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(57) Abstract: Active resistive shim coil assemblies (208) may be used in magnet- ic resonance imaging (MRI) systems to reduce in-
homogeneity of the magnetic field in the imaging volume. Disclosed embodiments may be used with continuous systems, gapped
cylindrical systems, or verti- caly gapped systems. Disclosed embodiments may also be used with an open MRI system and can be
used with an instrument (104) placed in the gap (102) of the MRI system. An exemplary embodiment of the active resistive shim coil
assembly of the present disclosure includes active resistive shim coils each operable to be energized by separate currents through a
plurality of power channels. In some embodiments, the disclosed active resistive shim coil assemblies alow for various degrees of
freedom to shim out field in-homogeneity.
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ACTIVE RESISTIVE SHIMMING FOR MRI DEVICES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present PCT application claims priority to U.S. Pat. App. Ser. No. 13/324,850
filed December 13, 201 1, entitled "Active Resistive Shimming For MRI Devices', the

full disclosure of which isincorporated herein by reference.

BACKGROUND

1. Technica Field
[0002]  The present application relates to systems and methods for magnetic resonance
imaging ("MRI") and particularly to active shimming for MRI systems.

2. Related Art

[0003] Magnetic resonance imaging, or nuclear magnetic resonance imaging, is
primarily amedical imaging technique used most commonly in radiology to visualize the
internal structure and function of the body. MRI methods and techniques are described,
for example, by E. MARK HAACKE ET AL., MAGNETIC RESONANCE IMAGING:
PHYSICAL PRINCIPLES AND SEQUENCE DESIGN (Wiley-Liss 1999), which is
hereby incorporated by reference. The present disclosure relates to the magnetic
resonance arts. It finds particular application in conjunction with medical magnetic
resonance imaging and will be described with particular reference thereto. It isto be
appreciated, however, that the disclosure aso finds application in conjunction with other
types of magnetic resonance imaging systems, magnetic resonance spectroscopy systems,
and the like.

SUMMARY
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[0004]  An exemplary embodiment of amagnetic resonance imaging (MRI) system
comprises afirst magnet, afirst gradient coil disposed between the first magnet and a
longitudinal axis of the MRI system, and an active resistive shim coil assembly disposed
outside of the first magnet and proximate to the first gradient coil. The active resistive
shim coil assembly comprises aplurality of shim coils, and the plurality of shim coils are
each connected to aplurality of power channels and operable to be energized by separate

currents through the plurality of power channels.

[0005] An exemplary embodiment of an active resistive shim coil assembly comprises
an active X-shim coil comprising four quadrants, in which afirst pair of the four
guadrants of the X-shim coil are disposed symmetrically about a central plane, and a
second pair of the four quadrants of the X-shim coil are disposed symmetrically about the
central plane. The active resistive shim coil assembly may further comprise an active Y -
shim coil comprising four quadrants, in which afirst pair of the four quadrants of the Y -
shim coil are disposed symmetrically about the central plane and a second pair of the four
guadrants of the Y-shim coil are disposed symmetrically about the central plane. The
active resistive shim coil assembly may further comprise an active Z-shim coil
comprising apair of halves disposed symmetrically about the central plane. In an
embodiment, the active X-shim, active Y-shim, and active Z-shim coils are each operable
to be energized by separate currents through aplurality of power channels, and the active

shim coil assembly does not include a second order or higher order shim coil.

[0006]  Another exemplary embodiment of amagnetic resonance imaging (MRI) system
comprises amagnet, agradient coil disposed between the magnet and alongitudinal axis of
the MRI system, and an active resistive shim coil assembly disposed outside of the magnet
and proximate to the gradient coil. The active shim coil assembly comprises aplurality of
shim coils, and the plurality of shim coils comprise: 1) an active X-shim coil comprising
four quadrants, wherein afirst pair of the four quadrants of the X-shim coil are disposed
symmetrically about acentral plane of the MRI system and a second pair of the four

guadrants of the X-shim coil are disposed symmetrically about the central plane; 2) an
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active Y-shim coil comprising four quadrants, wherein afirst pair of the four quadrants of
the Y-shim coil are disposed symmetrically about the central plane and a second pair of the
four quadrants of the Y -shim coil are disposed symmetrically about the central plane; and 3)
an active Z-shim coil comprising apair of halves disposed symmetrically about the central
plane. The active X-shim, active Y-shim, and active Z-shim coils are each operable to be
energized by separate currents through aplurality of power channels, and the active resistive
shim coil assembly does not include a second order or higher order shim cail.

[0007]  Further disclosed is an exemplary embodiment of amethod of shimming a
field in-homogeneity in amagnetic resonance imaging (MRI) system comprising a
magnet, a gradient coil, and an active resistive shim coil assembly disposed outside of the
magnet and proximate to the gradient coil, the active resistive shim coil assembly
comprising shim coils operable to be energized by currents provided through aplurality
of power channels. The disclosed exemplary method comprises maintaining a magnetic
field, determining the field in-homogeneity in an imaging volume, determining currents
to be provided to the shim coils of the active resistive shim coil assembly, applying the
currents to the shim coils, wherein the shim coils energized by the currents are operable
to shim out a least some of the field inhomogeneity, and repeating maintaining the
magnetic field and determining the field inhomogeneity at |east once after determining

the currents and applying the currents.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008]  Features, aspects, and embodiments of the disclosure are described in
conjunction with the attached drawings, in which:
[0009]  Figure 1shows aperspective view of ahorizontal open MRI system with an
instrument located in its center gap region, as can be used with some embodiments of the
present disclosure;
[0010]  Figure2A shows asimplified cross-sectiona view of the embodiment of the

system shown in Figure 1;
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[0011]  Figure 2B shows asimplified cross-sectional view of an embodiment of aMRI
system in accordance with the present disclosure;

[0012]  Figures 3A-C show exemplary current patterns of some embodiments of the X -
shim, Y-shim, and Z-shim coils of the present disclosure;

[0013]  Figure 4 shows aperspective view of asimplified diagram for the embodiment
of the system shown in Figure 1;

[0014]  Figure 5A shows afirst power connection scheme for aplurality of quadrants
of the X-shim or Y-shim cails;

[0015]  Figure 5B shows a second power connection scheme for aplurality of
quadrants of the X-shim or Y-shim cails;

[0016]  Figure 5C shows athird power connection scheme for aplurality of quadrants
of the X-shim or Y-shim cails;

[0017]  Figure 5D shows afourth power connection scheme for aplurality of quadrants
of the X-shim or Y-shim cails;

[0018]  Figure 6isaschematic flow diagram illustrating amethod for shimming field
in-homogeneity in aMRI system in accordance with the present disclosure;

[0019]  Figure 7 shows a comparison of Peak-to-Peak in-homogeneity versus the
gantry position in afirst exemplary embodiment before and after active shimming using
10 degrees of freedom active shim coils;

[0020]  Figure 8 shows a comparison of Peak-to-Peak in-homogeneity versus the
gantry position in the first exemplary embodiment before and after active shimming using
six degrees of freedom active shim coils;

[0021]  Figure 9 shows a comparison of Peak-to-Peak in-homogeneity versus the
gantry position in a second exemplary embodiment before and after active shimming
using 10 degrees of freedom active shim cails;

[0022]  Figure 10 shows acomparison of Peak-to-Peak in-homogeneity versus the
gantry position in the second exemplary embodiment before and after active shimming

with using six degrees of freedom active shim coils; and
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[0023]  Figure 11 shows acomparison of the field in-homogeneity in athird exemplary

embodiment before and after active shimming.

