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IRRADIATION PLANNING APPARATUS AND
IRRADIATION PLAN CORRECTION
METHOD

TECHNICAL FIELD

[0001] The present invention relates to an irradiation plan-
ning apparatus, an irradiation planning program, an irradia-
tion plan correction program, and an irradiation plan cor-
rection method, each for, for example, developing a particle
beam irradiation plan.

BACKGROUND ART

[0002] Conventionally, an irradiation planning apparatus
for use in particle beam therapy, typified by proton beam
therapy and carbon ion therapy, assumes a human body
approximately to be water having a different density, and
applies a dose distribution obtained by a measurement in
water to a human body, which is an inhomogeneous
medium, to calculate a dose distribution in a body (see
Patent Literature 1). In practice, by using a conversion table
previously prepared for each CT apparatus and for each
imaging condition, pixel values of a CT image (CT values)
of a patient are converted into a stopping power ratio that
represents an effective density of a material for a particle
beam, and thus a human body is expressed as water having
a different density. Here, a CT value represents an effective
radiation source attenuation coefficient of a material with
respect to an X-ray.

[0003] However, a human tissue differs from water. There-
fore, a rate of nuclear reaction initiated, in a body, by
incident particles differs from a rate of nuclear reaction
initiated, in water, by incident particles. The existence of a
difference between these rates of nuclear reaction means that
the number of the incident particles reaching almost the end
of stopping range differs between in a body and in water.

[0004] Here, the proportion of the incident particles that
reach almost the stopping location has a direct effect on the
height of a Bragg peak. Therefore, an error due to a
difference between nuclear reaction in water and in a body
occurs in the dose distribution of an irradiation plan that has
been developed by applying, to a human body, a dose
distribution obtained by a measurement in water. In addition,
the magnitude of this error varies from patient to patient and
depending on the beam direction.

[0005] However, no practical algorithms have yet been
reported that correct this error.

[0006] Meanwhile, absolute dose measurement performed
for quality assurance often uses a solid phantom, due to easy
handling, as a substitute for water, which is a standard
material. In this case, it is reported that a dose error occurs
from a difference in composition (hence, a difference in the
probability of nuclear reaction) between water and a solid
phantom (see Non-Patent Literatures 1 and 2).

[0007] In order to correct this dose error, absolute dose
measurement is performed such that a factor for converting
a measured value in a solid phantom into a value that would
be measured in water (fluence correction factor) is initially
determined by using Monte Carlo calculation, or on the basis
of actual measured data. Using this factor, measured values
in a solid phantom are converted into dose values in water
(Non-Patent Literatures 3 and 4).
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[0008] Ideally, a dose error occurring in calculation of a
dose distribution in a patient body can also be corrected
using a fluence correction factor.

[0009] However, measuring the correction factor in an
actual patient body is not possible. In addition, calculation of
a correction factor for each patient and for each beam by
using Monte Carlo calculation is impractical as well.

CITATION LIST
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[0011] Non-Patent Literature 1: Palmans H and Verhaegen
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SUMMARY OF THE INVENTION

Technical Problems

[0015] Inview of the foregoing problems, it is an object of
the present invention to provide an irradiation planning
apparatus, an irradiation planning program, an irradiation
plan correction program, and an irradiation plan correction
method that, in calculation of a dose distribution in a body
in particle beam irradiation planning, each correct simply
and accurately a dose error introduced by a difference
between the probability of nuclear reaction initiated, in a
body, by incident particles, and the probability of nuclear
reaction initiated, in water, by incident particles.

Solution to Problems

[0016] The present invention is directed to an irradiation
planning apparatus for developing an irradiation plan
involving a particle beam, including a three-dimensional
scanned data acquisition unit that acquires three-dimen-
sional scanned data generated by three-dimensional scan-
ning of an object to be irradiated (hereinafter referred to as
irradiated object) of the particle beam by means of a
radiation different from the particle beam, a prescription data
acquisition unit that acquires prescription data indicative of
a position and a volume of a region irradiated with the
particle beam for the irradiated object, a reaction-physical-
quantity distribution data generation unit that generates
reaction physical quantity distribution data indicative of a
distribution of a physical quantity indicative of capability, of
a material of the irradiated object, of reacting with the
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particle beam on the basis of the three-dimensional scanned
data, and a dose distribution calculation unit that calculates
a dose distribution on the basis of the prescription data and
the reaction physical quantity distribution data, wherein the
reaction-physical-quantity distribution data generation unit
includes a stopping power ratio correction processing unit
that converts the three-dimensional scanned data into a
stopping power ratio, which is a physical quantity indicative
of capability of decelerating incident particles, of a material
of interest, relative to corresponding capability of water, and
generates three-dimensional stopping power ratio data, and
an irradiated object material correction processing unit that
determines, from the three-dimensional stopping power ratio
data, a correction factor representing a difference between in
water and in an irradiated object material, and performs
correction, depending on depth, of a depth dose distribution
of the particle beam using the correction factor. The present
invention is also directed to an irradiation planning program,
an irradiation plan correction program, and an irradiation
plan correction method, each for use in or with the irradia-
tion planning apparatus.

