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1
METHOD AND APPARATUS FOR
GENERATING A SPECIFIC FLIP ANGLE
DISTRIBUTION IN MRI

RELATED APPLICATIONS

This application claims priority to Taiwan Application
Serial Number 102149210, filed on Dec. 31, 2013, which is
herein incorporated by reference.

BACKGROUND

Technical Field

The present disclosure relates to magnetic resonance
imaging (MRI); more particularly, the present disclosure
relates to method and apparatus for generating a flip angle
distribution in MRI.

Description of Related Art

High-field MRI offers a great promise to generate images
with high signal-to-noise ratio (SNR). Yet the major tech-
nical challenge is the inhomogeneous flip angle distribution
when a volume RF coil is used for RF excitation. This
artifact is due to the deleterious interaction between the
dielectric properties of the sample and the radio-frequency
field; consequently, when an object with the size approxi-
mating to the human head is imaged by high-field (>=3T)
MRI, the flip angle distribution is spatially varying, where
typically a larger flip angle at the center of the field-of-view
(FOV) and a smaller flip angle at the periphery of the FOV.
This causes images with a spatially dependent T, contrast,
which makes clinical diagnosis difficult.

Different methods for mitigating B, inhomogeneity have
been proposed; for example, dedicated volume radio-fre-
quency (RF) coils have been designed for use in high-field
MRI; another method is using spatially selective RF exci-
tation, wherein spatially selective RF excitation designs RF
and gradient waveforms to form an inhomogeneous B,*
field in a volume coil, and finally generates a more homo-
geneous flip angle distribution. Alternatively, it has been
suggested that flip angle distribution can become more
homogeneous by using simultaneous RF excitation from
multiple RF coils, such as RF shimming and transmit
SENSE. Notably, parallel RF transmission (pTx) methods
allow higher degree of freedom in RF pulse and gradient
waveform design than RF shimming, because different RF
pulse waveforms can be delivered to each RF coil indepen-
dently; however, the challenges of parallel RF transmission
method include the complexity of the RF electronics and
coil construction in order to achieve simultaneous excita-
tion, the necessity of accurate estimates of phases and
amplitudes of the B, * maps for each RF coil, and the specific
absorption rate (SAR) management.

Recently, it has been demonstrated that nonlinear spatial
encoding magnetic fields (SEMs) can be used in MRI spatial
encoding in order to improve spatiotemporal resolution;
preliminary studies using quadratic nonlinear SEMs for RF
excitation and small FOV imaging have been reported.
Nonlinear spatial encoding magnetic fields can also be used
to mitigate the inhomogeneity of the flip angle distribution;
under the small flip angle approximation, there are theories
indicating how the spatial distribution of the flip angle is
controlled by time-varying linear and nonlinear spatial
encoding magnetic fields and RF pulse waveforms.

In summary, different techniques have been broached to
improve the uniformity of the flip angle spatial distribution
in high field MRI; however, at present time, there is no such
technique which combines RF shimming and the usage of
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linear and nonlinear spatial encoding magnetic fields to
achieve a homogeneous flip angle distribution.

SUMMARY

Under the small flip angle approximation, the present
invention incorporates RF shimming technique and the
method of remapping the B,* map into a lower dimension
coordinate system. If the remapping is successtful, the iso-
intensity contours of the SEMs are similar to the iso-
intensity contours of B,* field, which helps pulse sequence
design using linear and nonlinear SEMs to achieve a homo-
geneous flip angle distribution. The present invention incor-
porates RF shimming technique with the technique of linear
and nonlinear SEMs; without the constraint of using parallel
transmission techniques, a RF excitation with spatial selec-
tivity can be accomplished effectively, and a homogeneous
flip angle distribution can be achieved.

The present invention provides a method for generating a
flip angle spatial distribution of magnetic resonance imag-
ing, comprising: incorporating the usage of one or a plurality
of spatial encoding magnetic fields and the usage of a
plurality of RF coils to generate a specific spatial distribu-
tion of flip angle, wherein the plurality of RF coils excite a
B,* field jointly, the ratio of signal amplitudes of the
plurality of RF coils is kept invariant during the excitation
process, and the phase relationship of signals from the
plurality of RF coils is kept invariant during the excitation
process.

Preferably, in the aforementioned method for generating
a flip angle spatial distribution of magnetic resonance imag-
ing, the plurality of spatial encoding magnetic fields include
linear and nonlinear spatial encoding magnetic fields.