DETAILED DESCRIPTION
[0024]  In magnetic resonance imaging, linear magnetic field gradients are used for
gpatial encoding. Gradient coils are used to produce these linear magnetic field gradients.
Horizontal cylindrical MRI systems have horizontal cylindrical gradient coil assemblies
that span the length of the device. Open horizontal MRI systems have a split main magnet
with agap in the center and may have split gradient coils aswell. More recently, it has
become desirable to include various treatment and imaging modalities in combination
with MRI systems and open MRI systems, such as radiation therapy devices, biopsy
needles, ablation devices, surgical devices, ultrasound, PET, SPECT, CT, LINAC, and
others. For example, it would be desirable to place such instruments in the gap region of

an open MRI system.

[0025] The quality of MRI images can be negatively affected by the field in-
homogeneity of the main magnet field inside the imaging volume. In some MRI systems,
such as continuous cylindrical or vertically gapped systems, superconductive shim coils
are positioned inside the main magnet and are used to decrease the field in-homogeneity
due to imperfection of the magnet. For a continuous cylindrical magnet (un-gapped
magnet), the superconductive shims may include first order shim coils, such as X-shim,
Y -shim and Z-shim coils and higher order shim coils that continuously span through the
central axial plane of the MRI system. These shim coils are energized one a atime
during an active superconductive-shimming procedure.

[0026]  Passive shimming techniques may also be used to shim-out, to some extent, the
residual in-homogeneity after the superconductive shims have been applied. The passive
shims, which usually comprise pieces of ferromagnetic metal, are placed either inside the

gradient coil or on the inner bore surface of the main magnet. Several iterations of
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combining active superconductive shimming and passive shimming may berequired to

achieve the desired level of in-homogeneity.

[0027]  However, once the superconductive shim coils are energized by currents, the
power channel will be closed because location of the superconductive shim coils inside
the main magnet prevents further access to the shim coils. As such, continuing variation
of each shim coil isnot possible. If it is desired to adjust the currents to the
superconductive shim coils, the access to the shim switches in the main magnet would

have to be opened to gain access to the superconductive shim cails.

[0028]  Active resistive shim coils may beused for shimming out the patient induced
inhomogeneity. These shim coils may include zero-order, first-order, and second-order
shim coils such as 20, 722, XZ, YZ, XY, and X2-Y 2 types, or even higher order. These
shim coils may be Golay type coils described in the patent by Golay in U.S. Patent No.
3,569,823, which is hereby incorporated by reference, or may be distributed ones. One
disadvantage associated with the configuration of the active shim coils in the above
discussed systems isthat all portions of each shim coil are connected in series and
controlled by the same power channel. The series connection of the portions of the shim
coil limits the degrees of freedom to shim out in-homogeneity.

[0029] The activeresistive shim coil assemblies of the present disclosure may be used
with any type of MRI system. One aspect of the active resistive shim coil assembly of the
present disclosure that may be different from conventional active shim coilsisthat each
shim cail of the present active resistive shim coil assembly may be connected to and
controlled by aplurality of power channels. Such a configuration allows for various
additional degrees of freedom in energizing the active resistive shim coils and the
generation of harmonics that can more effectively shim out in-homogeneity.

[0030]  Unlike conventional active shim coils, another aspect of the active resistive
shim coil assembly of the present disclosure may include configuration for
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accommodating a split solenoid horizontal "open™ MRI system that includes a gap
between two horizontal MRI magnet halves. In conventional horizontal systems, there are
typicaly fivetypes of shim coils: ZO, 72, XZ, YZ, XY, and X2-Y 2. In this case, the XZ
and Y Z shim coils are disposed symmetrically about and extend across the central plane,
which isimpossible for a split system. In an exemplary embodiment, to accommodate the
gap in an open MRI system, the active shim coil assembly of the present disclosure may
have split X-type, Y-type, and Z-type active shim coils only instead of second order or
higher order shim coils. Providing the corresponding currents to the X-type, Y-type, and
Z-type active shim coils through aplurality of power channels, one can generate the
harmonics of all ZO, 22, XZ, YZ, XY, X2-Y2 shim coils aswell as higher order shims.

[0031]  The shim coil assemblies disclosed herein are further well suited for use with a
horizontal open MRI system that isused with an additional medical instrument being
operated within its gap. Figure 1depicts such an arrangement with ahorizontal open MRI
system 100 having a gap region 102. An instrument 104 is mounted in the gap region 102
on agantry 110. Also depicted are apatient 106 and patient couch 108. In some
embodiments, the gantry 110 can be used to reposition the instrument 104 about the
patient 106 (i.e., about the Z-axis shown in Figure 1).

[0032] The embodiment of Figure 1 can include elements of a system of the assignee
of the current application, ViewRay Incorporated, described, in part, in U.S. Patent
Application Publication 2005/0197564 to Dempsey, titled "System for Delivering
Conformal Radiation Therapy while Simultaneously Imaging Soft Tissue" (hereafter
"Dempsey '564"), which is hereby incorporated by reference. For example, the instrument
104 can comprise aradiation therapy device and associated multi-leaf collimator (MLC),
which, in combination with afast-imaging horizontal open MRI system, alows for
improved radiation therapy that accounts for target location during treatment, as
discussed in Dempsey '564. While only asingle assembly is shown asthe instrument 104
in Figure 1, some embodiments can include multiple assemblies associated with

instrument 104. For example, some embodiments may include three radiation head



WO 2013/103477 PCT/US2012/068872

assemblies (not shown in Figure 1) mounted in gap 102, distributed about the Z-axis, and
rotatable about the Z-axis on the gantry 110. While some aspects of the embodiments
disclosed herein are described with respect to the ViewRay system disclosed by Dempsey
'564, such aspects are not required for use with the disclosed shim coil assembly. Itis
contemplated that the shim coil assembly disclosed herein may beused in any type of
MRI system, with or without the use of an associated instrument 104. Furthermore, for
systems utilizing an instrument 104, such instruments are not limited to radiation therapy
devices such asradiation sources, or a LINAC, but can include any type of instrument
used with an MRI system.

[0033] Figure 2ais diagrammatic cross-section of the system shown in Figure 1. The
embodiment of Figure 2a depicts a horizontal open MRI system 100 including apair of
main magnets 200, separated by gap 102. It isto be appreciated that the MRI system 100
may be designed to include only one main magnet 200 in accordance with the principles
of the present disclosure for embodiments related to un-gapped MRI system. The MRI
system isused to image aregion of interest 202 above patient couch 108. The MRI
system 100 includes additional conventional components not shown, for example, aradio
frequency (RF) system including RF coils. The coordinate system used in the figures and
throughout this disclosure refers to the longitudinal axis through the MRI bore asthe Z-
axis. The X-axis extends perpendicular to the Z-axis and from side to side of the MRI
system 100; the Y-axis extends perpendicular to the Z-axis and from the bottom to the
top of MRI system 100.