Advantageous Effects of Invention

[0017] The present invention can provide an irradiation
planning apparatus, an irradiation planning program, an
irradiation plan correction program, and an irradiation plan
correction method that, in calculation of a dose distribution
in a body in particle beam irradiation planning, each correct
simply and accurately a dose error introduced by a difference
between the probability of nuclear reaction initiated, in a
body, by incident particles, and the probability of nuclear
reaction initiated, in water, by incident particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is an illustrative diagram including graphs
that show doses.

[0019] FIG. 2 is an illustrative diagram including graphs
that schematically show the dose distribution correction.
[0020] FIG. 3 is an illustrative diagram including an image
of three-dimensional scanned data together with images
after conversion.

[0021] FIG. 4 is a graph chart showing a depth dose
distribution and contributions of respective types of inter-
action in water of a proton beam.

[0022] FIG. 5 is an illustrative diagram showing relation-
ships between stopping power ratios of ICRU human tissues
and correction factors.

[0023] FIG. 6 is a combination of an image diagram
illustrating a series of conversion, and a histogram.

[0024] FIG. 7 is an illustrative diagram illustrating an
overall configuration of a particle beam irradiation system.
[0025] FIG. 8 is an illustrative diagram illustrating an
overall configuration of a particle beam irradiation system
1A according to a second embodiment.

DESCRIPTION OF EMBODIMENTS

[0026] The present inventors have made intensive studies
to eliminate, in calculation of a dose distribution in a body
in particle beam irradiation planning, a dose error introduced
by a difference between the probability of nuclear reaction
initiated, in a body, by incident particles, and the probability
of nuclear reaction initiated, in water, by incident particles.
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[0027] The present inventors have thus developed a
method for correcting this dose error simply and accurately.
A fundamental principle of this correction method will be
described first.

[0028] <In Carbon Ion Therapy>

[0029] In carbon ion therapy, as a carbon ion beam pen-
etrates into a body, the number of carbon ions decreases via
nuclear spallation reaction of a proportion of the carbon ions
with atomic nuclei in the body. On the contrary, the number
of fragments generated during the nuclear spallation reaction
gradually increases, and these fragments widely spread even
beyond the stopping location of the carbon ion beam.
[0030] FIG. 1(A) is a diagram illustrating depth number-
of-particles distributions of a carbon ion beam in water for
the respective atomic numbers obtained by Monte Carlo
calculation. The horizontal axis represents the depth from
the body surface, and the vertical axis represents the fluence.
A dose distribution d(x, y, z) of a carbon ion beam is
accounted for by dose contributions of the incident particles
(carbon ions) and of the fragments, and can thus be repre-
sented by Equation (Eq.) 1 shown below as a superposition
of three components in view of differences in spreading
along a transverse direction.

di(x. y,2) = Eq. 1

3 3
D 3.0 = Y (s, Eojs Lj)- G, y, 05 4]
n=1 =1

n=

where:

[0031] d, (x.,y,z)represents a dose distribution of an n-th
component;

[0032] I, represents a depth dose distribution (integrated

depth dose (IDD)) obtained by integrating the dose distri-
bution of the n-th component over a plane perpendicular to
the beam axis; and

[0033] G(x,y, 0, (z)) represents a two-dimensional nor-
mal distribution having a standard deviation o.

[0034] For more detail, see Inaniwa T, Furukawa T,
Nagano A, Sato S, Saotome N, Noda K and Kanai T, 2009,
Field-size effect of physical doses in carbon-ion scanning
using range shifter plates, Med. Phys. 36, 2889-97.

[0035] Here, an approximation is made such that the first
component (first domain) describes a contribution of the
incident particles (e.g., carbon ions in carbon ion therapy);
the second component (second domain) describes a contri-
bution of heavier fragments other than fragments having
atomic numbers 1 and 2; and the third component (third
domain) describes a contribution of lighter fragments having
atomic numbers of 1 and 2.

