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PARTICLE RADIATION THERAPY EQUIPMENT COMPRISING MAGNETIC RESONANCE IMAGING
MEANS

Field of the invention

5 The present invention describes particle radiation therapy equipment
which includes a magnet, thereby enabling magnetic resonance imaging

(MRI) during particleradiation therapy.

Background of the invention

10
Radiation therapy with protons and carbon ion beams has been shown to
be effective. In addition it has been shown to result in less damage to

tissue than conventional gammaradiation therapy.

15 However, radiation planning for determining the magnitude and position
of a dose to be administered is based on MRI imaging or CT imaging,
which may have taken place at a considerable time period before the
therapy takes place. In the intervening period,the position of the tissue to
be irradiated may have moved, or changed shape. This may result in the

20 irradiation of healthy tissue and or missing diseased tissue, which may

lead to aremission.

In radiation therapy, the patient is in general irradiated with a beam
offered in a transverse direction 110 in transversal plane XY, as

25 schematically illustrated in Fig. 13.

It isdesirable for the beam of charged particles to be applied to a patient at

the sametime as MRl imaging is taking place, since the position and shape
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of the intended target may then be accurately known in its current

position.

The majority of present MRI scanners are not suitable for this because the
beam would be obstructed by the cryostat. In addition, even in ‘open’
scanners such as those employing C- or H- shaped magnets, the magnetic
field of the scanner will be perpendicular to thetransverse direction 110 of
the charged particle beam. This will deflect the beam from the intended

direction.

Figs. 14A and 14B illustrate two prior art MRI scanners, with the magnetic
field B illustrated in terms of lines of magnetic flux. Fig. 14A shows a
patient undergoing MRl imaging in a conventional solenoidal magnet
arrangement. As illustrated, if it were possible to apply a beam of charged
particles to the patientin the transverse direction 110during MRl imaging,
the beam would be perpendicular to the magnetic field B produced by the
MRI equipment, and so the beam would be deflected from its intended
target by the magnetic field B. In such a conventional solenoidal magnet
arrangement, it is not possible to access the patient due to the presence of
the solenoid surrounding the region of interest of the patient. Fig. 4B
shows a patient undergoing MRl imaging in a conventional open C-shaped
magnet arrangement. The patient is more accessible in such a magnet
arrangement. However, s illustrated, if it were possible to apply a beam
of charged particles to the patient in the transverse direction 110 during
MRI imaging, the beam would be perpendicular to the magnetic field B
produced by the MRI equipment, and so the beam would be deflected from

itsintended target by the magneticfield B.
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US 2004/0199068 describes a system where MRl (magnetic resonance

imaging) is used to track the position of a target volume of a patient, and
to gate the provision of a particle beam to a treatment volume, so that the
particle beam is activated only when the rreatment volume coincides with

the target volume of the patient.

US 6,198,957 describes a combined MRl and particle beam treatment
apparatus. The magnetic field of the MRl system is turned off while the

particle beam treatment is applied.

WO 02/065149 describes coil arrangements suitable for use in, for
example, MRl apparatus, wherein a magnetic field is produced which isin
a direction parallel to the planes of the coils, and to a plane lying
intermediate between planes of the coils. It provides a magnet assembly
comprising a group of four sets of magnetic coils, each comprising
windings of electrically conductive material; wherein the sets of magnetic
coils are arranged symmetrically about an axis of intersection of a
midplane and a plane of reflection, the plane of reflection being
perpendicular to the midplane, such that the coils have a plane of
symmetry with respect to another plane, which is perpendicular to both
the midplane and the plane of reflection, each of the coils being wound
around an axis which is perpendicular to the midplane, and wherein the
windings are configured such that, in operation, current flow is
symmetrical about the plane of reflection and anti-symmetrical about the
midplane, to produce a resultant field at the centre of the system which is

perpendicular to the plane of reflection.