Preferably, in the aforementioned method for generating
a flip angle spatial distribution of magnetic resonance imag-
ing, the generated spatial distribution of flip angle is sub-
stantially homogeneous.

Preferably, the aforementioned method for generating a
flip angle spatial distribution of magnetic resonance imaging
further comprising adjusting the signal amplitudes of the
plurality of RF coils by a single controller, wherein the ratio
of signal amplitudes and the phase relationship of signals of
the plurality of RF coils are kept invariant during the
excitation process.

In another aspect, the present invention provides an
apparatus for generating a flip angle spatial distribution of
magnetic resonance imaging, comprising: one or a plurality
of spatial encoding magnetic field coils; and a plurality of
RF coils incorporated with the one or plurality of spatial
encoding magnetic field coils to generate a specific spatial
distribution of flip angle, wherein the plurality of RF coils
excite a B, * field jointly, the ratio of signal amplitudes of the
plurality of RF coils is kept invariant during the excitation
process, and the phase relationship of signals from the
plurality of RF coils is kept invariant during the excitation
process.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure can be more fully understood by reading
the following detailed description of the embodiments, with
reference made to the accompanying drawings as follows:

FIG. 1A shows the B, amplitude and phase maps of 8
transmit channels and the CP mode combination in a saline
phantom
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FIG. 1B shows the B," amplitude and phase maps of 8
transmit channels and the CP mode combination in a human
head.

FIG. 2 shows the real and imaginary parts of the B, maps
before and after total variation (TV) de-noising of channel 1
using human head data.

FIG. 3 shows the spatial distribution of B,* using RF
shimming with original 8 B;*t maps from 8 transmit coils in
a human head (left), RF shimming with TV denoised 8 Bt
maps from 8 transmit coils in a human head (middle), and
the difference of the distribution of the B," map between
these two (right).

FIG. 4 shows the distribution of B, "(x,y) in the
conventional RF shimming method (using only linear
SEMs; top row), the optimized 2-spoke combined SAGS
and RF shimming method (middle row), and the optimized
4-spoke combined SAGS and RF shimming method (bottom
row) using simulations, experimental saline phantom data,
and experimental human head data.

FIG. 5 shows the relationship between h(x,y) and
1/B| g (x,y) in the conventional RF shimming method
(using only linear SEMs; top row), the optimized 2-spoke
combined SAGS and RF shimming method (middle row),
and the optimized 4-spoke combined SAGS and RF shim-
ming method (bottom row) using simulations, experimental
saline phantom data, and experimental human head data.
The mapping error quantified by the root-mean-square of the
residuals between (h(x,y), 1/B,;,,, (X,y)) pairs and a fitted
curve using 10”-order polynomials is reported for each plot.

FIG. 6 shows the flip angle distribution maps obtained
with the conventional RF shimming method (using only
linear SEMs), the optimized 2-spoke combined SAGS and
RF shimming method, the optimized 4-spoke combined
SAGS and RF shimming method, and the combined SAGS
and RF shimming method with 99 equi-spaced spokes using
simulations, experimental saline phantom data, and experi-
mental human head data. The relative standard deviation o
is reported below each map.

FIG. 7 shows the flip angle distribution maps generated by
the optimized 2-spoke combined SAGS and RF shimming
method using simulations, experimental saline phantom
data, and experimental human head data. The initial guess
for B, (Xy) was calculated by the conventional RF
shimming method using only linear SEMs. The relative
standard deviation o is reported below each plot.

DETAILED DESCRIPTION
Theory

A. Spatially Selective RF Excitation with Generalized Spa-
tial Encoding Magnetic Fields (SAGS) Under the Small Flip
Angle Approximation

To allow the complete description of combined SAGS and
RF-shimming, we first introduce the necessary theoretical
framework. For an MRI system with n distinct configura-
tions of SEMs turning on during RF excitation, we use the
dimensionless variable f(r)=[f|(r), . . ., £,(r)] to describe the
spatial distributions of the z-components of these SEMs. To
facilitate the description of the arbitrary spatial distribution
of f(r), we define the maximal and the minimal values
among all components of f(r) within the imaging object to be
1 and 0, respectively. g(t)=[g,(t) . . . g,(t)] describes the
instantaneous magnetic field strength of each individual
SEM. Accordingly, each component of g(t) clearly defines
the instantaneous difference between the minimal and maxi-
mal z-component of the magnetic field generated by each
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SEM within the imaging object. The instantaneous addi-
tional z-component of the magnetic field at location r is thus
the inner product g(t)f(r). Here we assume that the RF
transmit field B, *(r,t) is spatiotemporally separable: B,(r,
D=/B, *(r) B, /(t), where B, *(1) is a waveform of the RF
transmit field, and B, ,*(r) is a spatial distribution of the ratio
between B, *(r,t) and B,*(t).