[0036] FIG. 1(B) is a graph chart showing, by way of
example, a depth dose distribution of a carbon ion beam
having energy of 290 MeV/u. The horizontal axis represents
the depth from the body surface, and the vertical axis
represents the dose. The graph 101 represents the depth dose
distribution IDD,_,,; in water of the carbon ion beam. The
graph 102 represents the dose contribution of the first
component (Z=6). The graph 103 represents the dose con-
tribution of the second component (Z=3 to 5). The graph 104
represents the dose contribution of the third component (Z=1
to 2).

[0037] In a particle beam irradiation plan, pixel values of
a CT image (CT values) of a patient are converted into a
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stopping power ratio pg of a material with respect to water
using a previously prepared conversion table, and thus a
human body, which is an inhomogeneous medium, is rep-
resented in a form of distribution of stopping power ratio.
Here, the stopping power ratio pg is a physical quantity
indicative of capability of decelerating incident particles, of
a material of interest, relative to corresponding capability of
water. In a particle beam irradiation plan, in general, a dose
distribution in a body is calculated by applying a dose
distribution obtained by a measurement in water, such as one
shown in FIG. 1(B), to the distribution of stopping power
ratio obtained by the conversion.

[0038] The present inventors have derived a universal
correlation of the stopping power ratio pg with a nuclear
reaction effective density p,, for each tissue on the basis of
the composition list of human tissues compiled in an ICRU
report (ICRU Report 1992). Here, the nuclear reaction
effective density p,, is a physical quantity indicative of a
likelihood of spalling incident particles, of a material of
interest, relative to a corresponding likelihood of water.

[0039] In the present invention, a three-dimensional dis-
tribution of the stopping power ratio pg is first determined
from the three-dimensional distribution of CT wvalues
obtained by three-dimensional scanning performed by a CT
apparatus using an X-ray, which is a radiation different from
the particle beam. Then, using a correlation between pg and
Pa» @ three-dimensional distribution of the nuclear reaction
effective density p, is generated.

[0040] An effective distance Sy(z) from the body surface
to a depth of interest z in association with deceleration of
particles can be obtained by line integration of the stopping
power ratio pg to the depth of interest z, as given by Eq. 2
shown below.

Ss(2)=fopsiz)dz’ Eq. 2

[0041] Meanwhile, an effective distance S,(z) to the depth
7 in association with spallation of particles (i.e., initiation of
nuclear reaction) can be obtained by line integration of the
nuclear reaction effective density p, to the depth z, as given
by Eq. 3 shown below.

Sl Pz’ Eq. 3

[0042] In this regard, Haettner et al. have conducted an
experiment to measure particle flux (fluence) of carbon ion
beams in water (for more detail, see Haettner E, Iwase H,
Kramer M, Kraft G and Schardt D, 2013, Experimental
study of nuclear fragmentation of 200 and 400 MeV/u 12C
ions in water for applications in particle therapy, Phys. Med.
Biol. 58, 8265-79).

[0043] Using an exponential decay model of carbon ion
beam fluence, Kanematsu et al. have determined that the
mean free path A of a carbon ion beam is 255 mm (for more
detail, see Kanematsu N, Koba Y and Ogata R, 2013,
Evaluation of plastic materials for range shifting, range
compensation, and solid phantom dosimetry in carbon-ion
radiotherapy, Med. Phys. 40, 041724-1-6).

[0044] Using this relationship, the deviation in carbon ion
beam fluence caused by nuclear reaction in water and in a
body before the carbon ion beam reaches a depth of interest
7 can be represented by Eq. 4 shown below.
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sy(z) Eq. 4
* (_ ) (SS(Z)_SN(Z))

where ¢, 7P(z) is herein referred to as attenuation correction
factor.
[0045] If a carbon ion beam travels through a material
having a ratio of the probability of nuclear reaction relative
to the stopping power higher than a corresponding ratio of
water, a relationship of Sy (z)<S,(z) holds, and thus the
attenuation correction factor satisfies, by definition, a rela-
tionship of ¢, 7P(z)<1.0.
[0046] Conversely, if a carbon ion beam travels through a
material having a ratio of the probability of nuclear reaction
relative to the stopping power lower than a corresponding
ratio of water, a relationship of Sy(z)>S,(z) holds, and thus
the attenuation correction factor satisfies a relationship of
FP(2)>1.0.
[0047] Using this correction factor, the equation for cor-
recting a depth dose distribution shown by Eq. 1 can be
rewritten as Eq. 5 shown below.

