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We propose a straightforward method of designing a planar single-channel shim coil for magnetic resonance imaging (MRI) using a narrow-gap
permanent magnet. The design method is based on the superposition of the current densities produced by planar second-order shim coil elements
and optimization of the coefficients used for the superposition. The magnetic field homogeneity was improved from 13 to 3.3 ppm (root mean
square) in the central spherical area (diameter = 18 mm), revealing that the planar single-channel shim coil is a useful device for narrow-gap
permanent MRI magnets. © 2011 The Japan Society of Applied Physics

resonance imaging (MRI) systems, magnetic field shim-
ming is required to achieve field homogeneity on the

order of 1 ppm. There are two types of shimming, passive and
active. Passive shimming corrects magnetic field inhomo-
geneity (AB,) by positioning pieces of magnetic material
around the magnet." In contrast, active shimming corrects
AB. using shim coils.” Since AB. can be expressed as the
superposition of some orthogonal set of spatial functions,
such as spherical harmonics, each shim coil is typically
designed to generate a magnetic field corresponding to one of
the spherical harmonics.>”> Therefore, active shimming is
usually performed with a number of shim coils to correct
spatially complicated inhomogeneity in a magnetic field.

However, such multicoil shimming has several disadvan-
tages, namely, it reduces the available space in the magnet,
consumes excessive power, and requires a large number of
power supplies. To overcome these problems, our group has
proposed a single-channel shim coil to correct A B, using a
target field approach.®’” However, the target field calculation
is not straightforward because it usually requires a long trial-
and-error process to optimize several parameters. Here, we
propose a simple and straightforward method of designing a
planar single-channel shim coil for a permanent magnet and
evaluate its usefulness through its implementation.

Magnetic field inhomogeneity (AB, = B, — By, where
B, is the z component of the magnetic field, and By is the
homogeneous magnetic field) can be represented as the
superposition of spherical harmonics of the form:

AB; = an:Hannm’ (D

n=1 m=0
Tnm = I’ﬂan(COS 9) cos[m(q) - Uilm)]9 (2)

where T,,, and H,,, are the spherical harmonics of phase o,
and their amplitudes, respectively.¥ Anderson proposed a
design method for biplanar shim coils to produce magnetic
field components proportional to such spherical harmonics.?
He proposed wire patterns composed of squares and circles
for first- and second-order shim coils corresponding to
spherical harmonics.

In our method, we represent the current density Js for a
single-channel shim coil as the superposition of the second
order shim coil current densities J;, as follows:

Jn =Y cli, 3)

I n most nuclear magnetic resonance (NMR) or magnetic
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where ¢; is the coefficient of J; and i represents 272 —
X2 —Y? X?— 7% Y*— 7% XY, YZ, or ZX. Since J; are
current densities produced by thin and straight wires, which
generate very high current densities, Js should be convolved
with a Gaussian function to avoid abrupt changes in the
current direction and undesirable higher-order spatial
components of the magnetic field. However, the determina-
tion of ¢; becomes nonlinear optimization problem due to
this convolution. Therefore, we used a genetic algorithm” so
as to minimize the inhomogeneity of the magnetic field with
the fitness function f:

/(ABZ + B)*dV
= v ,
where V is the volume of the area evaluated and B is the
magnetic field induced by J;. The winding pattern for Js can
be calculated using the stream function method.®?

A permanent magnet MRI system was used to design and
evaluate the single-channel shim coil developed in this
study. The MRI system consisted of a small yokeless
permanent magnet (field strength = 1.04T, size = 238 x
184 x 252mm?®, gap width = 40mm, weight = 85kg;
NEOMAX Engineering), a planar gradient coil set, a
radiofrequency (RF) probe with a solenoid coil, and an
MRI console. The whole system, except the MRI console,
was installed in a variable-temperature thermostatic bath
(inner size = 620mm (W) x 340 mm (D) x 1154 mm (H),
Fukushima Industries FMU-2631). The MRI console was
placed next to the thermostatic bath in an area at room
temperature, and the control and signal lines were connected
to the gradient and RF coils through a hole in the wall of the
thermostatic bath. The temperature of the thermostatic bath
could be maintained between —15 and +50°C.