Taking the small flip angle approximation (1) and assum-
ing the initial magnetization [M,(r,0), M,(r,0), M., (r,0)]*=[0,
0, 117, the spatial distribution of the transverse magnetiza-
tion M, (1), the RF pulse waveform B, (1), and the temporal
integral of SEMs (linear/nonlinear MRI gradients) over time
are related to each other by an inverse Fourier transform
(2-4)

M) = fk WH)BL, (Pexplj2z f(r)- K16k

Jy BL,(®
[k @)

Wik) = Wikn) =

T
k) = 0. e 0] = f g

Note that the notation k(t) in this study is different from
that in conventional MRI (1): we chose k(t) to express the
maximal phase difference of the transverse magnetization
precession within the imaging object at time instant t. Since
a k-space trajectory has the one-to-one correspondence
between k(t) and t, we omit the t argument in k(t) and use k
in the following. Additionally, we use a delta function 8(k),
which is nonvanishing at all excited k-space points, to
describe a k-space trajectory.

To achieve a practical slice-selective RF excitation, we
propose to use a spoke k-space trajectory (5), with spokes
locate at k, and sES, where S denotes the set including all
spokes. Without losing generality, we consider that the slices
are distributed over the z-axis and that only the central slice
(z=0) is excited. Accordingly, Eq. [1] in a spoke k-space
trajectory becomes

My (¥, ) = Bl,(x, 1)) Welkexpl2mjk, - £ (x, ),

seS

where M, (x,y) is the distribution of the excited transverse
magnetization at z=0 plane. It should be noted that M, (x,
y)/B;*(x,y) and f(x,y)=(x,y) are related by a 2D Fourier
transform. Naturally such a design is on a 2D space.

SAGS seeks to remap M_(x,y)/B,"(x,y) by a new vari-
able h(x,y) with dimension lower than that of f(x,y) (6).
Using a spoke trajectory and considering a 2D slice-selec-
tive excitation scheme, the range of h(x,y) is one dimen-
sional: h(x,y)=h(x,y). If this remapping is possible, then Eq.
[2] becomes

. 3
My )/ B 5 3) = By (b ) = ) Welkoesplomk - fx ). O

se§

This shows that remapping can be advantageous if I\N/Ixy
(h(x,y)) can be represented by a few spokes using a one
dimensional variable h(x,y). Specifically, Eq. [3] shows that
M, (xy)/B,*(x;y) and h(x,y) are now related by a 1D
Fourier transform. Accordingly, such a design is now on a
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1D space. Reducing the k-space dimension after B, remap-
ping implies that a shorter k-space trajectory can be used to
achieve a similar distribution of the transverse magnetiza-
tion.
B. Combined SAGS and RF Shimming

When RF shimming hardware is available, B, *(x,y) in Eq.
[3] can be any linear combination of the B, maps of the
multiple RF coils. Thus we may be able to find one linear
combination of B;* maps

¢
Bleomp(® )= " EB5(x, y)

c=1

such that M, (X,¥)/B .. *(X.y) can be better approximated
by M, (h(x,y)). Here n, denotes the number of RF coils.
B,°(x,y) denotes the B;* map of RF coil channel c.

The combined SAGS and RF shimming method needs to
find the remapping variable h(x,y), the remapping function
I\N/Ix,y('), and &, coeflicients for B,_,,,, (X,y), such that the
following approximation holds:

M, (5 YVB) coms 5 P)=M L (Hx.Y)) ]

C. Homogeneous Flip Angle Excitation

When aiming at achieving a homogeneous flip angle
distribution, we only considered the magnitude of the com-
bined B,*, since the phase distribution is generally not
important in most clinical applications.

& 6]
Blyim(x. ) =| > £ B (x, )
c=1
B, gum (X.y), is the absolute value of the combined B,*

maps, i.e., B, .., (%¥), in Eq. [4]. In this study, we also
assumed that only SEMs of polynomial order 2 or lower
could be used:

2
heey) =) Zq] Vg &, 7).