3 Eq. 5
dj(x, y,2) = Z dy (%, ¥, 2)

n=1

1
=¢h-1,j-GLjth; G+ r b Gs
i

[0048] A dose of incident particles is proportional to the
fluence of those incident particles, and therefore, 1, ; is
corrected by a factor of ¢,7P(z). The number of fragments
increases with an increase in the degree of attenuation of
incident particles, and therefore, the dose contribution of the
third component 1, ; is corrected by a factor of ¢,,7P(z). The
dose contribution of the second component I is not
corrected, empirically.

[0049] FIG. 2 is an illustrative diagram using graphs that
schematically show the dose distribution correction. FIGS.
2(A), 2(C), and 2(E) each have a vertical axis representing
the carbon ion beam fluence, and a horizontal axis repre-
senting the depth from the body surface. FIGS. 2(B), 2(D),
and 2(F) each illustrate a Bragg curve, and each have a
vertical axis representing the depth dose, and a horizontal
axis representing the depth from the body surface.

[0050] FIGS. 2(A) and 2(B) respectively illustrate the
carbon ion beam fluence and the depth dose, both in water.
As shown, the graph 111 shows the carbon ion beam fluence
as being decreasing with the depth, and the graph 116 shows
a peak occurring near the depth of 1.0.

[0051] FIGS. 2(C) and 2(D) respectively illustrate the
carbon ion beam fluence and the depth dose, both in a
material having a ratio of the likelihood of nuclear reaction
relative to the stopping power lower than a corresponding
ratio of water (¢,,”P(z)>1.0). As shown, the graph 112 lies
slightly above the graph 111 over the entire range in general,
and the graph 117 lies also slightly above the graph 116 over
the entire range in general.

[0052] FIGS. 2(E) and 2(F) respectively illustrate the
carbon ion beam fluence and the depth dose, both in a
material having a ratio of the likelihood of nuclear reaction
relative to the stopping power higher than a corresponding

2,7
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ratio of water (¢,,”P(z)<1.0). As shown, the graph 113 lies
slightly below the graph 111 over the entire range in general,
and the graph 118 lies also slightly below the graph 116 over
the entire range in general. Thus, a material more likely to
undergo nuclear reaction reduces the fluence and the depth
dose, while a material less likely to undergo nuclear reaction
increases the fluence and the depth dose.

[0053] FIG. 3 is an image diagram illustrating a series of
conversion. FIG. 3(A) shows an image of CT values
obtained using an attenuation coefficient p. FIG. 3(B1)
shows an image related to stopping power ratio (stopping
power ratio image), obtained after correction using a stop-
ping power ratio ps. FIG. 3(C1) shows an image related to
nuclear reaction effective density (nuclear reaction effective
density image), obtained after further correction using a
nuclear reaction effective density p,. FIG. 3(B2) has a
vertical axis representing the stopping power ratio, and a
horizontal axis representing the attenuation coefficient, and
illustrates the conversion table for use in generating the
stopping power ratio image from the image of CT values.
FIG. 3(C2) has a vertical axis representing the nuclear
reaction effective density, and a horizontal axis representing
the stopping power ratio, and illustrates the conversion table
for use in generating the nuclear reaction effective density
image from the stopping power ratio image. Thus, genera-
tion of a nuclear reaction effective density image from CT
values to apply the corrections described above enables an
accurate particle beam irradiation plan to be developed.

[0054]

[0055] A proton beam traveling in water undergoes, with
electrons or atomic nuclei in water molecules, electromag-
netic interaction (EM), in which the proton beam loses
energy and decelerates, providing energy to electrons in
water molecules (or in a body, electrons in the body); elastic
interaction (EL), in which energy is provided while the total
kinetic energy is conserved, and the type of the atomic nuclei
does not change; inelastic interaction (IE), in which energy
is provided while the type of the atomic nuclei does not
change, but the atomic nuclei are excited; and nuclear
reaction (nonelastic interaction: NE), which is the reaction
other than the reactions described above (i.e., other than EM,
EL, and IE). Note that a proton that undergoes EL or IE loses
a small amount of energy during that reaction, but reaches a
depth that is almost the same as that of a proton flux that
undergoes only EM. Collectively treating the proton fluxes
that undergo EL and IE in a same manner allows the dose
distribution D(s) of the dose provided by a proton beam to
water to be represented by summation of contributions of the
respective types of interaction (Dg,,(s), Dx;/7z(s), and Dy
(s)), as shown by Eq. 6 shown below.