According to the present invention, MRl imaging at the same time as

particle radiation therapy is enabled by providing an MRI system which
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operates with a magnetic field in a transverse direction 110 parallel to the

intended direction of application of the beam of charged particles,
minimising the interference of the magnetic fi eld with the charged particle

beam while allowing access to the patient.

The present invention also provides methods for operating such
equipment to apply particle radiation to aregion of application at the same

time as MRl imaging of the same region.

The present invention accordingly provides apparatus and methods as set

out in the appended claims.

Brief Description of the Figures

For a better understanding of the invention and to show how the same may
be carried into effect, there will now be described by way of examples only,
specific embodiments, methods and processes according to the present
invention with reference to the accompanying Figures, as shown in the

accompanying drawing sheets, wherein:

Fig.1 shows a perspective view of an arrangement of four magnet coils in
accordance with an embodiment of the invention;

Figs. 2 and 3 show a comparison of two banana coil configurations;

Fig. 4 shows a perspective view of an arrangement of four magnet coil
assembliesin accordance with another embodiment of the invention;

Fig. 5 shows a sectional view of an arrangement in accordance with a
further embodiment of the invention;

Fig.6 shows a perspective view of a set of sector shaped coils, with arecess,

according to another embodiment of the present invention.
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Fig. 7 shows a cross section in the XZ plane, of one embodiment of the

invention showing an arrangement of coils such as illustrated in Fig. 6
with respect to other components of an MRI system;

Fig. 8 shows the direction of the magnetic field in the XZ plane for the
arrangement of coils shown in Fig.7 in terms of lines of magnetic flux;
Figs. 8a to 8c show field intensity contour lines for a magnetic field
produced by an arrangement of coils as shown in Fig. 7;

Fig.9 shows the 5 Gauss line in the XZ plane of the gstem according to
Fig.7;

Fig.10, 11 and 12 show alternative embodiments;

Fig. 13 shows an intended direction of application of a particle beam to a
patient for performing particle radiation therapy ; and

Figs. 14A and 14B show magnetic fields generated by illustrated
conventional MRl magnets with an intended direction of application of a

particle beam to a patient for performing particle radiation therapy.

Detailed Description of Invention

The present invention provides an application of the magnet coil
arrangement described in WO 02/065149 as a means of monitoring the
target area for radiation therapy during application of a charged particle

beam.

Advantageously, and according to the present invention, such coil
arrangements are arranged such that the magnetic field they produce lies
in the intended direction 110 of application of a particle beam for particle
radiation therapy. Since application of the beam of charged particles will

be in the direction of the magnetic field, the beam will not be deflected,
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and a dose of particle radiation may be accurately applied to the intended

target.

Examples of such arrangements will now be described with reference to
5 Figs. 1-12.

Fig. 1 shows an arrangement consisting of four coils 111, 112, 114, 116
and a XYZ co-ordinate reference frame, which will be referred to in the
following description. The coils 111-116 shown in Fig. 1 are symmetrically
10 arranged with respect to a midplane, parallel to the XY plane, which is also
identified as the transverse plane, and also to the YZ plane which is
identified as the plane of reflection. The coils also have a plane of
symmetry parallel tothe ZX plane. The arrows 118 on the coils are shown
to demonstrate the direction of the currents in the coils with respect to
15 each other. The direction of currentsin the coil 111, which lies above the
midplane (XY plane), are opposite (antisymmetrical) to the direction of
currents of the coil 114, which lies below the midplane XY. Further, the
sense of rotation of the currents of the coils 112, 116 in the positive X
space is opposite (in reflective symmetry)to the sense of the currents of
20 the respective corresponding coils 111, 114 in the negative X space. The
shape of each coil shown in Fig.1, sometimes referred to as a 'banana coil’
is not straightforward to manufacture by a conventional winding process
because of the reversed radius of curvature (concave surface) on the side
of the coil closest to the plane of reflection.
25
Thedirection 110 of the field produced by the coils 111, 112, 114, 116 and
of application of a charged particle beam for particle radiation therapy is

indicated by athick arrow, which will feature in subsequent drawings.
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The field generated by a set of coils as shown in Fig.1 may not produce a

field with a quality sufficient for MRl imaging. The following description
provides further embodiments which may produce a magnetic field of

improved quality.