4=0 =0

Using m,, to denote the desired spatial distribution of
transverse magnetization, we assumed that m_/B, ., (X.y)
is spatially smooth. Considering in our case that m, /B, ,,,"
(x,y) is real valued, we could arbitrarily use a linear com-
bination of p cosine functions to approximate I\N/Ixy(') param-

eterized by h:

p-1
Mxy (h) = Z Kgcos(gh).

g=

The reasons we chose cosine functions are: 1) cosine
functions are good bases when there is a sufficient number
of harmonics, 2) cosine functions are related to even number
of spokes located in conjugated locations in k-space. For
example, when only q=1 is used in equation [8], M can be
realized by two spokes, which are symmetrically located
around the k-space origin with equal amplitudes and con-
jugate phases.
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In summary, our proposed pulse design is an optimization
problem aiming at adjusting parameters {k, &, v} to mini-
mize the following error:

{Kopt’ fopt’ Vopt} — [9]

argmi
KEV

After we obtain the remapping coefficients {E°77, v},
we solve the optimization problem to determine the spoke
locations in the k_ -k, space, which are symmetrically dis-
tributed around the k-space center, and spoke amplitudes to
achieve a homogeneous flip angle distribution:

1-

2
=0 =0
H 2

e 1 : 4
D amon) [Z ) vq,r(x’y"ﬂ]
c=1 5=0

s 2 [10]
(o, f7) = argr;in‘ sy = Bronin(x, 3) ) @sexpliBsh(x, 1)
@ s=1 2

D. Algorithm

We used the following algorithm to derive all parameters
{opr, opr opt oPfL - geparating the pulse design process into
two parts.
Part 1

The first part aims to solve the optimization problem
defined in Eq. [9].
Step 1. Initialization

We first assume that I\N/Ixy(') can be approximated by one
cosine function. Our chosen initial guess for &_ is the
circular-polarized (CP) mode (7), and the initial guess for K,
is

. maxil/ Bigm(x, y)},  p=1 .
i’ 0, otherwise
Accordingly,
2 g | )
v = argmi vy x", ) - arccos(i] ]
var “‘ ; ; ! @1 Blgim (%, ) ,

+old,
lphase

We also define B x,y) as the phase distribution of

¢
DBl ).
c=1

Step 2. Iterative Updating

Using a combination of the gradient descent algorithm
and least squares solution iteratively, we adjust { } to
minimize

QK1 7. V. Blpase (5, 1)) =

gt
o/ BLphase®Y)

ne 2
K [Z £oB (x, y)]cos[z Zq] Vg ¥, y‘f’)]
c=1

4=0 =0

2
5
2
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where B ;... (X,y) denotes the phase distribution of

DB )
c=1

Specifically,
Step 2.1:

With given {k°, £°%, v°" B
the value of v, ,
the step size A:
V"eW:VOZd—}\,Vv(D. Note if (I)(KOZd, EOst Vnew, Blphasg+01d(xs
V)=, 7 vold B, » ase %,y ), A must be reduced by
half and Step 2.1 should be repeated.

Step 2.2:
Use a least squares algorithm to find the new x;:

Lphase” " (X,y)}, we updated
using the gradient descent algorithm with

B+old

K = argmin{®(k; , £, o/, Lphase (s YD}

a1

Step 2.3:
Use a least squares algorithm to find the new:

wa B+old

£ = argmin®(K™, £, ok e D)),
Y

Update B, ., (X,y) using §": B
distribution of

*O(x,y) the phase

lphase

ng

DB (x ).

c=1

old Eold

+oZd (X
old

We repeat Step 2 until the cost converges: ®(k
VOZd, Blpha59+01d(xgy)) q)(KoZd Eold new Blp
y))<€. When not converging, we update {KIOZ"’ EOM

old, new s=mew new rnew
Blphase+ (Xiy)}e{K E Blphase+ (X Y)} and
repeat Step 2.1 to Step 2.3. At convergence, we obtain the
optimized parameters {i; %’ E’, v he—{K,"", £V
v"®”}. This gives us the optimal design with 2 spokes.

For a trajectory using more than 2 spokes, we first
optimize two spokes using steps 1 and 2 to obtain {k,%”,
EoP voPL This gives us the initial guess for {k, %", %",
v’} Then, we use the same procedure in step 2 to obtain
{1c,%77, €%, vP7}, except that now in step 2.2 all «,, should
be updated.

Part II.