The RF probe box (30 mm thickness) made of brass plates,
the three-channel planar gradient coil set (a pair of 3-mm-
thick gradient coil units), and the single-channel shim coil
(the pair of ~2-mm-thick shim coil units described in de-
scribed in this letter) were installed in the 40 mm gap in the
magnet. The details of the MRI system are given elsewhere.'”

The magnetic field distribution was measured using a three-
dimensional (3D) lattice phantom and 3D spin echo imaging
sequences at —5 °C. This temperature was selected because it
caused the magnetic field inhomogeneity to increase con-
siderably compared with that at room temperature.

The phantom consisted of 11 acrylic discs (diame-
ter = 23.9mm, thickness = 3.0mm) with square trenches
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Fig. 1. Current density distributions of the single-channel shim coil: (a) J;
and (b) J,.

(width = 1.0mm, depth = 1.0mm, interval = 3.0 mm)
stacked in a cylindrical container (inner diameter = 24.0
mm, outer diameter = 26.2 mm, length = 62.0mm) filled
with baby oil.'"’ The 3D images of the phantom were
measured using 3D spin echo (SE) sequences [repetition
time (TR) = 100ms, echo time (TE) = 12ms, matrix =
2567, voxel size = (125um)?] with positive and negative
readout gradients.

The spatial coordinates of the vertex points of the square
lattices in the images were detected with a graphical user
interface program. The magnetic field inhomogeneity A B, at
the vertex points in the central cubic area [(18 mm)®] was
calculated from the positional shifts of the vertices along the
readout direction. Then, A B, was approximated using up to
fourth-order polynomials at the Cartesian coordinates. These
polynomials were used for both to design the shim coil and
to evaluate the magnetic field inhomogeneity.

We optimized c¢; for the magnetic field inhomogeneity
AB, measured in the central spherical area (diameter =
18 mm) using the fitness function described in eq. (4). We
did not use terms proportional to YZ and ZX because
our computation time was restricted. Figure 1 shows the
optimized current density distribution obtained for Js of the
single-channel shim coil in a 9 x 9cm? area.

Figure 2(a) shows the stream function i for J; and the
contour lines corresponding to the wire pattern of the shim
coil. Figure 2(b) shows one side of the single-channel shim
coil fabricated on a fiber-reinforced plastic plate (90 x
90 mm?, 0.5 mm thick) using a polyethylene-coated copper
wire (0.4 mm in diameter). Since the thickness of one
side of the shim coil was less than 2mm, the shim coil
set was successfully installed in the narrow gap of the
magnet together with the RF probe box and the gradient coil
set, and connected to a constant-current power supply.

Figure 3(a) shows the magnetic field distributions in the
xy plane at z=0mm and in the xz plane at y = Omm
measured without shimming. A large magnetic field
inhomogeneity is clearly seen. Figure 3(b) shows the
magnetic field distributions in the same planes calculated
using the measured magnetic field inhomogeneity and the
single-channel shim coil with the optimized current. It is
clear that the magnetic field inhomogeneity will be
drastically reduced using the shim coil. The magnetic field
calculation shows that the inhomogeneity in the central
spherical area (diameter = 18 mm) will be improved from
13ppm [root mean square: (RMS)] and 73 ppm [peak-to-
peak: (P-P)] to 3.4 ppm and 60 ppm, respectively.