Figs. 2 and 3 show two further configurations of banana coils suitable for
use on in an embodiment of the present invention in an arrangement
corresponding to that shown in Fig. 1. The magnetic field produced by
each of the configurations of Figs. 2 - 3is the sameas for the arrangement
of Fig. 1. Fig.2 shows a nested banana coil wherein a 120°arc banana coil
210 carrying a current of 100A in a first direction has a 60°arc banana coil
212 nested within. The 60° coil carries a current of 200A in a direction
opposite to the first direction resulting in an overall current of 100A in the
second direction for the centre 60°arc of the whole 120°arc configuration.
This is equivalent to the structure shown in Fig. 3 wherein there is a
central 60° arc banana coil 214 carrying 100A current in the second
direction with two peripheral 30°arc banana coils 216,218 carrying 100A

current in the first direction.

Although methods of manufacture for such banana coils are well known, it
may be easier to produce substantially the same magnetic field by
superimposing D-shaped coils as shown in Fig. 4. This also gives an
additional degree of freedom in positioning the straight sides of the D's so
asto improve the homogeneity of the field. The D shaped coils can be
interleaved and/or over lapping. The coils are arranged with symmetry as
discussed with reference to Fig.1. Referring to the lower coils, it can be
seen that coils 410,412 and 414 have mirror image coils in 416, 418, 420
both in shape and respective current directions, since Fig.4 also shows the

directions of the currents 422 in each of the D-shaped coils.
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Each D-shaped coil is wound around an axis which is aligned parallel to the
Z-axis in operation. Although the coil is non-circular, the winding is
straightforward since there is no reversal in the radius of curvature of the
winding. The outer surfaces of each coil are convex, or planar. Whilst a D-
shape coil is conventionally expected to have a straight section on one side,
in practice, the side need not be completely straight but may merely have
an extremely large radius of curvature, to assist in the winding of the wire.
For similar reasons, the corners at the ends of the straight section are
preferably rounded, rather than comprise a sharp corner. In this way a
generally Dshaped coil can be readily wound using a conventional wire
winding process but with a variable radius of curvature rather than the
fixed radius used for circular coils. Although the axis of winding of each of
the individual coils is parallel to the Z axis, the arrangement of the
currents in the different coils produces a resultant field at the centre of the
system in direction 110 which is perpendicular to the Z axis. Similarly, in
the region external to the system the fields of the individual coils serve to
cancel each other out, resulting in a very low stray field external to the
system without the need for additional shielding measures such as extra

coils.

Fig. 5 shows the top view of a set of planar coils which, theoretically,
should produce a high quality homogenous field in direction 110. When
arranged in sets with symmetry as discussed with reference to Fig. 1, they
will produce a homogeneity which has apredicted peak-peak value of
6ppm on an imaging region sphere of 40 cm. Coils 510 and 512 are
identical, and should be used with current directions (not shown) being
mirror images in the YZ plane. These coils are similar in construction to

plane or gradient coils, as are known. In contrast to gradient coils, which
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are configured to provide zero field at the centre of a complete MRI system,

in the present application the coils of each quadrant are connected in
series so as to provide a high strength, high quality homogeneous field at
the centre of an MRI system. However, while this arrangement provides a
high strength, high quality homogenous field, it does not allow the
accommodation of gradient coils and RF coils, which are required for the

generation of an MRl image.

Fig.6 shows a view of an arrangement of sector-shaped coils610, 612, 614,
616 in a polar grid fashion. The sector shaped coils are arranged in
parallel planes, with a gap 618 between the coils increased for coils in a
circle from the centre up to a radius which corresponds to the radius of a
gradient coil, manufactured to a current state of art. The central,
increased, gap 618 between the central coils 610,614 provides sufficient
space for RF coils, a gradient coil and shims, whilst the gap 620 between
the outer coils 612, 616 is less. This improves the homogeneity of the
overall resultant field and reduces the amount of conductor required to
generate a given central field. The coils may be multiple small segment
shaped coils as illustrated. Alternatively, several adjacent segments may
be replaced by larger banana coils. In another embodiment, the segment
shaped coils may be replaced with trapezium shaped coils, for ease of

winding.