[0034] Also depicted in Figure 2ais afirst gradient coil 204 disposed between the
magnets 200 and the longitudinal axis 206 through the MRI bore (the Z-axis). The MRI
system 100 includes an active resistive shim coil assembly 208 disposed outside of the
magnets 200 and proximate to the first gradient coil 204. The active shim coil assembly
208 may include aplurality of shim coils each connected to aplurality of power channels

(not shown) in & least one amplifier 220. The plurality of shim coils may each be
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operable to be energized by a separate current provided through the plurality of power
channels in the a least one amplifier 220.

[0035]  In an embodiment, the first gradient coil 204 may be disposed in agradient coil
assembly 207 comprising other gradient coils and/or shield coils as described in U.S.
Patent Appl. No. 12/951,976, which is commonly-owned and hereby incorporated by

reference.

[0036] It isto be appreciated that the location of the active resistive shim coil
assembly 208 outside of the magnets 200 may vary. The active resistive shim coil
assembly 208 may be disposed on either side of the first gradient coil 204 in the radial
direction. In an embodiment, the active resistive shim coil assembly 208 may be disposed
between the magnets 200 and the first gradient coil 204. In another embodiment, the
active resistive shim coil assembly 208 may be disposed between the first gradient coil
204 and the longitudinal axis 206. The active resistive shim coil assembly 208 may be
disposed inside or outside of the gradient coil assembly 207. In the exemplary
embodiment illustrated in Figure 2a, the active resistive shim coil assembly 208 is
disposed within the gradient coil assembly 207. A cooling unit 209 of the MRI system
100 may provide cooling for both the active resistive shim coil assembly 208 and the
gradient coil 204. Shown in Figure 2b isaMRI system 150 that is substantially similar to
the MRI system 100 except the location of the active resistive shim coil assembly 208. In
the MRI system 150, the active resistive shim coil assembly 208 is disposed outside of
the gradient coil assembly 207. The active resistive shim coil assembly 208 is disposed
between the magnets 200 and the gradient coil assembly 207. In this embodiment, a
dedicated cooling unit 210 may beincluded in the MRI system 150 for cooling for the

active resistive shim coil assembly 208.

[0037] It isto be appreciated that the beneficial effects of supplying currents through
multiple power channels to each shim coil of the active resistive shim coil assembly 208

may be optimized by disposing the active resistive shim coil assembly 208 outside of the
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magnets 200. Such alocation of the active resistive shim coil assembly does not require
the power channels to be closed after the shim coils of the active resistive shim cail
assembly 208 are energized. A s such, easy and continuing variation of the currents to

each active shim coil may berealized.

[0038] In an embodiment, the active resistive shim coil assembly 208 of the present
disclosure may include various combinations of active resistive shim coils, such as an
active X-shim type coil (hereafter "X-shim coil"), an active Y-shim type coil (hereinafter
"Y-shim cail"), and an active Z-shim type coil (hereinafter "Z-shim cail"). In an
exemplary embodiment, the X-shim, Y-shim, and Z-shim coils may be Golay type coils.
In another embodiment, these coils may be distributed coils. In an embodiment, the active
resistive shim coil assembly 208 may further include azero-order shim coil. It isto be
appreciated that the choice and arrangement of the active shim coils in the active resistive
shim coil assembly 208 may vary, depending on the expected in-homogeneity in the

magnetic fields in the imaging volume and the degrees of freedom that are desired.

[0039]  In an embodiment, the active shim coil assembly 208 may include X-type, Y -
type, and Z-type active shim coils and not include a second order or higher order shim
coil. By providing currents to these X-type, Y-type, and Z-type active shim coils through
aplurality of power channels, the harmonics of ZO, 22, XZ, YZ, XY, and X2-Y2 shim

coils, aswell as higher order shims, can be generated.

[0040]  Active resistive shim coils suitable to be included in the active resistive shim
coil assembly 208 may include avariety of current patterns and number of connections to
different power channels that alow for various degrees of freedoms. Referring to Figure
3A,in an exemplary embodiment, the current pattern of an X-shim coil may be
configured to include at least four quadrants. In an embodiment, the X-shim coil may
include first and second pairs of quadrants 302a and 302b disposed symmetrically about a
central plane 400 illustrated Figure 4. Figure 4 isasimplified schematic of the MRI
system 100, and as illustrated, a central plane 400 normal to the longitudinal axis 206

10
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may be defined by an X-axis and aY-axis. In ahorizontal open MRI system, the central
plane 400 is centered within the gap 102 between the magnets 200. Turning to Figure 3B,
in an embodiment, aY-shim coil may also include at least four quadrants, with first and
second pairs of quadrants 304a and 304b being disposed symmetrically about the central
plane 400 as shown in Figure 4. The current pattern of the Z-shim type coil may include
a least two halves 306a, 306b disposed symmetrically about the central plane 400 as
shown in Figure 3C. The radial order of X-shim, Y-shim, and Z-shim coils may be
determined by the fact that the X dimension istypically larger than the Y dimension and

Z-shim coils are more efficient than X and Y coils.

[0041] Inan exemplary embodiment, to allow for greater degrees of freedom in
shimming out various field in-homogeneity in the imaging volume, the active X-shim,
active Y-shim, and active Z- shim coils may each include aplurality of quadrants
operable to be energized by currents from separate power channels. For example, two
halves of the Z-shim coil may be operable to be energized by currents from two
respective power channels, alowing for two degrees of freedom. There are anumber of
ways for connecting the quadrants of the active X-shim coil and active Y-shim type coil,
resulting in different degrees of freedom. In the exemplary embodiment illustrated by
Figure 5A , each quadrant 502 of the X-shim and Y -shim coils may be connected to a
separate power channel 503, resulting in four degrees of freedom for each of the X- and
Y -shim coils. In the embodiment illustrated in Figure 5B, the first and second quadrants
5044, 504b of the X-shim coil are connected in seriesto afirst power channel 505 and
third and fourth quadrants 506a, 506b of the X-shim coil are connected in seriesto a
second power channel 506. The Y-shim coil may be similarly configured to include first
and second quadrants 504a, 504b connected in seriesto afirst power channel 505 and
third and fourth quadrants 506a, 506b connected in series to a second power channel 506.
Other exemplary schemes for connecting the first and second quadrants 504a, 504b in
series and the third and fourth quadrants 506a, 506b in series are shown in Figures 5C-
5D. In addition to the exemplary power channel arrangements shown in Figures 5A-5D,

other arrangements may also be used, including various connections that allow for one

11
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power channel to provide currents to three or four of the quadrants of the X-shim or Y -

shim coails.