Figure 4(a) shows the RMS of the magnetic field
inhomogeneity measured in the central spherical area plotted
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Fig. 2. (a) Stream function ¥ of J;. (b) Single-channel shim coil wound on
an FRP plate.
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Fig. 3. Magnetic field distribution (a) without and (b) with shimming.
Upper images are those in the xy plane at z = 9 mm. Lower images are those
in the xz plane at y = 9 mm.

against the current from the power supply for the shim coil.
This figure clearly shows that the inhomogeneity has a
minimum at around 300 mA. At this point, the magnetic field
inhomogeneity was 3.3 ppm (RMS) and 29 ppm (P-P). These
values agree well with those predicted by the calculation.

Figures 4(b)—4(d) show the coefficients of the polyno-
mials used to fit the magnetic field plotted against the current
from the power supply for the shim coil. As shown in
Figs. 4(b) and 4(c), the coefficients for X2, y2, 72, and Xy
change linearly with the current and become zero at around
300mA. This result clearly shows that the single-channel
shim coil works very well as a set of multiple shim coils.
Conversely, the coefficients for yz and zx do not change
linearly, because the corresponding shim coil elements
were not used for the design of the single-channel shim coil.
Figure 4(d) shows the coefficients for the third- and fourth-
order polynomials, the amplitudes of which are very small.

Figure 5 shows 2D slices selected from the 3D image
datasets of the 3D lattice phantom acquired with and without
shimming. The images without shimming show considerable
distortion along the readout direction, which originates from
the magnetic field inhomogeneity, and this is dramatically
reduced by shimming.

As shown in Fig. 4(a), an improvement of about threefold
in the magnetic field homogeneity was achieved using the
single-channel shim coil. However, about 3 ppm (RMS)
inhomogeneity still remained. We attribute this residual
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(a) Magnetic field inhomogeneity plotted against electrical current for the shim coil. Magnetic field inhomogeneity fitting coefficients for
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Fig. 5. 2D slices selected from 3D image datasets of the 3D lattice
phantom acquired (a) without and (b) with shimming.

inhomogeneity primarily to the fact that inhomogeneity
proportional to x2, yz, and 72 does not become zero at the
same current value (~300 mA), as shown in Fig. 4(b). If the
design and fabrication of the single-channel shim coil had
been perfect, x%, y?, and 72 would have been zero at the same
current value and the inhomogeneity would have improved
remarkably.

We did not include second-order shim coils proportional
to yz and zx because the inhomogeneity proportional to these
functions was small and the computation time for optimiza-
tion was limited. We also did not include higher-order terms,
such as the third- and fourth-order terms. We think that the
residual inhomogeneity (3 ppm RMS) may have been partly
caused by those terms. However, if we use these terms to
design the single-channel shim coil, more precise magnetic
field distribution measurements will be required.

As is well known, a conventional shim coil set has another
important function that can correct magnetic field inhomo-
geneity caused by the magnetic susceptibility distribution of
the sample itself. The single-channel shim coil does not have
this function. However, if some specific object such as a
human head is frequently measured using an MRI sys-
tem, another single-channel shim coil that can correct the
inhomogeneous magnetic field caused by the human head
can be designed.
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In this study, we designed a planar single-channel shim coil
for permanent magnets. However, if we use cylindrical shim
coil elements for the base functions, we can design a cylin-
drical single-channel shim coil. Therefore, in a future work,
we will design and fabricate a cylindrical single-channel shim
coil for a superconducting magnet with a cylindrical bore.

In this study, we have proposed a simple and straightfor-
ward method of designing a planar single-channel shim coil
for a permanent MRI magnet. Our method is based on the
superposition of the current densities produced by higher-
order shim coils and optimization of the coefficients for their
superposition using a genetic algorithm. We designed and
fabricated a single-channel shim coil for a 1.0 T permanent
magnet with a 40 mm gap based on the measured magnetic
field using second-order shim coil elements. By optimizing
the electrical current for the shim coil, we achieved an
improvement of about threefold in the magnetic field
homogeneity in the central spherical area (diameter =
18 mm). Therefore, we conclude that the single-channel shim
coil is a useful device for narrow-gap permanent magnets.
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