Fig. 7 shows a cross section in the ZX plane of an MRI scanner with an
arrangement of coilssimilar to that shown in Fig.6. Thecoils are arranged
in two groups, 710 and 712. Group 710 corresponds to the coils 610, 614
with the increased gap 618 in Fig. 6. The coils may be arranged to operate
in asuperconducting fashion, asis known. The outer coils areidentified as

712 corresponding to coils 612, 616 of Fig. 6 Present superconductors
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require operation at a low temperature and the coils in this example are

surrounded by an enclosure, 714, which acts as thermal radiation shield.
In addition, this enclosure can also be used to contain a cryogen. The coils
710 and 712 and the enclosure, 714, are surrounded by an airtight

enclosure 716.

The inside of this enclosure is evacuated, to minimise the conduction of
heat from the inside surface of enclosure 716 to the coils through
convection. The enclosure has arecessed part which accommodates a
gradient coil assembly 5, and an RF coil 4. The central feld has been
calculated to be 1T for a 35 mega-am p-metre coil set, with homogeneity of
143ppm over a 40cm diameter sphere. The outside diameter of the
conductors is 1.9m, with a gap 620 between conductors of 0.7m, and a gap

618 between inner conductors of 0.9m.

Fig.8 showslines of flux 810 in the XZ plane for the embodiment depicted
in Fig.7. The lines show the highly desirable homogenous parallel field
produced by the coils, as required for example for magnetic resonance
imaging purposes. Figs. 8a to 8c show, respectively, lines of constant
magnetic field strength describing the magnetic field Bin the XZ planes at
Y=0, Y=0.1m and Y=0.2m. The described coil arrangement therefore
conveniently provides an embodiment which enables a 0.2m radius

diagnostic volume of sufficient homogeneity to be achieved.

Fig.9 shows the 5 Gauss plot line 910 computed for the coil assembly as
described in Fig. 7, in the ZX plane. Only the 5 Gauss line in the +X +Z
quadrant is shown. This clearly demonstrates the low stray field

characteristics of the described coil arrangement.
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Fig. 10 shows, in perspective view, all the primary magnets of one

embodiment 1000. Each quadrant comprises three coils 1010,1012, 1014
... 1032, in side-by-side relationship, with the central coils 1012, 1018,
1024, and 1030 lying in the XZ plane. The current flow directions 1034 -

1040 in each coil of aquadrant arethe same.

Fig.11 shows a similar arrangement to Fig. 10, except that there are six
coils 1110-1120 in each quadrant. It will be appreciated that it may be
desirable to have a broad imaging area for certain applications.
Alternatively, the use of a number of small, sub-coils may enable

manufacturing costs to be reduced.

Fig. 12 corresponds with Fig. 1, except that each banana coil 1210, 1214,
1218, 1222 is provided with a supplementary rectangular coils 1212, 1216,
1220, 1224 situated on the inside arc of the banana, with the current
direction of the respective coils of the quadrant being opposite. The coil
arrangement of Fig. 12 may be provided as a main field generating means

in an embodiment of the present invention.

A configuration for the placement of magnetic coils suitable for a magnetic
resonance imaging assembly such as has been described provides
numerous advantages arising from the design: high levels of patient
access are afforded by way of the open design; since the overall magnetic
field is generated perpendicular to the configuration in direction 110,
parallel to the midplane XY. The magnetic forces of attraction between
opposing coils either side of the imaging volume are reduced allowing the
construction of the supports between the coil groups to be less substantial
than is known for conventional open-or C-magnets; patients may be

aligned head-to-toe along the magnetic field of at any angle thereto; the
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use of smaller magnets with a concomitant reduction in the amount of

conductor wire can achieve useful savingsin manufacturing costs.