[0042]  The above discussed configurations of the X-shim, Y-shim, and Z-shim coils
allow for various degrees of freedom. In an exemplary embodiment, the two halves of the
active Z-shim coil are operable to be energized by currents from two respective power
channels and the four quadrants of each of the X-shim and Y -shim coils are operable to
be energized by currents from four respective power channels, and there are 10 degrees
of freedom for active shimming. In another exemplary embodiment, the shim coils may
be configured as follows. 1) two quadrants of the Z-shim coil are operable to be
energized by currents from two respective power channels; 2) first and second quadrants
of the Y-shim coil are connected in series and operable to be energized by currents from
two respective power channels and third and fourth quadrants of the Y-shim coil are
connected in series and operable to be energized by currents from two respective power
channels; and 3) first and second quadrants of the X-shim coil are connected in series and
operable to be energized by currents from two respective power channels and third and
fourth quadrants of the X-shim coil are connected in series and operable to be energized
by currents from two respective power channels. Such a configuration allows for six

degrees of freedom for active shimming.

[0043]  In another exemplary embodiment, an MRI system may include an active shim
coil assembly 208 having second order or higher order resistive shim coils. An exemplary
active shim coil assembly 208 may include Z2, ZX, ZY, XZ, and X2-Y 2 shim coils. The
ZX and ZY resistive shim coils may be disposed symmetrically about central plane 400.
The ZX resistive shim coil may include two halves separated by 180 degreesin the
azimuthal direction, and the ZY resistive shim coil may aso include two halves rotated
from the ZX shim coil by 90 degrees. The XY resistive shim coil may include 8
guadrants: two sets of four quadrants positioned symmetrically about the central plane
400 and separated by 90 degrees in the azimuthal direction. The X2-Y 2 resistive shim

12
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coil may aso include two sets of four quadrants positioned symmetrically about the
central plane 400 and rotated from the Y Z shim coil by 90 degrees.

[0044]  Similar to the shim coils of the exemplary open MRI system discussed above,
the Z2, ZX, ZY, XZ, and X2-Y 2 shim coils of an MRI system may each include various
combinations of quadrants and/or halves operable to be energized by currents from
separate power channels. The halves of ZX and ZY shim coils may each be energized by
currents from separate power channels and allow for two degrees of freedom for each
shim coil. The quadrants of the XY and X2-Y 2 shim coils may each be energized by
currents from separate power channels and allow for eight degrees of freedom for each
shim coil. Assuch, an active shim coil assembly comprising 22, ZX, ZY, XZ, and X2-Y 2
shim coils may have more degrees of freedom than an active shim coil assembly
comprising only X-shim, Y-shim, and Z-shim coils. Additionally, the power channels of
the Z2, ZX, ZY, XZ, and X2-Y 2 shim coils may be combined to allow for various
degrees of freedom ranging from at least 4 to 20 degrees of freedom.

[0045] Inan MRI system, each quadrant of the X-shim coil and Y -shim coil, and each
half of the Z-shim coil may produce various spherical harmonics in the imaging volume.
Listed in Table 1below is an example of the spherical harmonics that aY 1 quadrant of
the Y-shim coil may produce within 45cm DSV

13
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Zonal Tesseral
n | Cn{ppm/A) n m | Cnm(ppm/A) | Snm{ppm/A)
1 13.0477868 1 1 -0.0000069 -23.8726702
2 -4.4638038 2 1 0.0000114 -8.7860516
3 -6.9826154 2 2 -2.8149244 -0.0000003
4 -2,2513510 3 1 -0.0000158 -0.3793798
5 0.7169872 3 2 -0.9071030 0.0000004
6 0.8262018 3 3 0.0000000 0.1495946
7 0.1611504 4 1 0.0000201 1.2030205
8 -0.1400087 4 2 -0.1069263 -0.0000005
9 -0.0920674 4 3 0.0000000 0.0440727
10 | -0.0165923 4 4 0.0028112 0.0000000
11 | 0.0156868 5 1 -0.0000243 0.5182383
Q0 | 25.6068816 5 2 0.0518468 0.0000006
5 3 0.0000000 0.0064316
5 4 0.0007785 0.0000000
5 5 0.0000000 0.0001169

The sensitivities of theY_2, Y_3, and Y_4 quadrants of the Y -shim coil could be found

from symmetry arguments with respect tothe Y 1 quadrant of the active Y-shim. In turn,
the sengitivities of X 1, X_2, X_3, and X_4 quadrants of the X-shim coil could be found
from symmetry with respect totheY_1, Y_2, Y_3, and Y_4 quadrants of the Y-shim

coil.

A linear combination of the sensitivities of the Y-shim coils could be formed SY_shim =
oY 1+ opSY_ 2+ 03SY 3 +0o4SY 4 (1)

In Equation (1) SY_ | (1< | <4) are the sensitivity of the Y_I quadrant and o arethe
weighting factor. If al 07 are equal then the Y -shim behaves as Y -gradient. If, for
example, o; = 03 =1, 0, = 04, = —1 then the Y -shim behaves as a conventional Y Z-shim.
If, for example, o; = 0, =1, 03 = 0, = —1 then the Y -shim behaves as combination of
conventional Z2-shim with XY -shim coils. If for example o; = 0, =1, 03 = 0, = —1 then
the Y -shim behaves mostly as a conventional Z-gradient.

[0046] Listedin Table 2 below isan example of the spherical harmonics that aZ_|
half of the Z-shim coil may produce within 45cm DSV:
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Cn(ppm/A)

19.107958070
-0.182409322
-3.883364862
-0.659129337
0.815717783
0.297190574
-0.178368437
-0.140483754
0.012351049
0.023010875
-0.000943040
33.063044273

Nag [oLN B Fo W [R0Y WANE [PVR JNSY £y B

—| =
e =

=]

The sengitivity of the Z_2 half of the Z-shim coil could be found from symmetry
arguments with respect to the Z_| half of the Z-shim coil. Equation (2) below isan
expression of the Z-component of the magnetic field in terms of spherical harmonic
coefficients:

B,(r,8,p)= ZC[ j P(co>.9)+Z(Rj Z( o COS(m@) + S, sin(m@) )P (cos 9) (2)

n=1 n=l. X m=1

In equation (2), B, (»,%,¢) isthe Z-component of the magnetic field, »,3,¢ arethe
spherical coordinates of the observation point, P"(cos$) arethe Legendre polynomials,
C, arethe Zonal spherical harmonics coefficients, and C, , , §,,, arethe Tesseral

spherical harmonics coefficients.

[0047] In operation, one may use the separate power supplies to apply the currents to
the shim coils to minimize the field in-homogeneity. This could be done by minimizing

the following functional:
\2

- Z[ ZJ OV 3)

n=1
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In equation (3), the notations have the following definitions:

* N isthe number of measurement points using the field camera.

¢ Ny isthe number of base shim coils.

+ Bisthevariation of the measured field values of the magnetic field relative
to the central field value B, .

« B;, arethe values of the magnetic field generated by abase shim coil (indexed
by letter n), driven with aunit current, over the set of measurement points.
These values represent the sensitivities of the base shim cails.

[ arethe unknown currents that should be applied to the base shim coils.

* Aisaregularization factor to minimize the values of the shim currents to be

applied.

[0048] Variation of the functiona 7 with respect to the unknown currents 7,

determines the solution.

