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Abstract

Susceptibility artifacts and B1+ inhomogeneity are major limitations in high field MRI. Parallel
transmission methods are promising for reducing artifacts in high field applications. In particular,
three-dimensional RF pulses have been shown to be useful for reducing B1+ inhomogeneity using
multiple transmitters due to their ability to spatially shape the slice profile. Recently, two-
dimensional spectral-spatial pulses have been demonstrated to be effective for reducing the signal
loss susceptibility artifact by incorporating a frequency dependent through-plane phase correction.
We present the use of four-dimensional spectral-spatial RF pulses for simultaneous B1+ and
through-plane signal loss susceptibility artifact compensation. The method is demonstrated with
simulations and in T2*-weighted human brain images at 3T using a four-channel parallel
transmission system. Parallel transmission was used to reduce the in-plane excitation resolution to
improve the slice-selection resolution between two different pulse designs. Both pulses were
observed to improve B1+ homogeneity and reduce the signal loss artifact in multiple slice
locations and several human volunteers.
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INTRODUCTION

High field MRI has many advantages including increased signal to noise ratio (1) and
increased Blood Oxygen Level Dependent (BOLD) functional MRI (fMRI) contrast (2).
Unfortunately, several confounds associated with the high field need to be addressed before
many applications can reach their full potential. A major problem is image artifacts
produced by inhomogeneity in the transmitted RF field (B1+) (3). The two factors that
produce B1+ inhomogeneity at high field are the decreased RF wavelength, further
shortened by the dielectric properties of tissue, and the attenuation of RF amplitude due to
tissue conductivity (4). These artifacts appear as regions of increased and decreased
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brightness at 3T and even regions with no image magnitude at ultra high fields such as 7T.
A second confound at high field are susceptibility artifacts that appear as distortions or as
large voids in the images. They are particularly problematic in T2*-weighted imaging
applications with long TE such as fMRI (5). The through-plane signal-loss artifact in axial
slices is of primary importance due to the close proximity of air/tissue boundaries to the
inferior brain areas. The fMRI data in many crucial regions such as the orbitofrontal cortex
remain sub-optimal as a result.

Numerous methods have been proposed to mitigate B1+ inhomogeneity artifacts. These
include specially designed coils (6), adiabatic pulses (7), image post-processing (8), and
small-tip-angle tailored RF pulses (9). The tailored RF pulse technique has the advantage of
being able to compensate for the B1+ inhomogeneity using a predetermined spatial
excitation. More recently, it has been shown that “B1+ shimming” can be performed using
multiple transmitters (10). Combining three-dimensional (3D) RF pulses with parallel
transmission and sensitivity encoding (transmit SENSE) is currently showing great promise
(11-13). The use of a parallel transmission has many additional benefits at high fields
including managing the Specific Absorption Rate (SAR). Parallel transmission pulse designs
have also been optimized for broad band excitations (14,15).

Numerous methods have been proposed to mitigate the signal loss artifact including z-shim
methods (16), thin slice averaging (17), passive and active shim coils (18,19), and tailored
RF pulses (20-22). All techniques have advantages and disadvantages; however, a desirable
requirement is that the correction be performed in one shot. For example, multi-echo
sequences or parallel transmission can be used to perform a single shot z-shim (23,24).
Recently, the use of 2D spectral-spatial pulses has been shown to be very promising for
compensating for the through-plane signal loss artifact using a single RF pulse (25,26). The
basic idea is that regions needing the through-plane pre-compensatory phase will also tend
to be off-resonance. The spectral-spatial pulse compensates the through-plane phase of the
off-resonance spins and leaves the on-resonance spins unaffected.

We propose the use of four-dimensional (4D) spectral-spatial pulses for the simultaneous
mitigation of B1+ inhomogeneity and through-plane susceptibility artifacts for high field
T2*-weighted imaging. The method is presented using a dual-band design in a numerical
framework that includes parallel transmission. The technique is demonstrated with
simulations and human brain imaging experiments using a custom four-channel parallel
transmission system. Reduction of excitation k-space using transmit SENSE was explored to
trade in-plane resolution for an improved slice profile. Two pulse designs consisting of four
15 ms long 4D spectral-spatial pulses for a single parallel excitation are presented. Both sets
of pulses were found to reduce B1+ inhomogeneity and signal loss artifact in several slice
locations and several subjects.