<In Proton Beam Therapy>

D()=Dads)+Dr1z(s)+Dyg(s) Eq. 6
where
[0056] Dg,(s) represents an absorbed dose to water with

respect to incident particles that have undergone only EM
interaction;
[0057] Dpg; x(s) represents an absorbed dose to water with

respect to incident particles that have undergone EL
interaction or IE interaction; and

[0058] D,(s) represents an absorbed dose to water caused
by NE interaction.

[0059] Meanwhile, when a proton flux travels in a material

other than water, a dose provided to the material (dose to
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water in material) at a depth z in that material (water
equivalent depth s) is represented by Eq. 7 shown below.

D(2) = Eq. 7

- y oy
) )+ - Dggag(stan + LE )

T-A0 Y Y AT Dyg(s(z)

[0060] Each of the components (terms) in Eq. 7 will now
be described below.

[0061] <First Component: EM-Related Part>

[0062] The element 1-As represents a change in the
number of the protons (fluence) that have undergone only
EM interaction in water. The coefficient A represents the
slope, and 1-As thus represents the degree of reduction in
the number of the protons (fluence) that have undergone
only EM interaction at the depth s in water.

[0063] The element 1-A's represents a reduction in flu-
ence at the same depth as the depth in water in a material
other than water.

[0064] That is, the ratio (1-A's)/(1-As) provides correc-
tion in relation to how much the level of EM reaction differs
from that in water at the depth s.

[0065] <Second Component: EL/IE-Related Part>

[0066] The coefficient Y represents the slope, and thus
represents the degree of increase in the number of the
protons (fluence) that have undergone EL interaction or IE
interaction at the depth s in water.

[0067] The coefficient Y' represents the degree of increase
in the number of the protons (fluence) that have undergone
EL interaction or IE interaction at the same depth as the
depth in water in a material other than water.

[0068] That is, the ratio Y'Y provides correction in rela-
tion to how much the level of EL and IE reactions differs
from that in water at the depth s. Note that, although Y'/Y
may be inherently represented as Y's/Ys, the depths s in the
numerator and in the denominator are canceled out, and
accordingly, the expression Y'/Y is used.

[0069] <Third Component: NE-Related Part>

[0070] The element A-Y represents the level of NE reac-
tion in water. The element A'-Y" represents the level of NE
reaction at a same depth as the depth in water (water
equivalent depth) in the material.

[0071] That is, the ratio A'-Y'/A-Y provides correction in
relation to how much the level of NE reaction in the material
differs from that in water at the water equivalent depth s.

[0072] The coefficient y represents the amount of energy
provided to a charged particle when an incident proton
undergoes nuclear reaction in water. In more detail, a
charged particle produced by nuclear reaction provides
energy in the vicinity of where that nuclear reaction has
occurred, and thus the amount of this energy is taken into
consideration in the dose calculation, while, in contrast, a
neutron and/or gamma ray produced by nuclear reaction
does not provide much energy in the vicinity of where that
nuclear reaction has occurred, and thus the amount of this
energy is not taken into consideration in the dose calcula-
tion. Thus, a high y value indicates that a larger portion of
energy is provided to charged particles, while a low y value
indicates that a larger portion of energy is provided to
neutrons and/or gamma rays, and that a smaller portion of
energy is provided to charged particles.
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[0073] The coefficient y' represents the level of nuclear
reaction and the amount of energy provided to a charged
particle by a material other than water.

[0074] That is, the ratio y'/y represents how much the
proportion of energy provided to charged particles differs
from that in water at the depth s upon NE reaction.

[0075] Here, the correction factor (1-A's(z))/(1-As(z)))
for Dg,, represents the ratio of the number of the primary
protons that undergo only EM interaction in the material
relative to the corresponding number in water; and the
correction factor YV/Y for D, ;- represents the ratio of the
number of the protons that undergo EL/IE interaction in the
material relative to the corresponding number in water.
[0076] In addition, the correction factors y'/y and (A'-Y")/
(A-Y) for D, represent the ratio of “the proportion of the
energy of the protons that have undergone nuclear reaction
to the energy provided to the target charged particles” in the
material relative to the corresponding proportion in water;
and the ratio of “the number of the protons that undergo
nuclear reaction” in the material relative to the correspond-
ing number in water, respectively. If physical properties of
the material change continuously with the depth z, then Eq.
7 provided above can be rewritten as Eq. 8 shown below
without loss of generality.

