbation
analysis that permits fast calculation of a search
direction using NUFFTs. The method is related
to inexact Newton methods [88], and the com-
puted search directions reach an optimal point
significantly faster than standard optimal con-
trol. The third drawback is that, in spite of their
name, owing to the nonlinearity of the Bloch
equation the pulses converged to by optimal
control methods are not guaranteed to be glob-
ally optimal. Hence, there is currently a need for
fast, general and globally optimal large-tip-angle
parallel excitation pulse design algorithms.

In many of the proposed applications for
parallel excitation, the imaging sequence’s tra-
jectory will be of higher resolution than one
or more dimensions of the excitation pulse’s

Improving high-field MRI using parallel excitation

trajectory. For example, a spokes pulse achieves
high resolution in the slice-select dimension, but
very low resolution in the imaging plane, and
almost any imaging sequence can be expected
to resolve finer details than could be excited
by such a pulse. In this situation (and assum-
ing that one need not satisfy Carr—Purcell-
Meiboom~Gill conditions), the phase pattern
excited by the pulse in the imaging plane is of
no consequence, and can be jointly optimized
with the RF, leading to more accurate or more
homogeneous flip angle profiles than a constant
phase profile, as has been demonstrated in spi-
ral and spokes excitations at 7T [89]. The same
situation will also frequently hold for higher-
resolution pulses such as spiral and echo-planar
pulses. Even if the imaging trajectory is not of
a higher resolution than the excitation trajec-
tory, the target phase can be relaxed in a con-
strained manner so that the excited pattern does
not contain higher spatial frequencies than are
resolved by imaging [89]. Currently, however,
algorithms for jointly optimizing RF and target
phase find locally optimal solutions; the glob-
ally optimal RF and target phase solutions may
be significantly more accurate than those cur-
rently found, and further investigation of this
possibility is warranted.
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Figure 11. Improved multiband B+ shimming spokes pulse design with joint radiofrequency pulse and gradient
optimization. (A) Comparison of excitation angle patterns. The fixed gradient pulses produced a central bright spot, and a dark spot on
the right side of the brain (arrows, excitation angle o? = 0.62°), while the jointly optimized pulses produced more homogeneous patterns

across the bandwidth (c? = 0.27°). This is also reflected in the excitation angle histograms in (B). (C) The fixed gradient pulses used

in-plane excitation k-space locations that were arranged on concentric ovals whose diameters are proportional to the reciprocal of the
width and height of the brain. The jointly optimized locations deviate significantly from these initial locations.
B,+ maps courtesy of Mohammad Khalighi (GE Healthcare, CA, USA).
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Unlike in imaging, where the distribution
of energy in the k-space domain is not known
prior to imaging, in excitation the target exci-
tation pattern is usually fully specified prior to
pulse design. This permits gradient waveforms
to be designed that optimally sample excitation
k-space given some constraint on pulse length,
thereby providing the best possible tradeoff
between excitation error, RF power and pulse
duration. Two classes of methods for jointly
designing RF and gradient waveforms have
been proposed. First, a gradient descent-based
method for small-tip RF and gradient design
was proposed [90], in which the phase encoding
locations of an echo-planar (or spokes) trajec-
tory were optimized locally, given an initially
uniform sampling pattern. This approach has
also been extended to large-tip-angle pulse
design [91]. These methods have the desirable
ability to compensate time-dependent effects
during excitation such as B, inhomogeneities,
and are compatible with designing multiband
pulses (e.g., water—fat B +-shimming spokes
pulses [91]). Freure 11 illustrates an implemen-
tation of the small-tip method for multiband
B+ shimming spokes pulse design. In that
example, two sets of 17-spoke pulses were
designed to excite uniform flip angle patterns
in the brain across a 2 ppm bandwidth for
use in chemical shift imaging at 7T. In the
‘fixed gradients’ set, the in-plane excitation
k-space encoding locations were fixed prior to
RF design. In the ‘jointly designed’ set, the
k-space locations were jointly optimized with
the RF. In both sets, the target excitation phase
patterns were also optimized. Fieure 11 shows
that the jointly designed pulse set excited sig-
nificantly more homogeneous patterns across
the frequency range, and that the jointly opti-
mized sampling locations were significantly

different than the initial locations. However,
because the Bloch equation is nonlinear in the
gradients at all tip angles, the solutions reached
by gradient-based methods are locally opti-
mal, and in many cases better solutions exist.
When time-dependent effects are ignored,
methods based on sparse approximation can
be used to come closer to a globally optimal
solution. Several similar methods have been
proposed that use either greedy algorithms or
sparsity-regularized least-squares algorithms
to solve the sparse approximation problem
[91-95]; however, these methods are not able to
compensate time-dependent effects and are not
multiband compatible. Thus, a method that
is both globally optimal and can compensate
time-dependent effects is desired, but has yet
to be developed.

Future perspective

Parallel excitation provides new degrees of free-
dom to tailor RF fields to the patient that will
prove indispensable to high-field MRI. While
straightforward transmit field homogenization
will be the first application to reach the clinic,
others will soon follow as the ability to rapidly
collect calibration data for multidimensional
RF pulse design improves, along with the abil-
ity to predict patient heating and rapidly and
robustly design multidimensional RF pulses.
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There has been recent progress in the field of parallel excitation for high-field MRI, which provides additional degrees of freedom to
tailor transmit radiofrequency (RF) field shapes and accelerated sophisticated patient-tailored excitations.

Most parallel excitation research has focused on the compensation of RF transmit field inhomogeneities. RF transmit field
inhomogeneities cause spatially varying contrast and degrade the diagnostic power of MR images. Several other applications have been
investigated, including the acceleration of pulses for mitigation of signal loss in lower brain regions in functional MRI, and for restricted
field-of-view excitation.

RF safety is a significant challenge at high field strengths. The US FDAs specific absorption rate guidelines currently limit or preclude
several types of imaging at high field. Parallel excitation may be able to reduce specific absorption rate risk given knowledge of the
electric fields and conductivities. Methods for predicting tissue conductivity and electric fields during RF excitation are

under development.

There are several unmet needs in parallel excitation, including fast and optimal pulse design, fast measurement of in vivo parametric
maps required for pulse design and specific absorption rate prediction.

While it is currently unclear what applications for parallel excitation will finally make it into clinical scanners, parallel excitation hardware
is already offered by some MRI vendors, and more applications are certain to be integrated as hardware becomes more widely available
and development accelerates.
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