2D SPECTRAL-SPATIAL PULSES

The desired magnetization profile M(r, f) from an RF pulse B(t) can be determined for small
tip angles (27) by

T
M(x, f)=iyMo [ B(t)e O T+I0=D gy,
0 [1]

The equilibrium magnetization is given by My, the pulse length by T, the frequency by f, and
the excitation k-space by
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T
k(= -y [G(1)dL.
t [2]

Here the gyromagnetic ratio is given by y = 2.675 x 108 rad/s/T. A typical 2D spectral-
spatial pulse consists of a train of N slice-select sub-pulses of length T, each with a gradient
G, that alternates in sign for each sub-pulse. The k-space trajectory for each sub-pulse n can
be written

kn(=(kx(0), ky (1. k. (9), = (0.0, (=1 '¥G1).. 31

n

The stop band is equal to the reciprocal of the length of each sub-pulse fs = 1/T,. Typically a
temporal weighting function of width T,y is applied on the overall composite pulse
waveform such that the pass band is given approximately by f, = 1/T,.

A 2D spectral-spatial pulse can be used for reducing the through-plane (z-direction) signal
loss resulting from a magnetic susceptibility gradient along z that is assumed to be a function
of frequency G¢(f). The pulse can be designed numerically using a target magnetization
M(z,f) that has a slice profile P(z) and a pre-compensatory through-plane phase ¢(z,f) =
vGs(fZTE:

M(z, f)=P(z)e' D), [4]
Although the exact distribution of gradients over off resonance frequencies is likely

complicated, it was shown in Ref. (26) that to good approximation a gradient that is a linear
function of off resonance frequency works for many regions:

Gs(f)=af. 5]

The slope of this gradient a can be determined by field map measurements or empirically
through trial and error.

3D RF PULSES

A 3D RF pulse can be designed from the 2D spectral-spatial pulse by adding gradients that
vary in x and y. A useful design is the so-called “fast-k,” trajectory created by adding x-y
gradient blips between the slice-select sub-pulses to sample ky y at discrete “rungs” along k,.
Although the optimal rung placement depends on the application, for proof of concept,
simple trajectories can be obtained by having a rung at the center ky , = 0 as well as rungs at
kx,y = tAk. For example, a five-rung trajectory can be written as

K(1)=[(Ak,0,vG.1), (0, Ak, —yG.t) , (0,0,vG.1) , (~Ak, 0, —=yG.1) , (0, —Ak, yG.1)] . 6]

If the length of each slice-select sub-pulse is again T, the total length (ignoring a rewinder)
is then 5 T,. A three-rung trajectory can be obtained by using only the first three terms in the
above trajectory. Figure 1 (a) and (b) shows diagrams of a five-rung and a three-rung k-
space trajectory both with an x-y field of excitation FOX = 2n/Ak = 22 cm. 3D Pulses that
reduce B1+ inhomogeneity can then be made from these trajectories using the small tip-
angle equation including L transmitter sensitivities C(x, y) (28):
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L T
M (r)=ZC1(x, Y [Bnye ™% dr.
=1 0 7]

This equation can be solved using standard least squares minimization routines such as the
conjugate gradient technique.

4D SPECTRAL-SPATIAL PULSES

Repeating the 3D trajectory n =1,...,N times will produce a 4D spectral-spatial pulse
trajectory. Each 3D pulse becomes a sub-pulse in the complete 4D spectral-spatial pulse.
The five-rung sub-pulse trajectory can be written as

n [8]

This is the same as above except the signs of the z-gradients change for each 3D RF sub-
pulse. Keeping the first three terms can generate a three-rung sub-pulse trajectory. A five-
rung 4D spectral-spatial pulse will have a frequency stop band fs = 1/5T, and the three-rung
4D spectral-spatial pulse will have a frequency stop-band fg = 1/3T,. The small tip angle
equation for multiple transmitters can be extended to include frequency:

p_iAfl (t-T)
e~ IAL(1=T)

L T

:ZC{(,’C, y)fB(I)e—ik(t“-

=1 0

l M(rv fl)
dr.