[0049] Figure 6isaflow chart showing an exemplary process suitable for shimming
the MRI devices of the present disclosure. It isto be appreciated that while the actions
illustrated in the flow chart may each be performed in the order illustrated, they may be
performed out of the order illustrated unless otherwise specified. Various objects in or
near the MRI systems of the present disclosure may introduce field-inhomogeneity in the
image volume. For example, some parts sitting on gantry of an MRI device can introduce
field-inhomogeneity. A robotic device used during imaging is an example of apossible
source of field-inhomogeneity. The illustrated exemplary method 600 in Figure 6 may be
suitable for shimming out field in-homogeneity in amagnetic resonance imaging (MRI)
system comprising amagnet, a gradient coil, and an active resistive shim coil assembly
disposed outside of the magnet and proximate to the gradient coil. The MRI system may
be any embodiment of the MRI system disclosed herein, and the active resistive shim coil
assembly of the MRI system may include shim coils operable to be energized by currents

provided through aplurality of power channels.
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[0050]  Action 602 of the exemplary method 600 includes operating the MRI system to
maintain amagnetic field. Action 604 of the exemplary method 600 includes determining
the field in-homogeneity in an imaging volume of the MRI system. Based on the field-
homogeneity, actions 606 and 608 of the method 600 may include determining currents
to be provided to the shim coils of the active resistive shim coil assembly and applying
the currents to the shim coils, respectively. The currents are determined such that the
shim coils energized by the currents are operable to shim out at least some of the field in-
homogeneity. Action 610 may include repeating maintaining the magnetic field in action
602 and determining the field inhomogeneity in action 604 to determine whether the
currents provided to the shim coils allow adesired level of field in-homogeneity. If
additional shimming is desired, determining currents and applying the currents to the
shim coils actions in actions 606 and 608, respectively, may be repeated to adjust the
currents provided to the shim coils, and actions 602 and 604 may be repeated once more
to determine the resultant field in-homogeneity. After iterations of the actions 602, 604,
606, and 608, the shim coils may be energized by currents that are tuned to shim out most
of the field in-homogeneity. Residual in-homogeneity may be shimmed out with

adjustment of passive shims.

[0051] Itisto be appreciated that the method 600 may be an iterative method that
would be burdensome and difficult to perform if the shim coils are disposed inside the
magnet. In such a case, the connections to superconductive shimswould have to be
performed with every iteration. However, since the active resistive shim coil assembly is
disposed outside of the magnet, the method 600 may be performed while the magnet of
the MRI system remains closed. This advantage not only allows for easy adjustment of
the currents for energizing the shim coils but also may synergistically alow for real-time
adjustments of currents to the shim coils during imaging as the source of the field in-
homogeneity moves in real-time. Such real-time adjustments would allow for
significantly improved imaging quality and accuracy.
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[0052] Maintaining the magnetic field in action 602 and determining the field in-
homogeneity in action 604 may be accomplished in avariety of ways known in the art. In
an embodiment, maintaining the magnetic field in action 602 may include maintaining
the magnetic field with an object disposed in the imaging volume. The object may have a
density profile and areference magnetic field response that may have been
predetermined. In such an embodiment, determining field in-homogeneity in action 604
may include measuring the magnetic field in the imaging volume and comparing the
measured magnetic field with the reference magnetic field predetermined for the object.
In an exemplary embodiment, aprocessor may receive the magnetic field measurements
and use software to compare the measured magnetic field with the reference magnetic

field to identify field in-homogeneity.

[0053] In an embodiment, determining field in-homogeneity in action 604 may
include measuring amagnetic field over a surface and mathematically determining the
magnetic field in the imaging volume based on the measured magnetic field over the
surface. For example, a "magnetic camera' may be removably disposed in the MRI
system. The magnetic camera may include sensors to measure the magnetic field over
surface of the magnetic camera. Data collected from the sensors of the magnetic camera
may be used to mathematically determine the magnetic field in the imaging volume. In an
embodiment, aprocessor may receive data from the magnetic camera and use software to
determine the magnetic field in the imaging volume based on the magnetic field over the

surface of the magnetic camera.
[0054]  Inview of the principles discussed in the present disclosure, exemplary
embodiments of the systems and methods for shimming out various field in-homogeneity

are provided below.

Example 1: Shimming-out First Gantry-Induced |nhomogeneity

[0055] In an embodiment, there may be 18 "links" on the gantry in aMRI system of

the present disclosure. These "links" support and guide the gantry during rotation. The
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"links" may be manufactured from ferromagnetic material. Measurements were
performed to measure how the field in-homogeneity in the imaging volume changes as
the gantry rotates. A field camera (24 planes, 24 angles with 45 cm DSV, for example)
was used to acquire field maps for 29 rotational gantry positions spanning 360°. The
results are shown in Figure 7 as a solid line. This figure shows that peak-to-peak
measured in-homogeneity varies by 20.5 ppm during gantry rotation with an average
value is 43.95 ppm.

[0056]  The shimming procedure discussed above with respect to equation (3) was
applied to the data acquired during these measurements using shim coils having 10
degrees of freedom. The result is shown in Figure 7. The variation of the smulated data
in Figure 7 is equal to 3.92 ppm with an average of 20.90 ppm. As an example, Table 3
lists the required currents for the measurements #15 and #16 where in-homogeneity was
—55 ppm.

wh honig
| Degrees of Kreedom

#15 #16
P-P before .
correction 54.63 ppm 54,38 ppm
c';'r': :c?ii';l 22.01 ppm 21.57 ppm
Quadrants Current to the Quadrants[A]
X1 -0.01815 -0.00482
X2 -0.41991 -0.41099
X3 0.141102 0.158243
X 4 -0.24548 -0.22761
Y1 -0.22888 024142
Y 2 0.15985 -0,14338
Y 3 -0.07196 -L08459
Y 4 -0.02005 003311
Z1 0.201617 0203529
Z 2 -0,1%638 -0.1863

[0057]  Furthermore, the shimming procedure discussed above with respect to equation
(3) was applied to the data acquired during these measurements using shim coils having
six degrees of freedom. The six degrees of freedom may be provided by configuring X -
shim, Y-shim, and Z-shim coils in accordance with any of the embodiments shown in
Figures 5B-5D. The result is shown in Figure 8. The variation of the simulated datain
Figure 8isnow is equal to 3.26 ppm with average of 23.45 ppm. As an example, Table 4
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lists the required currents for the measurements #15 and #16 where in-homogeneity was

—55 ppm.
Measuremen
#15 #16

Z;f:;g:ﬁ;f 54.63 ppm 54.38 ppm

P-P after

correction 24.29 ppm 23.86 ppm

Quadrants Current to the Quadrants [A]
X1 0.059684 0.074866
X2 -0.33507 -0.32191
Y 1 -0.15041 -0.163
Y 2 -0.07997 -0.08826
Z 1 0.022211 0.027385
Z 2 -0.01523 -0.015

Example 2: Shimming-out Second Gantry-Induced Inhomogeneity

[0058]  The "links" in this example were manufactured from stainless steel, Tungsten,
and Ampcoloy®. Measurements were performed to measure how the field in-
homogeneity in the imaging volume changes as the gantry rotates. A field camera (24
planes, 24 angles with 45 cm DSV, for example) was used to acquire field maps for 29
rotational Gantry positions spanning 360°. The results (solid line) are shown in Figure 9,
which shows that peak-to-peak measured in-homogeneity varies by 2.67 ppm during
Gantry rotation with an average value of 45.49 ppm.