The second part of the pulse design uses the estimated
By um (Xy) and h(x,y) to find spoke locations and strengths
(Eq. 10). It should be noted that the optimization in Part I
provides optimized k,, corresponding to locations and ampli-
tudes of spokes. In Part II of our algorithm, we seek to
further reduce the error in Eq. [9] by using the same number
of spokes in different locations or to approximate the similar
error by using fewer spokes. To do this, we use the optimized
{€%7* v°P*} to exhaustively search all possible locations f3,,
which are symmetrically located around 0. The amplitudes
for these 2S spokes are expressed by o, The optimization for
these 2S spokes now becomes
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s 2
= Blgimy , asexp(fshtx, || +Miel3.

s=1

1y

{a. B} = argmin‘
ap

We added a regularization term ||ci/|,* in the cost function to
suppress solutions requiring excessive peak power.

2

1st Embodiment

Comparison Between RF Shimming with B;* Remapping
and Conventional RF Shimming

In the first embodiment of the present invention, the
sample was modeled as a uniform sphere with average brain
electrical properties at 7 T (dielectric constant €,=52, elec-
tric conductivity 0=0.55 S/m). The full-wave electromag-
netic (EM) field produced by a circular surface coil adjacent
to the homogeneous sphere was expressed in the form of a
semi-analytical multipole expansion (8,9). The EM field can
be appropriately rotated to express the EM field of any
identical circular coil at a different position near the surface
of'the sphere, with respect to the same reference frame of the
sample (9). We modeled a 20-element transmit array of
identical circular coils uniformly packed around the sphere
and for each coil we calculated the magnetic field (B,) for
a uniform grid of voxels (32x32) on a transverse FOV
through the center of the object. Simulated B, maps were
computed for each element of the transmit arrays as B, *(r)=
B, (r)+ B, (r), where 1 is the imaginary unit and r is the
voxel position. All calculations were implemented using
MATLAB (Mathworks, Natick, USA) on a standard PC.

2nd Embodiment

Comparison of the Homogeneity of Transverse Magnetiza-
tion IM,,| Relative to RF Power from Different Techniques

In the second embodiment of the present invention, both
phantom and in-vivo B;* maps were obtained using a
Siemens 7T Magnetom scanner equipped with an 8-channel
pTX-setup (Siemens, Erlangen, Germany). For this purpose
a custom 8-element transceive head coil array was used (10).
First the Actual Flip-angle Imaging (AFI) method (11) was
used to obtain a quantitative B;* map corresponding to the
CP mode (3 mm isotropic resolution, TR1/TR2=30/150 ms,
TE=1.5 ms, max flip-angle +/-90 deg). Subsequently a
multi-slice Fast Low Angle Shot (FLASH) sequence was
used to measure the relative signal amplitudes and phases
corresponding to each of the individual channels and CP-
mode (3 mm isotropic resolution, TR=500 ms, TE=2.0 ms
max flip-angle +/-10 deg). Finally, using the CP-mode, one
additional FLLASH image was obtained with a longer TE=2.5
ms. Combining both CP-mode FLASH images a AB, was
constructed. The quantitative B,* maps corresponding to
each of the individual transmit-channels were derived as
described in (12). The same sequence parameters were used
for both phantom and in-vivo measurements. Informed
consent was obtained from each volunteer, in accordance
with the regulations of our institution.

3rd Embodiment

The noise in estimating the B,* from the empirical data
can be observed as some sharp variations in the B,* maps.
To reduce noise, we used a total variation (TV) denoising
method (13). The RF shimming coefficients for generating a
homogenous B,* distribution were calculated based on the
magnitude least square method (14) using CP mode as the
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initial guess. We also compared RF-shim using original B,*
and the denoised B,* to verify that the denoising process
will not cause extra artifact.

In all cases, for both simulated and experimental data, we
designed pulses to achieve a homogenous 10° flip angle
distribution. In practice, we only searched the optimal
solutions for 2 and 4 spokes located at conjugate locations.
After optimizing pulse sequence design, the flip angle dis-
tribution was calculated based on the Bloch equations. The
performance of IB,*| mitigation was evaluated by the rela-
tive standard deviation o (15):

o=std(IM,,|)/mean(IM,, ), [10]

where std(*) and mean(*) indicate the standard deviation and
the mean of the transverse magnetization, respectively. Note
that o is a constant when the flip angle is small, because the
standard deviation and mean of M, , are linearly proportional
to each other.