M(r, f>)

[10]

For computational simplicity, we will assume a dual-band design where the spins within the
pass band at f; = 0 need no through-plane phase pre-compensation and those at f, = Af
require ¢(z,Af) = yGg(Af)zTE. The desired magnetization profile is then

M(r,0) [
M(r,Af)

1
gicb(:.A )

l =P(2)

[11]

Further details of the pulse parameters are discussed below.

METHODS

The 4D spectral-spatial pulses were designed using custom Matlab (The Mathworks, Natick,
MA) programs. The peak gradient used in the algorithms was 3 G/cm and the peak slew rate
was 18,000 G/cm/s. Two 4D spectral-spatial pulses were created using a five-rung and
three-rung 3D sub-pulse, respectively, repeated N = 5 times. The choice for P(z) was a
Gaussian with a half width of 5 mm (G, = 3 G/cm) and the FOX was 22 cm for the in-plane
direction. The length of the five-rung and three-rung 3D sub-pulses was fixed to 3.0 ms in
both pulses by making the length of the individual slice-select pulses T, = 0.6 and 1.0 ms,
respectively. The longer length of the slice-select pulse in the three-rung design produced a
greater excitation resolution along the z-direction of 1.0 mm compared to 1.7 mm for the
five-rung design. This allowed for better sampling of the pre-compensatory phase for signal
loss correction at the expense of B1+ inhomogeneity reduction due to the fewer rungs. The
decreased number of rungs in the three-rung design, however, will be compensated using
sensitivity encoding from the multiple transmitters. Both pulses had a total pulse length of
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16.0 ms including a 1.0 ms long rewinder. The stop band for both pulses was fs = 333 Hz
and a Gaussian temporal weighting was applied on the composite 4D spectral-spatial pulses
such that the pass band was f, = 100 Hz. Signal loss phase pre-compensation parameters of
Af =125 Hz and G4 = —0.01 G/cm were determined by post-hoc visual inspection of
corrected brain images in preliminary experiments. These numbers give a value of a = —0.8
G/cm/Hz. Figure 2 (a) and (b) show the waveforms of the RF pulses and gradients for the
five-rung and three-rung designs with the above parameters. The boxed regions show the
individual 3D sub-pulses.

Complex maps of B1+ for each coil and B1- for all coils in a circularly polarized mode were
obtained using the multi-angle method described in Ref. (29). Figure 3 shows images of the
magnitude and phase of B1+ for the four transmit channels acquired in a single slice in a 20
cm spherical phantom. For proof of concept purposes, these maps from the phantom were
used as approximate B1+ maps in all of the in vivo studies. This assumption was found to
work well in preliminary experiments for a range of 8-10 human brain slices centered at the
same location in the coil as the phantom maps. This greatly eased the implementation of the
pulses because the B1+ mapping does not need to be performed in every subject at every
slice location. In this manner, only one set of five-rung and three-rung pulses needed to be
constructed and saved on the scanner. The B1- maps were used during image reconstruction
to remove any receiver B1- inhomogeneity.

Bloch equation simulations as well as human brain imaging experiments were performed to
validate the pulse designs. The imaging experiments were performed on a TIM Trio 3T
whole body scanner (Siemens Medical Systems, Erlangen, Germany). A standard 2D
FLASH sequence for spoiled gradient echo imaging was used for the experiments (30/500
ms TE/TR, 30° flip angle, eight 5 mm thick slices, 1 mm slice gap, 22 cm FOV, 128 x 128
matrix size, 1:04 scan time). Parallel transmission was achieved using a custom RF
transmission system that consisted of a four transmitter Tecmag Apollo NMR console
(Tecmag Inc., Houston, TX) with four 300 W amplifiers and a customized four-channel
transmit-receive head coil (30). The head coil was mounted on a cylinder approximately 30
cm long and 30 cm diameter and consisted of four 8 cm by 17 cm loops. The Tecmag
console is capable of transmitting four unique phase- and frequency-synchronized complex
RF waveforms that could be programmed using the Tecmag NTNMR pulse sequence
software and triggered by the Siemens scanner. All of the RF waveforms were stored on the
Tecmag console. The Siemens console was used to generate all gradients, acquire data, and
reconstruct images using the FLASH sequence and related software. Both consoles were
synchronized using the Siemens scanner’s 10 MHz clock.