[0059] The shimming procedure discussed above with respect to equation (3) was
applied to the data acquired during these measurements using shim coils having 10
degrees of freedom. The result of simulated data (dashed line) is shown in Figure 9. The
variation in Figure 9 is equal to 0.82 ppm with average of 18.50 ppm. Asan example,
Table 5 lists the required currents for the measurements #15 and #16 where in-

homogeneity was —45 ppm.
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Measurement
#15 #16
I;;f:;":g’;‘: 4536 ppm 4536 ppm
cl;'rl: eact;tiil;l 18.53 ppm 18.51ppm
Quadrants Current to the Quadrant [A]
X1 0.251106 0.25149
X_2 -0.14883 -0.14978
X 3 0.041333 0.040717
X_4 -0.37311 -0.37356
Y_l 0.041175 0.04138
Y 2 0.115653 0.116424
Y 3 -0.2041 -0.20237
Y 4 -0.16581 -0.16546
Z1 0.175209 0.17454
Z 2 -0.18452 -0.18497

[0060]  The shimming procedure discussed above with respect to equation (3) was

applied to the data acquired during these measurements using shim coils having six

degrees of freedom. The six degrees of freedom may be provided by configuring X-shim,

Y -shim, and Z-shim coils in accordance with any of the embodiments shown in Figures
5B-5D. The result of simulated data (dashed line) is shown in Figure 10. The variation of

the ssimulated datain Figure 10 is equal to 2.35 ppm with average of 24.50 ppm. Asan

example, Table 6 lists the required currents for the measurements #15 and #16 where in-

homogeneity was —45 ppm.
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Measurement
#15 #16
]: ;Ir)rzsg’(;f 45.36 ppm 45.36 ppm
cl;'rl; eii;tif;;] 24.60 ppm 24.61 ppm
Quadrants Current to the Quadrants [A]
X 1 0.148556 0.148475
X 2 -0.25849 -0.25922
Y 1 -0.08148 -0.08051
Y 2 -0.02505 -0.02449
Z1 0.016816 0.016282
Z 2 <0.01714 -0.01765

Example 3: Shimming-out the in-homogeneity induced by Patient Table motion

[0061] The position of patient table 108 in Figure 1 may include some magnetic
materials such as motors, for example, and thus can influence the field in-homogeneity.
Active shims can correct for the patient table position. The patient table in the ViewRay
system contains parts that have magnetic components. This patient table is capable of
moving left-right, up-down, and axially. During the axial motion the magnetic parts do
not move along with the patient table. In the first two cases (left-right, up-down) the
magnetic parts move along with the patient table. In these cases, the motion of the patient
table will affect the field in-homogeneity. Five measurements were performed to
investigate how the motion of the patient table affects the field in-homogeneity. They
were:

Patient Table isin the default position

Patient Table isin the down position (100 mm below the default position)
Patient Tableisin the up position (100 mm above the default position)
Patient Tableisin the left position (70 mm to the left of the default

P N

position)
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5. Patient Table isin the right position (70 mm to the right of the default
position)

Figure 11 shows the results of the measurements (solid line).

[0062] The shimming procedure discussed above with respect to equation (3) was
applied to these data using shim coils having 10 degrees of freedom. The result of the
simulated datais shown in Figure 11 as dashed line. The variation of the Peak-to-Peak
measured data in-homogeneity is2.73 ppm and the average vaue is 24.20 ppm. After the
active shimming simulations the variation of the Peak-to-Peak in-homogeneity is0.71

ppm and the average value is 23.80 ppm.

Example 4: Shimming-out the in-homogeneity of the Integrated System

[0063] A field plot of fully integrated ViewRay system was taken. The gantry includes
shock-absorbers that are made from steel. The Peak-to-Peak field in-homogeneity was
measured to be 98.49 ppm over 45 cm DSV. The main contribution comes from Z2-
harmonics. This kind of behavior may be attributable to the symmetry of the loaded
gantry. A few harmonics are listed in Table 7.
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n Cn [ppm] n|m Cnm [ppm] Snm [ppm]

1 1.517020968 |1 | 1 1.773949069 4.494422298
2 | -57.832699259 |2 | 1 1.732990292 0.423754032
3| 0061525062 |22 -0.830090121 -0.783903003
4 2955558965 (3|1 -0.664953782 -0.750731476
51 0507635837 |32 -0.214451419 -0.323832839
6 | 1301169076 |3 | 3 -0.040657666 0.083373198
7 | -1.552003664 (4|1 0.374808298 -0.044613125
8 | -0.410993035 | 4| 2 0.157056953 0.142087971
9 1.188085325 |4 | 3 -0.003003806 -0.007139001
10| 0.379692981 |4 | 4 0.001822970 -0.002748548
11| -0.618562815 |51 0.433918168 -0.068599015
12| -1.453838802 |52 -0.000442141 0.004815001
13| 0.249818389 (5| 3 0.009153570 -0.000884706
14| 0.568787336 |5 | 4 0.000696611 0.000479973
15| -0.066938561 |5 | 5 0.000207692 0.000735643

[0064] The dataindicates that there is astrong Z2 harmonics present, which is

consistent with Table 7. The shimming procedure discussed above with respect to
equation (3) was applied to these datausing shim coils having 10 degrees of freedom.
After shimming, the field in-homogeneity was reduced to 22.4 ppm. Table 8 and Table 9
below list the comparison of the Zonal and Tesseral harmonics, respectively, before and
after active shimming. Table 8 and Table 9 indicate that thejob that the active shim coils
have done isnullifying the linear and quadratic harmonics almost to zero. The harmonic

Z4 has changed the sign. The rest of the harmonics have not changed significantly.
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Before Shimming After Shimming
n Cn [ppm] Cn [ppm]
1 1.5170210 0.0181623
2 -57.8326993 0.8793326
3 0.0615251 0.0947799
4 2.9555590 -2.6058195
5 0.5076358 0.5634297
6 1.3011691 -0.7928871
7 -1.5520037 -1.5673275
8 -0.4109930 0.6684033
9 1.1880853 1.1912049
10 0.3796930 0.0667499
11 -0.6185628 -0.6145252
12 -1.4538388 -1.4034106
13 0.2498184 0.25066619
14 0.5687873 0.61271414
15 -0.0669386 -0.0711799
16 -0.1137788 -0.0429214
17 -0.0554951 -0.0608793
18 -0.1098128 -0.0681778
19 0.1445696 0.14478452
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Before Shimming After Shimming
n m Cnm [ppm] Snm [ppm] Cnm [ppm] Snm [ppm]
1 1 17739491 4.4944223 0.0181965 0.2232480
2 1 1.7329903 0.4237540 0.0854036 -0.0142033
2 2 -0.8300901 -0.7839030 0.0083130 -0.7839032
3 1 -0.664953% -0.7507315 -0.5782315 -0.5397995
3 2 -0.2144514 -0,3238328 -0.0030855 -0.3238326
3 3 -0.0406577 0.0833732 -0.0541602 0.1162205
4 1 0.3748083 -0.0446131 0.7309438 0.0500842
4 2 0.1570570 0.1420880 0.1488944 0.1420877
4 3 -0.0030038 -0.0071390 -0.0131880 -0.0044318
4 4 0.0018230 -0.0027485 -0.0171976 -0.0027485
5 1 0.4339182 -0.0685990 0.4493716 -0.0309976
5 2 -0,0004421 0.0048150 -0,0239295 0.0048154
5 3 0:0091536 -0.0008847 0.0091089 -0.0007758
5 4 0.0006966 0.0004800 0.0007102 0.0004800
5 5 0.0002077 0.0007356 0.0002204 0.0007665

[0065] Table 10 lists the required current in the shim coils.