To evaluate B,* remapping, we plotted pairs (h(x,y),1/
B, um (X)) for all voxels inside the imaging object. In the
case of perfect remapping (Eq. [3]), all pairs should be
represented by one curve (h). To quantify the accuracy of
B,* remapping, we estimated a 10”-order polynomial based
on all (h(x,y),1/B,m (X,y)) and calculated the errors
between data pairs and the fitted curve. The error in B,*
remapping was quantified as the std(1/B,,;,,," (x,y)-(h(x,
y)))/mean((h(x,y))). For comparison, we also simulated the
flip angle distribution using the fast k. method (5) and the
tailored excitation method (15) using conventional RF-shim,
which aims at achieving a homogeneous B,* distribution.
This should be distinguished from the RF shimming used in
our SAGS method, for which we aim at achieving a homo-
geneous M, without constraining the RF shim to achieve a
homogeneous B,* distribution directly. In other words, we
allow RF shim to achieve a tailored B,* distribution, which
will be used by SAGS to achieve a homogeneous M,,
distribution. To estimate the energy deposition associated
with each method, for the simulated data we computed the
global specific absorption rate (SAR) for each excitation,
using a previously published method (9). For experimental
data, we listed the relative amplitudes of spoke at each
transmit coil comparing to the CP mode, such that they
generated the same average IB,*I. To make sure the number
of spokes number was sufficient in our algorithm, we
simulated 99 equi-spaced spokes SAGS, which uses the
same B, ;. *(x,y) and h(x,y) as 4 spokes SAGS. We also
simulated the flip angle distribution using 4 spokes SAGS
with the outcome of a conventional RF shim as the initial
guess in our algorithm step 1 to investigate how the initial
guess affects the optimization.

FIG. 1 shows the measured in vivo B,* maps of the brain
and phantom measured at 7 T. FIG. 2 shows one represen-
tative channel of the in vivo B;* map before and after TV
denoise processing. It can been seen that both real and
imaginary parts were spatially smooth after denoising. FIG.
3 shows the distribution of B;* map after applying conven-
tional RF shimming, where B;* maps were with and without
TV denoising processing. We observed that the difference
between two RF shims using original and denoised B,*
maps is moderate. In particular, the sharp magnitude dis-
continuity exists in both cases, potentially due to B,*
estimation error. In the subsequent analyses, we used de-
noised B;* maps for B,* remapping and RF shimming
design because we expect spatially smooth B, maps based
on electromagnetic theory and we want to avoid the error in
assessing remapping accuracy.
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FIG. 4 shows B,;" maps obtained with the conventional
RF shimming method, which aims at achieving the most
homogeneous IB,*I (top row) and with the combination of
SAGS and RF shimming using 2 (middle row) and 4 (bottom
row) spokes, for simulated transmit coil sensitivies (left
column) and experimental transmit coil sensitivies, for both
a phantom (middle column) and a human head (right col-
umn). Regardless of the method, we observed some rapid
intensity changes in the I1B,*| maps, potentially due to the
rapid change of phase of the individual B;* in measure-
ments. On visual inspection, conventional RF shimming
alone yielded relatively homogeneous B, *| distribution for
both simulation and experimental data. The SAGS method
combined with RF shimming resulted in more spatially
inhomogeneous, but smoother IB, " distributions. If this B,*
distribution has iso-strength contours better fitted to a qua-
dratic function, we can use nonlinear SEMs and SAGS to
reduce the k-space dimension and a homogeneous transverse
magnetization distribution can be more efficiently achieved
(to be demonstrated in FIG. 6).

One key requirement for our method to generate homo-
geneous M, is finding a one-dimensional function between
1/B, g (xy) and h(x,y) (Eq. [3]). To validate this require-
ment after RF shim, we plotted the distribution between
1/B g (x,y) and h(x,y) at all voxels in the imaging object
(FIG. 5). Ideally, this distribution should be represented by
one curve, which was estimated by a 10”-order polynomial
(red curves in FIG. 5). Comparing between B, * remapping
using B, ;.. and conventional RF shim, across simulations
and experimental data, we found 1/B,,, " (x,y) and h(x,y)
are more closely related to each other by a smooth one-
dimensional function, because the fitted red curves fitted to
the distribution of (h(x,y),1/B, ., (X,y)) pairs. However,
there were some outlier data points, which might be due to
inaccuracy in the experimental B, * measurements, as men-
tioned above. Combining SAGS and RF shimming with 4
spokes rather than two improved the mapping between
1/B gim (x,y) and h(x,y) compared to the 2-spoke case, for
both simulation and experimental data (note reduced errors
between middle and bottom row in FIG. 5).