2 Eq. 8
(1 - f A (R)ps(2)d2
_ 0

D(z) = A0 D (s(2) +

fz

Y (©)ps(2)dz , , ’
o Y@ A @R-Y(z)

TDELAE (s(z) + 7 WDNE(S(Z))

[0077] That is, if the correction factors A, A", Y, Y', and y'/y

and the stopping power ratio pgare known for each material,
then correcting the dose contributions Dy, ,, Dz 7z, and Dy
of the respective types of interaction in water, and summing
up the corrected dose contributions according to Eq. 8
enables the dose distributions in that material to be calcu-
lated.

[0078] FIG. 4 is a graph chart showing a depth dose
distribution D and contributions D, ,, Dz; 7z and D, of the
respective types of interaction in water, of a proton beam
having energy of 216 MeV. The vertical axis represents the
dose, and the horizontal axis represents the depth.

[0079] In a particle beam irradiation plan, pixel values of
a CT image (CT values) of a patient are converted into a
stopping power ratio pg of a material with respect to water
using a previously prepared conversion table, and thus a
human body, which is an inhomogeneous medium, is rep-
resented in a form of distribution of stopping power ratio.
Here, the stopping power ratio pg is a physical quantity
indicative of capability of decelerating incident particles, of
a material of interest, relative to corresponding capability of
water. In a particle beam irradiation plan, in general, a dose
distribution in a body is calculated by applying a dose
distribution obtained by a measurement in water to the
distribution of stopping power ratio obtained by the conver-
sion.

[0080] The present inventors have created a human tissue
phantom in a Monte Carlo simulation code GEANT 4 to
simulate proton beam irradiation onto the phantom on the
basis of the composition list of human tissues compiled in an
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ICRU report (ICRU Report 1992), and thus derived univer-
sal correlations of the stopping power ratio pg with correc-
tion factors AYA, Y'/Y, and y'y for each tissue. The EM
attenuation coefficient A and the EL/IE yield Y for water,
which is a reference material, have also been determined by
simulating proton beam irradiation using GEANT 4.
[0081] FIG. 5 is an illustrative diagram showing relation-
ships between the stopping power ratio pg of ICRU human
tissues and correction factors AYA, Y'/Y, and y'/y. In each
graph, the vertical axis represents the correction factor, and
the horizontal axis represents the stopping power ratio
(likelihood of stopping a particle beam). The positive signs
(+) in the graphs are what have been plotted for each value
of parameters for each tissue (material) picked up from the
ICRU human tissues data. In each graph, a stopping power
ratio greater than 1.0 indicates that the tissue (material) is
more likely to stop a particle beam than water, while, in
contrast, a stopping power ratio less than 1.0 indicates that
the tissue (material) is less likely to stop a particle beam than
water.

[0082] FIG. 5(a) is a graph of the correction factor A'/A for
EM interaction. FIG. 5(5) is a graph of the correction factor
Y'/Y for EL/IE interaction. FIG. 5(c) is a graph of the
correction factor AYA for NE interaction. As shown, the
graphs of the correction factors show a positive correlation
for EM and for EL/IE in FIGS. 5(a) and 5(b), and a negative
correlation for NE in FIG. 5(¢).

[0083] In a particle beam therapy planning apparatus, a
CT value representing an effective linear attenuation coef-
ficient for an X-ray is converted into a stopping power ratio
ps through a conversion table (each calibrated for the spe-
cific CT apparatus and specific imaging conditions). That is,
in a therapy planning apparatus, the stopping power ratio
distribution ps in a patient body is previously determined for
performing dose calculation. This allows application of the
correction of Eq. 8 to dose calculation for a body using the
universal correlations of the stopping power ratios pg with
the correction factors AA, Y'Y, and y'/y shown in FIG. 5,
as well as using the EM attenuation coefficient A and the
EL/IE yield Y of water.

[0084] FIG. 6 is a combination of an image diagram
illustrating a series of conversion, and a histogram. FIG. 6(a)
shows an image of uncorrected dose distribution. FIG. 6(5)
shows an image of corrected dose distribution. FIG. 6(c)
shows an image illustrating a dose difference between the
dose before correction (uncorrected) and the dose after
correction. FIG. 6(d) is a dose volume histogram having a
vertical axis representing the volume, and a horizontal axis
representing the dose. Thus, generation of a nuclear reaction
effective density image from CT values to apply the correc-
tion described above enables a high accuracy particle beam
irradiation plan to be developed.

[0085] One embodiment of the present invention will be
described below with reference to the drawings.

EXAMPLE 1

[0086] FIG. 7 is an illustrative diagram illustrating an
overall configuration of a particle beam irradiation system 1
according to a first embodiment of the present invention.