P-P before correction 98.49 ppm
P-P after correction 22.40 ppm
Quadrants Current to the Quadrants [A]

X1 -0.3568

X2 -0.50935

X3 0.480535

X 4 0.441365

Y 1 -0.47634

Y 2 -0.45163

Y3 0.569628

Y 4 0.49395

Z 1 1.400789

Z2 -1.45652
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Active shimming of the LINAC-MM system

[0066]

201 1/0012593, which is herein incorporated by reference. Such aLINAC-MRI system
may be modified to include the shim coil assemblies 208 as discussed in the present

PCT/US2012/068872

A LINAC-MRI system is described in U.S. Patent Appl. Pub. No.

disclosure. In an exemplary LINAC-MRI system, the LINAC induced field in-

homogeneity over 45cm DSV is equal to 914.67ppm. The spherical harmonics are mainly

Z2,74, X,andY aslistedin Table 11.

n Cn [ppm] n m Cnm [ppm] Snm [ppm]
1 -0.0073703 1 1 | -200.4339171 347.2792350
2 -126.2154185 2 1 0.0061610 0.0010506
3 -0.0143934 2 2 -16.5780104 -28.6976572
4 10.2419211 3 1 10.0586748 -17.4245919
5 -0.0155341 3 2 -0.0006188 0.0004391
6 -0.5646889 3 3 1.5445963 -0.0004269
7 -0.0203373 4 1 -0.0006777 -0.0026722
8 0.4008913 4 2 0.4713509 0.8165001
9 -0.0311033 4 3 -0.0000014 -0.0000411
10 2.2975828 4 4 -0.0249194 0.0432091
11 -0.0390253 5 1 -0.4793326 0.8338403
12 -1.6230811 S 2 0.0000415 0.0000339
13 -0.0352530 5 3 -0.0305149 0.0000191
14 0.2888609 5 4 0.0000013 0.0600008
15 -0.0238106 5 5 -0.0006154 -0.0010665
[0067]  After the active shims were applied with the shim coil assemblies of the

present disclosure, the field in-homogeneity was reduced to 29.88ppm over 45cm DSV,
and the corresponding spherical harmonics are listed in Table 12.

27



WO 2013/103477

PCT/US2012/068872

n Cn [ppm] n | m| Cnm|[ppm] Snm [ppm]
1 0.0001023 111 -0.5868441 0.2740091
2 -0.0422085 2|1 0.0000569 -0.0000012
3 0.0002382 2|2 0.0855392 -2.8697675
4 -0.1723021 3|1 0.0448732 -0.0409589
5 -0.0003141 3|2 0.0000012 0.0000464
6 -0.5061831 3(3 0.3040916 0.2649268
7 -0.0002228 41 0.0000633 0.0000750
8 0.2687102 42 0.0301628 0.0816468
9 -0.0003557 413 -0.0000035 -0.0000022
10 0.1600720 4| 4 -0.0065633 0.0043209
11 -0.0004383 511 -0.2193784 0.3866175
12 -0.15426654 512 -0.0000072 0.0000072
13 | -0.000405966 |5 | 3 -0.0025555 0.0008802
14 0.035666269 5| 4 0.0000001 0.0000001
15 -0.00028356 5|5 -0.0002020 0.0001421

[0068] The corresponding shim currents are listed in Table 13.

P-P before correction

914.67 ppm

P-P after correction

29.88 ppm

Quadrants Current to the Quadrants[A]
X1 -2.0541
X2 -2.0544
X3 -1.0763
X 4 -1.0766
Y_ 1 1.2109
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[0069] Inthis example, the in-homogeneity was shimmed out using the active shim
coils. Another approach isto apply gradient offsets to nullify the linear terms X and Y .
Application of the gradient offsets also introduces the higher order impurities that are the
internal properties of the gradient coils. In this case, the field in-homogeneity is equal to
366.50ppm over 45cm DSV. After the active shimming, the field in-homogeneity is
reduced to 24.9ppm.

[0070]  The corresponding shim currents are listed in Table 14. In this case, the
currents in the Z-shims remain about the same as in Table 13 and the currents for X - and

Y -shims are reduced about three times compared to those in Table 13.

P-P before correction 366.50 ppm
P-P after correction 24.90 ppm
Quadrants Current to the Quadrants [A]

X1 -0.4818

X 2 -0.4792

X 3 0.5204

X 4 0.5177

Y 1 -1.5417

Y 2 -1.5386

Y 3 1.5636
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Y 4 1.5606

Z 1 3.1074
Z2 3.1025

[0071]  While various embodiments in accordance with the disclosed principles have
been described above, it should be understood that they have been presented by way of
example only, and are not limiting. Thus, the breadth and scope of the invention(s)
should not be limited by any of the above-described exemplary embodiments, but should
be defined only in accordance with the claims and their equivalents issuing from this
disclosure. Furthermore, the above described advantages are not intended to limit the
application of any issued claims to processes and structures accomplishing any or all of

the advantages.

[0072]  Additionally, section headings shall not limit or characterize the invention(s)
set out in any claims that may issue from this disclosure. Specificaly, and by way of
example, although the headings refer to a"Technical Field,” such claims should not be
l[imited by the language chosen under this heading to describe the so-called technical
field. Further, the description of atechnology in the "Background" isnot to be construed
as an admission that technology isprior art to any invention(s) in this disclosure. Neither
isthe "Summary" to be considered as a characterization of the invention(s) set forthin
issued claims. Furthermore, any reference to this disclosure in general or use of the word
"invention” in the singular isnot intended to imply any limitation on the scope of the
claims set forth below. Multiple inventions may be set forth according to the limitations
of the multiple claims issuing from this disclosure, and such claims accordingly define

the invention(s), and their equivalents, that are protected thereby.
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What Is Claimed Is:

1 A magnetic resonance imaging (MRI) system comprising:

afirst magnet;

afirst gradient coil disposed between the first magnet and alongitudinal axis of
the MRI system; and

an active resistive shim coil assembly disposed outside of the first magnet and
proximate to the first gradient coil, wherein the active resistive shim coil assembly
comprises aplurality of shim cails;

wherein the plurality of shim coils are each connected to aplurality of power
channels and operable to be energized by separate currents through the plurality of power

channels.

2. The MRI system of claim 1, further comprising a second magnet spaced apart
from the first magnet by a gap configured to receive an instrument, wherein the first
gradient coil is asplit gradient coil and the plurality of shim coils are split shim coils.