FIG. 6 shows the final flip angle distributions for all
methods. RF shimming generated a relatively homogeneous
flip angle distribution (top row in FIG. 6), matching the B,*
distribution (top row in FIG. 4). Quantitatively, when tar-
geting a homogeneous flip angle distribution, the standard
RF-shimming technique yielded 0=6.4%, 13.0%, and 13.2%
for simulations, phantom, and human head experimental
data, respectively. Fast-k. yielded 0=6.1%, 12.3%, and
12.2% for simulations, phantom, and human head experi-
mental data, respectively. The tailored excitation method
yielded 0=6.3%, 11.8%, and 12.6% for simulations, phan-
tom, and human head experimental data, respectively. Both
fast-k_ and the tailored excitation method only marginally
improved the flip angle homogeneity comparing to single
pulse using conventional RF shimming, since the assump-
tion of B,* distribution for both methods were not satisfied.

The combined SAGS and RF shimming approach also
generated homogeneous flip angle distributions (middle and
bottom rows in FIG. 6), even though their B, * distributions
showed larger spatial variation than for RF shimming alone
(FIG. 4 mid, bottom). Using combined RF shimming and 2
pulse SAGS, we found 0=2.8%, 8.4%, and 9.2% for simu-
lations, phantom, and human head experimental data,
respectively. Using combined RF shimming and 4 pulse
SAGS, we found 0=2.8%, 7.6%, and 7.9% for simulations,
phantom, and human head experimental data, respectively.
Compared to RF shimming alone, the combined SAGS and
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RF shimming approach can generate a more homogeneous
flip angle distribution. This suggests that, while a B,*
distribution can be visually suboptimal, when combined
with quadratic SEMs, it may still result in a relatively
homogeneous flip angle distribution if SEMs are optimally
used. The bottom panel of FIG. 6 shows the flip angle
distribution using the B, ;,,* obtained from the combined
SAGS and RF shimming method with 99 equi-spaced
spokes. The results are similar to those of the 4-spoke
combined SAGS and RF shimming method, suggesting that
the number of spokes, after careful tuning of locations,
amplitudes, and phases, is not the bottleneck for further
improving the flip angle homogeneity.

The initial guess for B, ;,,,,"(x,y) in the calculations for
FIGS. 2 and 4 was chosen as the CP mode of all transmission
coils. We repeated the simulations using the result from
conventional RF shimming as the initial guess to test the
sensitivity of our method. We found that the results of the
2-spoke combined SAGS and RF shimming were not sen-
sitive to the initial guess for B, ;... " (x,y) (FIG. 7). In fact,
the flip angle distributions were similar when using either
the CP mode (FIG. 6) or the B, " obtained with conventional
RF shimming (FIG. 7) as initial guess.

Under the small flip angle approximation (1), we pro-
posed a method to improve flip angle homogeneity by
remapping the spatial distribution of B;* into a lower
dimension coordinate system spanned by the nonlinear
SEMs (SAGS) and optimizing a time-invariant combination
of transmit amplitudes and phases from multiple RF coils
(i.e., RF shimming) (Eq. [5]). In previous work on SAGS,
we clearly demonstrated the advantage of B,* remapping by
implementing a simple pulse design using time-varying
linear and nonlinear SEMs in a one-dimensional k-space to
achieve a homogenous flip angle distribution efficiently (6).
This study further extends the advantage of B,™ remapping
to encompass RF shimming. Specifically, we used both
simulated (20-channel transmit array) and experimentally
measured (8-channel transmit array) transmit sensitivities to
demonstrate the benefits of using linear and quadratic SEMs
to achieve k-space dimension reduction and ultimately
improve the homogeneity of the flip angle distribution (FIG.
6). Compared to the conventional one-spoke RF shimming
method, the two-spoke SAGS method can improve the

homogeneity of flip angle by 44% (6.4%—2.8%) relative
standard deviation using simulation data, 47%
(13.0%—=6.1%) using phantom data and 60%

(13.2%—7.9%) using human head data (FIG. 6). Impor-
tantly, our two-spoke SAGS method also outperformed the
two-spoke tailor excitation method and 5-spoke fast-k_
method (FIG. 6).

We want to emphasize the importance of simultaneously
optimizing the combination of transmit coils and tailoring
the combinations of linear and nonlinear SEMs. Intuitively,
we could first use conventional RF shimming to search for
the optimal complex-valued coil combination coefficients
that achieve a homogeneous B,* distribution (16). Then we
would remap this B,* distribution into a lower dimension
using nonlinear SEMs. However, such a sequential approach
may yield sub-optimal results and it would be instead
preferable to perform RF shimming and B, remapping
simultaneously, as suggested by the maps in the top panel of
FIG. 2.