The human brain data were obtained on five healthy adult humans scanned after informed
consent approved by the University of Hawaii and Queens Medical Center joint IRB. The
general protocol was to first apply a three-plane localizer to align the eight gradient echo
axial slices around the sinus region. The pre-scan routine was run using the Siemens scanner
alone with an identical RF pulse played out on its single transmitter attached to one of the
coils. The pre-scan information including flip angle (a 30° flip angle corresponded to a coil
voltage of approximately 30 V), center frequency, and slice offsets were passed from the
Siemens scanner to the Tecmag NTNMR sequence using a customized Visual Basic
program. The SAR was monitored in separate experiments using the Siemens scanner
running the FLASH sequence with its single RF transmitter attached to one of the coils as
well as split to all coils. 1t was found that the SAR was always well below the safety
threshold. Three sets of images were then acquired. The first set was acquired with a
standard Gaussian 1D slice-select pulse of shape P(z) to serve as the control images. This
pulse was applied simultaneously on all four channels with successive phase increments of
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90° degrees to ensure a circularly polarized excitation. The other two sets were acquired
using the five-rung and three-rung 4D spectral-spatial pulses, respectively.

Figure 4 shows Bloch equation simulations of the magnitude and phase of the 4D
magnetization excited by the (a) five-rung and (b) three-rung 4D spectral-spatial pulses. The
simulations required the use of the sensitivity maps shown in Figure 3. The images are
displayed as individual images in x-y distributed along the slice-select (z) and frequency (f)
directions. Excellent agreement between the above pulse design parameters and simulated
results is seen. In particular, note that two magnitude bands appear in both (a) and (b)
centered at 0 and 125 Hz. The band at 0 Hz has no through-plane pre-compensatory phase
whereas the band at 125 Hz has a linear phase of approximately 2z radians across the slice
as desired.

Figure 5 shows higher resolution simulations of the x-y magnetization centered at f and z
both equal to 0. Figure 5 (a) shows the magnetization from the circularly polarized 1D
Gaussian slice-select pulses. Note the loss of image magnitude in the regions near the edges
where the sensitivities overlap. This is a result of phase cancellation when the complex
sensitivities are added together. Figure 5 (b) and (c) show the x-y magnetization from the
five-rung and three-rung 4D spectral-spatial pulses. Note that the slice-profile in both is
improved over that in (a). The standard deviations for (a—c) are 0.037, 0.019, and 0.020
respectively. The slice profiles along z at f = 125 Hz from both 4D spectral-spatial pulses are
shown in Fig. 5 (d). The dashed and solid lines show the profiles for the five-rung and three-
rung pulses, respectively. The slice-profile for the three-rung pulse is identical to P(z)
however the five-rung pulse is slightly distorted. This is a result of the lower resolution
along z (1.7 mm compared to 1.0 mm) being less able to support the desired through-plane
phase correction across the 5 mm thick slice width.

Figure 6 shows eight brain slices from one of the five subjects scanned at 3T using the
gradient echo sequence with a 30 ms TE. The top row (a) shows images excited using the
circularly polarized 1D slice-select pulses. The solid and dotted arrows indicate regions
where there is signal loss and B1+ inhomogeneity, respectively. The signal loss artifact is
seen in regions near air cavities in the brain as expected. The B1+ inhomogeneity appears as
regions of decreased image magnitude due to uneven transmission sensitivity or where there
is phase cancellation in regions of overlapping sensitivity as seen in the simulations. Note
that these artifacts appear in all slices. The middle row (b) and the bottom row (c) show the
same set of slices excited using the five-rung and three-rung 4D spectral-spatial pulses,
respectively. Note the recovery of signal loss and improved B1+ homogeneity in all slices.
Similar results were seen in the other four subjects.