3. The MRI system of claim 2, wherein a least one of the plurality of shim coils
comprises a split resistive shim coil comprising four quadrants, wherein afirst pair of the
four quadrants of the split resistive shim coil are disposed symmetrically about a central
plane and a second pair of the four quadrants of the split resistive shim coil are disposed
symmetrically about the central plane.

4. The MRI system of claim 2, wherein a least one of the plurality of shim coils
comprises a split resistive shim coil comprising apair of halves disposed symmetrically

about a central plane.

5. The MRI system of claim 1, wherein the plurality of active shim coils comprise

an X-shim coil, aY-shim coil, and aZ-shim coil.
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6. The MRI system of claim 5, wherein the plurality of shim coils further comprise a

zero-order shim coil.

7. The MRI system of claim 5, wherein the X-shim coil comprises four quadrants
operable to be energized by currents from four respective power channels, the Y-shim
coil comprises four quadrants operable to be energized by currents from four respective
power channels, and the Z-shim coil comprises two halves operable to be energized by

currents from two respective power channels.

8. The MRI system of claim 5, wherein the active X-shim coil comprises four
guadrants, the active Y-shim coil comprises four quadrants, and the Z-shim coil
comprises two halves, and wherein two pairs of the quadrants of the active X-shim cail
are operable to be energized by currents from two respective power channels, two pairs
of the quadrants of the active Y-shim coil are operable to be energized by currents from
two respective power channels, and the two halves of the active Z-shim coil are operable

to be energized by currents from two respective power channels.

9. The MRI system of claim 1, further comprising apassive shimming device.

10. The MRI system of claim 1, wherein the active resistive shim coil assembly and

the first gradient coil are disposed inside a single module.

11.  The MRI system of claim 1, wherein the active resistive shim coil assembly is
disposed between the first magnet and the first gradient coil.

12. The MRI system of claim 1, wherein the active resistive shim coil assembly is
disposed between the first gradient coil and the longitudinal axis.

13. An active resistive shim coil assembly comprising:
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an active X-shim coil comprising four quadrants, wherein afirst pair of the four
guadrants of the X-shim coil are disposed symmetrically about a central plane, and a
second pair of the four quadrants of the X-shim coil are disposed symmetrically about the
central plane;

an active Y-shim coil comprising four quadrants, wherein afirst pair of the four
guadrants of the Y-shim coil are disposed symmetrically about the central plane and a
second pair of the four quadrants of the Y-shim coil are disposed symmetrically about the
central plane; and

an active Z-shim coil comprising apair of halves disposed symmetrically about
the central plane;

wherein the active X-shim, active Y-shim, and active Z-shim coils are each

operable to be energized by separate currents through aplurality of power channels; and

wherein the active shim coil assembly does not include a second order or higher

order shim coil.

14. The active resistive shim coil assembly of claim 13, wherein the quadrants of the
X-shim coil are operable to be energized by currents from four respective power

channels.

15. The active resistive shim coil assembly of claim 13, wherein first and second
guadrants of the X-shim coil are connected in series and operable to be energized by a
current from afirst power channel and third and fourth quadrants of the X-shim coil are
connected in series and operable to be energized by a current from a second power

channel.
16. The active resistive shim coil assembly of claim 13, wherein the quadrants of the

Y -shim coil are operable to be energized by currents from four respective power

channels.
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17. The active resistive shim coil assembly of claim 13, wherein first and second
guadrants of the Y -shim coil are connected in series and operable to be energized by a
current from afirst power channel and third and fourth quadrants of the Y -shim coil are
connected in series and operable to be energized by a current from a second power

channdl.

18. The active resistive shim coil assembly of claim 13, wherein the halves of the z-

shim coil are operable to be energized by currents from two respective power channels.

19. A magnetic resonance imaging (MRI) system comprising:

amagnet;

agradient coil disposed between the magnet and alongitudinal axis of the MRI
system; and

an activeresistive shim coil assembly disposed outside of the magnet and
proximate to the gradient coil, wherein the active shim coil assembly comprises a

plurality of shim cails;

wherein the plurality of shim coils comprise:

an active X-shim coil comprising four quadrants, wherein afirst pair of
the four quadrants of the X-shim coil are disposed symmetrically about a central
plane of the MRI system and a second pair of the four quadrants of the X-shim
coil are disposed symmetrically about the central plane;

an active Y -shim coil comprising four quadrants, wherein afirst pair of
the four quadrants of the Y -shim coil are disposed symmetrically about the central
plane and a second pair of the four quadrants of the Y-shim coil are disposed
symmetrically about the central plane; and
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an active Z-shim coil comprising apair of halves disposed symmetrically

about the central plane;

wherein the active X-shim, active Y-shim, and active Z-shim coils are
each operable to be energized by separate currents through aplurality of power
channels, and wherein the active resistive shim coil assembly does not include a
second order or higher order shim cail.

20. The MRI system of claim 19, wherein the quadrants of the X-shim coil are
operable to be energized by currents from four respective power channels, the quadrants
of the Y-shim coil are operable to be energized by currents from four respective power
channels, and the two halves of the Z-shim coil are operable to be energized by currents

from two respective power channels.

21.  The MRI system of claim 19, wherein two pairs of the quadrants of the X-shim
coil are operable to be energized by currents from two respective power channels, two
pairs of the quadrants of the Y-shim coil are operable to be energized by currents from
two respective power channels, and the two halves of the Z-shim coil are operable to be

energized by currents from two respective power channels.

22. A method of shimming afield in-homogeneity in amagnetic resonance imaging
(MRI) system comprising amagnet, a gradient coil, and an active resistive shim coil
assembly disposed outside of the magnet and proximate to the gradient coil, the active
resistive shim coil assembly comprising shim coils operable to be energized by currents
provided through aplurality of power channels, the method comprising:

maintaining amagnetic field;
determining the field in-homogeneity in an imaging volume;
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determining currents to be provided to the shim coils of the active resistive shim

coil assembly;

applying the currents to the shim coils, wherein the shim coils energized by the

currents are operable to shim out a least some of the field inhomogeneity; and

repeating maintaining the magnetic field and determining the field inhomogeneity
at least once after determining the currents and applying the currents.

23. The method of claim 22, wherein determining field in-homogeneity comprises
measuring amagnetic field over a surface and mathematically determining the magnetic

field in the imaging volume based on the measured magnetic field over the surface.

24, The method of claim 23, wherein the surface is a surface of amagnetic camera.

25. The method of claim 22, wherein measuring the magnetic field comprises
measuring the magnetic field when an object is disposed in the imaging volume, the
object having a density profile that has been predetermined, and wherein determining
field in-homogeneity comprises measuring the magnetic field in the imaging volume and
comparing the measured magnetic field with areference magnetic field predetermined for
the object.

26. The method of claim 22, further comprising repeating determining currents and
applying the currents to the shim coils at least once and wherein measuring the magnetic

field and determining the field inhomogeneity are repeated more than once.

27. The method of claim 22, wherein repeating is performed while the magnet of the
MRI system remains closed.
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