The above arrangements have been found suitable for incorporation into

particle radiation therapy equipment.

The present invention provides an application of the magnetic coils
arrangements described above to provide improved particle radiation
therapy equipment. According to the present invention, acharged particle
beam source is arranged to direct a charged particle beam in a
predetermined direction to a region of application. Furthermore,
magnetic field generation means are provided for generating a magnetic
field in the region of application at the same time that the charged particle
beam is applied, wherein the magnetic field generation means is arranged
to provide access to the region of application for the charged particle
beam, and to provide a homogeneous magnetic field in the region of
application of the charged particle beam, said magnetic field being

directed substantially in the predetermined direction.

Preferably, the magnetic field generation means comprisesone of the coil
arrangements discussed above. In this case, the magnetic field generation
means may comprise magnetic coils, each comprising windings of
electrically conductive material; wherein the magnetic coils are arranged
symmetrically about a midplane (XY) and a plane of reflection (YZ), the
plane of reflection being perpendicular to the midplane, such that the coils
have a plane of symmetry with respect to another plane (XZ), which is
perpendicular to both the midplane and the plane of reflection. Each of
the coils is preferably being wound around an axis which is perpendicular

to the midplane. In operation, current flow is preferably symmetrical



WO 2006/136865 PCT/GB2006/050160

10

15

20

25

-13 -
about the plane of reflection and anti-symmetrical about the midplane, to

produce a resultant field B at the centre of the system which is
perpendicular to the plane of reflection, and isdirected substantially in the

predetermined direction.

In certain embodiments, the magnet coils are arranged in a group of four
sets of coils, and the sets of magnetic coil are arranged symmetrically as

defined above.

The magnetic field generation means is preferably adapted for use in a
magnetic resonance imaging system, such that magnetic resonance
imaging of the region of application of the charged particle beam may be
performed at the same time as the application of the charged particle

beam.

The particle radiation therapy equipment preferably also comprises a
cryostat unit and a gradient magnet assembly, wherein the said magnetic
field generation means is situated within the cryostat to provide an
operating temperature at which superconductivity is possible, and wherein
the gradient magnet assembly is operable to provide magnetic fields

across predetermined planes so as to enable magnetic resonance imaging.

The present invention also provides a method for performing particle
radiation therapy on a patient at the same time as magnetic resonance
imaging isperformed on the patient. A charged particle beam isapplied to
a region of application of the patient in a predetermined direction. A
homogeneous magnetic field is generated in the region of application of
the charged particle beam, said magnetic field being directed substantially

in the predetermined direction.
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Preferably, the homogeneous magnetic field is generated by magnetic
coils, each comprising windings of electrically conductive material;
wherein the magnetic coils are arranged symmetrically about a midplane
(XY) and a plane of reflection (YZ), the plane of reflection being
perpendicular to the midplane, such that the coils have a plane of
symmetry with respect to another plane (XZ), which is perpendicular to
both the midplane and the plane of reflection, each of the coils being
wound around an axis which is perpendicular to the midplane, and
wherein the windings are configured such that, in operation, current flow
is symmetrical about the plane of reflection and anti-symmetrical about
the midplane, to produce aresultant field at the centre of the system which
is perpendicular to the plane of reflection, and is directed substantially in

the predetermined direction.

In certain embodiments, the magnet coils are arranged in a group of four
sets of coils, and the sets of magnetic coil are arranged symmetrically as

defined above.

The method may further comprise cooling the magnet coils to a
temperature at which superconductivity is possible and flowing current in
the magnetic coils such that the direction of current flow is symmetrical

about the plane of reflection and anti-symmetrical about the midplane.