Two current limitations of our approach for improving flip
angle homogeneity are related to B;* remapping accuracy
M, (x,y)/B 1+(x,y)zl\N/[xy(h(x,y)) and to using a finite number
of spokes to construct a desired flip angle distribution

20

40

45

55

65

12

Mo (hix, )= )" Wi (kiexpl2n - h(x, Y)1. Ea. 3D

spokes

In FIG. 3, we show that flip angle homogeneity is similar
between the results using 99 equi-spaced spokes and the
results using 4 tailored spokes. This suggests that using only
4 spokes is not the bottleneck in improving the flip angle
homogeneity, but rather that B;* remapping is the key to the
ultimate flip angle distribution. And comparing FIG. 5 and
FIG. 6, we can observe roughly the smaller the fitting error
in FIG. 5 corresponds to more homogeneous M, distribu-
tion in FIG. 6.

The pulses designed by our proposed method can be seen
as special cases of combining pTx and nonlinear SEMs (19).
However, there are some differences: 1) like the RF shim-
ming method, we only need one common driving RF ampli-
fier to implement the RF pulse using a vector modulator to
deliver the same waveform with varying amplitudes and
phases for each transmit coil (7). Thus, the complexity and
the cost are less than those of a pTx system and nonlinear
SEMs. 2) The pulse sequence involving nonlinear SEMs is
typically designed on a multi-dimensional k-space, whose
dimension equals to the number of SEMs. SAGS-shim is
one method to achieve similar results on a k-space with a
reduced dimension. The benefit of such dimension reduction
has been reported in our previous work (6). In short, SAGS
simplifies the pulse design by transforming the optimization
problem from a higher dimensional k-space to a lower
dimensional one by seeking appropriate combinations of
SEMs.

In this invention, we only restricted the spoke locations to
be symmetrically located around the center of k-space.
Naturally, allowing spokes with arbitrary locations, ampli-
tudes, and phases can improve the results by increasing the
degree of freedom of pulse design at the cost of higher
complexity in optimization. However, it should be noted
that, even using 4 spokes with the restriction of conjugate
locations and equal amplitudes, we already got reasonably
homogeneous M, distribution (FIG. 6). Further improve-
ment in M,, homogeneity is expected to be marginal by
using more spokes or allowing a higher degree of freedom
in pulse design.

In conclusion, we proposed a combined SAGS and RF
shimming approach to mitigate B, * inhomogeneity, a promi-
nent artifact in high field imaging. Our simulations and
experimental results suggest that this approach can be one
method to facilitate structural and functional imaging at high
fields.

What is claimed is:
1. A method for generating a flip angle spatial distribution
of magnetic resonance imaging, comprising:
incorporating the usage of a plurality of linear and non-
linear spatial encoding magnetic fields and the usage of
a plurality of RF coils to generate a specific spatial
distribution of flip angle, wherein the plurality of RF
coils excites a B;* field, the ratio of signal amplitudes
of the plurality of RF coils is kept invariant during the
excitation process, and the phase relationship of signals
from the plurality of RF coils is kept invariant during
the excitation process; and
remapping the B,* field by using the nonlinear spatial
encoding magnetic fields.
2. The method as recited in claim 1, wherein the generated
spatial distribution of flip angle is substantially homoge-
neous.
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3. The method as recited in claim 1, further comprising
adjusting the signal amplitudes of the plurality of RF coils
by a single controller, wherein the ratio of signal amplitudes
and the phase relationship of signals of the plurality of RF
coils are kept invariant during the excitation process. 5

4. An apparatus for generating a flip angle spatial distri-

bution of magnetic resonance imaging, comprising:

a plurality of spatial encoding magnetic field coils; and

a plurality of RF coils incorporated with the plurality of
linear and nonlinear spatial encoding magnetic field 10
coils to generate a specific spatial distribution of flip
angle, wherein the plurality of RF coils excite a B;*
field that is remapped using a plurality of linear and
nonlinear spatial encoding magnetic fields generated by
the linear and nonlinear spatial encoding magnetic field 15
coils, the ratio of signal amplitudes of the plurality of
RF coils is kept invariant during the excitation process,
and the phase relationship of signals from the plurality
of RF coils is kept invariant during the excitation
process. 20

5. The apparatus as recited in claim 4, wherein the

generated spatial distribution of flip angle is substantially
homogeneous.

6. The apparatus as recited in claim 4, further comprising:

a single controller, adjusting the signal amplitudes of the 25
plurality of RF coils, wherein the ratio of signal ampli-
tudes and the phase relationship of signals of the
plurality of RF coils are kept invariant during the
excitation process.
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