Table 1 shows the comparison of results across all subjects. Two regions of interest (ROI’s)
were taken in the sinus region in two slices in all subjects where signal loss occurred due to
magnetic susceptibility variations. The recovery percentage of pixels with magnitude below
20% of the normalized ROl maximum from the standard 1D pulse was chosen as an
indication of susceptibility artifact correction. In this manner, pixels outside of the artifact-
affected region in the ROI were excluded. The average percent signal recovery was 91.9 and
88.2 with p-values of 9.9x107° and 8.0x10~° for the five-rung and three-rung pulses,
respectively. The coefficient of variance across the whole brain was selected as an indication
of B1+ homogeneity. The average percent decrease in variance was 22.6 and 22.4 with p-
values of 0.4x1072 and 1.5x1072 for the five-rung and three-rung pulses respectively.
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DISCUSSION

We have demonstrated that a 4D spectral-spatial pulse can be used to simultaneously reduce
the through-plane signal loss artifact as well as B1+ inhomogeneity. The improvement in
B1+ homogeneity can be seen very clearly in Fig. 6 and Table 1 for all slices and subjects.
Both pulse designs performed similarly. In particular, large improvements are seen in the
regions between adjacent transmitters where there are phase cancellations. Correction of
these regions is not possible using standard B1+ shimming techniques with multiple
transmitters and 1D pulses. One assumption used in the pulse design was that the B1+ maps
acquired from a single slice in a spherical phantom would be adequate. We found that this
assumption held very well in the in vivo brain scans. This greatly eased the pulse
implementation because only one set of pulses was needed for all subjects and slice
locations. Furthermore, the pulses could then be designed off line without valuable time
being lost with a subject in the scanner. It is unclear if such an assumption would always
hold for all coils, slice locations, and higher field strengths such as 7T. One would expect a
more improved B1+ uniformity using in vivo maps acquired for each subject at each slice
location. In general, the need for a rapid B1+ mapping technique and on-line pulse design
remains a challenge for parallel transmission methods.

Figure 6 and Table 1 show that both pulse designs are successful at recovering the
susceptibility induced signal loss. We found that a value of G5 = —0.01 G/cm centered at a
single off-resonance frequency Af = 125 Hz worked well for recovering the majority of the
signal loss in all slices and in all subjects. In particular, the sinus and auditory regions
showed large improvements in all subjects. This assumption along with the robustness to
B1+ mapping discussed above implies that it is possible to use one set of prefabricated
pulses in most subjects and get significant improvements. It was noticed, however, that
some brain regions were slightly under or over compensated or even not corrected. One
reason may be because the values for G and Af were determined by post-hoc visual
inspection of corrected images. Adding more frequency bands may help address this. The
actual range of gradient values and their distribution over frequency, however, remains an
important unanswered question. We are currently working on methods that directly measure
the through plane Gg as a function of frequency as well as exploring the idea of using pulses
with different frequency characteristics on each transmitter channel. We are also planning on
implementing the pulses at 7T where we expect shorter pulse lengths than needed at 3T due
to the larger frequency separation Af. The amount of through-plane phase compensation,
however, should be the same as at 3T due to the shorter TE at 7T.

Parallel transmission methods were used to reduce the number of rungs of the 3D sub-pulses
to improve the slice-selection resolution. The three-rung design had a 1.0 mm excitation
resolution along the slice-select direction compared to 1.7 mm resolution of the five-rung
pulse. The higher resolution allows for a finer sampling of the through-plane phase
correction. The simulated results in Fig. 5 show that a more accurate slice profile was
obtained at the frequency where the phase correction is required. Table 1 shows no statistical
difference between the two pulses for the recovery of lost signal; however, visual inspection
(for example the second and third slices in Fig. 6 (b) and (c)) indicates that the three-rung
design provides a cleaner correction of the signal loss artifact. Alternatively, reducing the
number of rungs could be used to create shorter sub-pulses if a larger stop band is desired.