While the present invention has been described with reference to a limited
number of specific embodiments, by way of examples only, those skilled in
the art will appreciate that numerous modifications and variations of the

present invention may be derived within the scope of the appended claims.
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CLAIMS:

1. Particle radiation therapy equipment arranged to apply a charged
particle beam in a predetermined direction to a region of application,
comprising a charged particle beam source arranged to direct a charged
particle beam in the predetermined direction, further comprising
magnetic field generation means for generating a magnetic field in an
imaging volume which includes the region of application at the same time
that the charged particle beam is applied, wherein the magnetic field
generation means is arranged to provide access to the region of
application for the charged particle beam, and to provide a homogeneous
magnetic field in the region of application of the charged particle beam,
said magnetic field being directed substantially in the predetermined

direction.

2. Particle radiation therapy equipment according to claim 1 wherein
the magnetic field generation means comprises magnetic coils, each
comprising windings of electrically conductive material; wherein the
magnetic coils are arranged symmetrically about a midplane (XY) and a
plane of reflection (YZ), the plane of reflection being perpendicular to the
midplane, such that the coils have a plane of symmetry with respect to
another plane (XZ), which is perpendicular to both the midplane and the
plane of reflection,

each of the coils being wound around an axis which is perpendicular
to the midplane, and wherein the windings are configured such that, in
operation, current flow is symmetrical about the plane of reflection and
anti-symmetrical about the midplane, to produce a resultant field at the

centre of the magnetic field generation means which is perpendicular to
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the plane of reflection, and is directed substantially in the predetermined
direction.

3. Particle radiation therapy equipment according to claim 2 wherein

the magnet coils are arranged in a group of four sets of coils, and the sets

of magnetic coil are arranged symmetrically asdefined in claim 2.

4. Particle radiation therapy equipment according to claim 2 or 3,

where the magnetic coils comprise D coils.

5. Particle radiation therapy equipment according to claim 2 or 3,

wherein the magnet coils comprise banana coils.

6. Particle radiation therapy equipment according to any of claims 1 to

5, wherein the magnet coils comprise sub-coils.

7. Particle radiation therapy equipment according to claim 6, wherein

the sub-coils are provided in a nested and/or overlapping arrangement.

8. Particle radiation therapy equipment according any of claims 1 to 7,

wherein the coils are non-planar.

9. Particle radiation therapy equipment according to any preceding
claim, wherein the magnetic field generation means is adapted for usein a

magneticresonanceimaging system.

10. Particle radiation therapy equipment according to any preceding
claim, further comprising a cryostat unit and a gradient magnet assembly,

wherein the said magnetic field generation means is situated within the
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cryostat whereby to provide an operating temperature at which

superconductivity is possible, and wherein the gradient magnet assembly
is operable to provide magnetic fields across predetermined planes

thereby enabling magneticresonanceimaging.

11. A method for simultaneously performing magnetic resonance
imaging in an imaging volume and applying a charged particle beam to a
region of application within the imaging volume, comprising the steps of
applying a charged particle beam in a predetermined direction to a region
of application within the imaging volume, and further comprising
applying a homogeneous magnetic field in theregion of application of the
charged particle beam, said magnetic field being directed substantially in

the predetermined direction.

12. A method according to claim 11, wherein the homogeneous
magnetic field is generated by magnet coils, each comprising windings of
electrically conductive material; wherein the magnet coils are arranged
symmetrically about a midplane (XY) and a plane of reflection (YZ), the
plane of reflection being perpendicular to the midplane, such that the coils
have a plane of symmetry with respect to another plane (XZ), which is
perpendicular to both the midplane and the plane of reflection, each of the
coils being wound around an axis which is perpendicular to the midplane,
and wherein the windings are configured such that, in operation, current
flow is symmetrical about the plane of reflection and anti-symmetrical
about the midplane, to produce aresultant field at the centre of the system

which is perpendicular to the plane of reflection.
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13. A method according to claim 12 wherein the magnet coils are

arranged in a group of four sets of coils, and the sets of magnetic coil are

arranged symmetrically asdefined in claim 12.

5 14. A method according to claim 12 or 13, further comprising the steps
of: cooling the magnet coilsto atemperature at which superconductivity is
possible, and flowing current in the magnetic coils such that the direction
of current flow is symmetrical about the plane of reflection and anti-
symmetrical about the midplane.

10
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