[0087] The particle beam irradiation system 1 includes an
accelerator 4 that accelerates and outputs a charged particle
beam 3 emitted from an ion source 2; a beam transport
system 5 that transports the charged particle beam 3 output
from the accelerator 4; an irradiation apparatus (scanning
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irradiation apparatus) 6 that irradiates a target region 8 (e.g.,
a tumor region), which is an irradiated object of a patient 7,
with the charged particle beam 3 that has passed through the
beam transport system 5; a control unit 10 that controls the
particle beam irradiation system 1; and an irradiation plan-
ning apparatus 20, which is a computer that determines an
irradiation parameter of the particle beam irradiation system
1. This example assumes that a carbon ion beam is used as
the charged particle beam 3 emitted from the ion source 2,
but the charged particle beam 3 is not limited thereto, and the
present invention can be applied to particle beam irradiation
systems 1 that emit various charged particle beams (includ-
ing charged heavy particle beams).

[0088] The accelerator 4 is configured to adjust the inten-
sity of the charged particle beam 3.

[0089] The irradiation apparatus 6 includes a scanning
magnet (not shown) that deflects the charged particle beam
3 in an X-Y direction forming a plane perpendicular to the
beam propagation direction (z-direction); a dose monitor
(not shown) that monitors the position of the charged
particle beam 3; and a range shifter (not shown) that adjusts
the stopping location of the charged particle beam 3 in the
Z-direction. The irradiation apparatus 6 is configured to scan
the charged particle beam 3 along a scanning trajectory for
the target region 8.

[0090] The control unit 10 is configured to control the
intensity of the charged particle beam 3 from the accelerator
4, alignment adjustment of the charged particle beam 3 in the
beam transport system 5, scanning performed by the scan-
ning magnet (not shown) of the irradiation apparatus 6, the
beam stopping location embodied by the range shifter (not
shown), etc.

[0091] The irradiation planning apparatus 20 includes an
input device 21 including a keyboard, a mouse, etc.; a
display device 22 including a liquid crystal display, a CRT
display, or the like; a control unit 23 including a CPU, a
ROM, and a RAM; a media processing unit 24 including a
disk drive and/or the like that reads and writes data from and
to a storage medium 29, such as a CD-ROM or a DVD-
ROM; and a storage device 25 including a hard disk or the
like.

[0092] The control unit 23 reads an irradiation planning
program 39a and an irradiation plan correction program 394
stored in the storage device 25. The control unit 23 functions
as a region setting processing unit 31, as a prescription data
input processing unit 32, as a calculation unit 33, as an
output processing unit 34, as a three-dimensional CT value
data acquisition unit 36, as a stopping power ratio conver-
sion unit 37, and as a nuclear reaction effective density
conversion unit 38.

[0093] The storage unit 25 stores first conversion data 41
for converting three-dimensional CT value data (three-
dimensional scanned data) into a stopping power ratio, and
second conversion data 42 for converting this stopping
power ratio into a nuclear reaction effective density. The first
conversion data 41 is data of a conversion table for con-
verting CT values into a stopping power ratio according to
a conventional technology. The second conversion data 42 is
data of a conversion table for converting the stopping power
ratio into a nuclear reaction effective density according to
the present invention. The attenuation correction factor
¢,.,7(z) can be determined using Egs. 2 to 4 described above
from three-dimensional distributions of the stopping power
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ratio and of the nuclear reaction effective density obtained
by the respective conversions.

[0094] The irradiation planning apparatus 20 configured
as described above includes functional units that each oper-
ate as described below according to the irradiation planning
program 39q and the irradiation plan correction program
395.

[0095] First, the three-dimensional CT value data acqui-
sition unit 36 obtains three-dimensional CT value data of an
irradiated object (patient) from another CT apparatus. That
is, values of an effective linear attenuation coefficient for an
X-ray at respective three-dimensional locations of the irra-
diated object are obtained as three-dimensional CT value
data.

[0096] The region setting processing unit 31 causes the
display device 22 to display the three-dimensional CT value
data as an image, and receives region specification data
(specification data of the target region 8) that a planner
inputs using the input device 21.

[0097] The prescription data input processing unit 32
causes the display device 22 to display a prescription input
window, and receives prescription data that a planner inputs
using the input device 21. This prescription data is data
representing the irradiated location and the irradiation level
of the particle beam at each coordinate point of the three-
dimensional CT value data. It should be noted that this
prescription data may include prescription data of multiple
types of particle beam, and may thus include irradiated
location and irradiation level data for each of the multiple
types of particle beam, as well as data indicating the type of
the particle beam (e.g., atomic nuclei of carbon, atomic
nuclei of hydrogen, or the like).