We expected the five-rung pulse to provide a slightly better B1+ inhomogeneity reduction
than the three-rung pulse because the five rungs provide a more symmetric sampling in ky-ky
than the three rungs. However, no visual or statistical differences between pulses were
observed. This is most likely because the reduction in ky-ky sampling with only three rungs
is offset with the use of sensitivity encoding and multiple transmitters. The five-rung design
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was found (data not shown) to provide comparable signal loss and B1+ homogeneity
improvements using the body coil’s single transmitter. The three-rung pulse, however,
performed poorly with a single transmitter. Parallel transmission should be more favorable
for the five-rung pulse at higher fields such as 7T.

CONCLUSIONS

We have presented the use of a 4D spectral-spatial pulse to simultaneously reduce the
through-plane signal loss artifact from susceptibility variations as well as B1+
inhomogeneity at 3T in T2* weighted human brain imaging. Both a five-rung and a three-
rung implementation were demonstrated using only two frequency bands. The three-rung
design exploited the use of transmit sensitivity encoding to improve the slice-selection
profile with no significant decrease in B1+ homogeneity. A single set of pulses from either
implementation was shown to be successful for several subjects and several slice locations.
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FIG. 1.

k-space trajectories used for each 3D sub-pulse in the 4D spectral-spatial RF pulses. (a) and
(b) show “five-rung” and “three-rung” 3D trajectories for an in-plane (x-y) FOX = 2n/Ak =
22 cm. These 3D trajectories are repeatedly traversed in time to create spectral selectivity in
the 4D pulse designs. The resolution along the slice-select (z) direction for the five-rung and
three-rung trajectories was 1.0 and 1.7 mm, respectively.
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FIG. 2.
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Diagrams of the 4D spectral-spatial RF pulses for one of four transmitters showing the real

and imaginary parts of the RF waveforms as well as the waveforms for the x, y, and z
gradients. (a) and (b) show 4D pulses constructed using the “five-rung” and “three-rung” 3D
sub-pulse trajectories. The boxed regions in the pulse diagrams show the individual 3D sub-

pulses. These pulses were used in all of the simulation and in-vivo experiments.
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FIG. 3.

Transmitter sensitivity maps showing the (a) magnitude and (b) phase of the B1+ profile.
These maps were acquired in a 20 cm diameter spherical phantom with dielectric properties
similar to the human brain. All of the pulses were designed using these B1+ maps. Maps of
the B1— (not shown) were acquired as well and used during image reconstruction to remove
receiver inhomogeneity.
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FIG. 4.

(a) and (b) show Bloch equation simulations of the magnitude and phase of the 4D
magnetization produced by the pulses shown in Fig. 2 (a) and (b) for four transmitters. The
sensitivity maps in Fig. 3 were also used in the simulations. Each simulation figure shows
the magnetization in x-y as functions of the slice-select z and the frequency f directions. Note
that two frequency bands, one at 0 Hz and a second at 125 Hz, can be seen in the simulation
and that the slice thickness is 5 mm. The magnetization at 125 Hz has a linear phase along
the slice-select direction to compensate for the through-plane susceptibility gradient.
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FIG. 5.

Bloch equation simulations of the magnitude of the x-y magnetization at 0 Hz excited by all
four transmitters using (a) a standard circularly-polarized 1D pulse and the (b) five-rung and
(c) three-rung 4D spectral-spatial pulses shown in Fig 2 (a) and (b). Note the improved in-
plane B1+ uniformity using the 4D spectral-spatial pulses in both (b) and (c). (d) Plots of the
simulated magnitude at 125 Hz along z obtained using the five-rung and three-rung pulses
displayed as dotted and solid lines respectively. (e) Plots of the simulated phase at 125 Hz
along z obtained using the five-rung and three-rung pulses displayed as dotted and solid
lines respectively. The three-rung pulse produces a more accurate magnitude and phase due
to a higher slice-select resolution.
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FIG. 6.

This figure shows brain slices from a representative subject. (a) Images excited using the
circularly polarized 1D slice-select pulses from each of the four transmitters. The solid and
dotted arrows indicate regions where there is signal loss and B1+ inhomogeneity,
respectively. (b, ¢) show the same set of slices excited using the five-rung and three-rung 4D
spectral-spatial pulses, respectively. Note the recovery of signal loss and improved B1+
homogeneity in all slices. Similar results were seen in all subjects.
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