[0098] The stopping power ratio conversion unit 37 uses
the previously prepared first conversion data (conversion
table) to convert the three-dimensional CT value data into
the stopping power ratio pg at each of the three-dimensional
locations as is performed in a standard particle beam irra-
diation planning apparatus. This conversion process pro-
vides stopping power ratio data, which describes a three-
dimensional distribution of the stopping power ratio pg. The
conversion into the stopping power ratio data can be per-
formed using a conventional technology of conversion that
uses a previously prepared conversion table.

[0099] The nuclear reaction effective density conversion
unit 38 converts the stopping power ratio data into the
nuclear reaction effective density p, at each of the three-
dimensional locations using the second conversion data that
represent correlation between the stopping power ratio pg
and the nuclear reaction effective density p, in human
tissues, and thus derives a three-dimensional distribution of
the nuclear reaction effective density p,. This conversion
process provides nuclear reaction effective density data,
which describes a three-dimensional distribution of the
nuclear reaction effective density. Thus, dose calculation for
a body is performed by correcting, depending on depth, a
dose distribution according to Eq. 5 using the attenuation
correction factor ¢,”(z) obtained by Egs. 2 to 4 shown
above, and then applying the corrected dose distribution,
instead of simply applying the dose distribution obtained by
the measurement in water.

[0100] The calculation unit 33 receives the prescription
data, the stopping power ratio data, and the nuclear reaction
effective density data, and on the basis of these data,
calculates irradiation parameters and a dose distribution.
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That is, in order to irradiate the irradiated location indicated
by the prescription data at the irradiation level indicated by
the prescription data, the intensity (number of particles) of
the particle beam to be emitted from the particle beam
irradiation system 1 is back-calculated using both the stop-
ping power ratio data and the nuclear reaction effective
density data, and then irradiation parameters of the particle
beam emitted from the particle beam irradiation system 1 are
calculated. In addition, the calculation unit 33 calculates the
dose distribution when an irradiated object is irradiated with
a particle beam having the irradiation parameters calculated.
[0101] The output processing unit 34 outputs the irradia-
tion parameters and the dose distribution calculated to the
display device 22, and allows them to be displayed thereon.
In addition, the output processing unit 34 transmits the
irradiation parameters and the dose distribution to the con-
trol unit 10, which controls the particle beam irradiation
system 1.

[0102] The irradiation planning apparatus 20 described
above enables the particle beam irradiation system 1 to emit
a high accuracy beam by using irradiation parameters cor-
rected with high accuracy depending on the irradiated
object, instead of using irradiation parameters as planned,
approximated by those of water. The beam irradiation may
be any appropriate irradiation including, for example, spot
beam irradiation (its dose distribution is the sum of those of
the spot beams) using a scanning irradiation method, which
provides irradiation having a uniform dose distribution, to a
target region.

[0103] The second conversion data 42 is used for correc-
tion in association with the nuclear reaction effective density
in addition to the correction in association with the stopping
power ratio, and accordingly, is directly introduceable into
irradiation planning apparatuses 20 of various existing par-
ticle beam irradiation systems 1 for practical use. In more
detail, CT values are specific to the CT apparatus and
imaging environment, and thus, the conversion table for
converting these CT values into stopping power ratio values
are also specific to the CT apparatus and imaging environ-
ment. Thus, performing correction of the nuclear reaction
effective density directly from CT values requires generation
of a conversion table for each CT apparatus and for each
imaging environment. Meanwhile, an existing particle beam
irradiation system 1 includes a conversion table for conver-
sion into stopping power ratio values for a CT apparatus
already installed and for imaging environment. Accordingly,
use of this conversion table can eliminate the need for
apparatus- and environment-specific settings. That is, once
one second conversion data 42 is generated, correction can
be performed using the nuclear reaction effective density
determined using the second conversion data 42 from the
stopping power ratio calculated using an individually
adjusted conversion table, whatever CT apparatus and what-
ever imaging environment may be used. The standardization
of the second conversion data 42 for performing correction
in such a manner can, as well, prevent incorrect data from
being used during installation, and can therefore safely
provide development of a high accuracy irradiation plan.
[0104] Moreover, instead of simply applying the dose
distribution obtained by a measurement in water (Eq. 1
described above) to calculation of a dose distribution in a
body, correcting the dose distribution depending on the
degree of the probability of nuclear reaction in the material
through which the beam passes, and then applying the
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corrected dose distribution, enables the dose error intro-
duced by nuclear reaction to be simply corrected.

[0105] Furthermore, this irradiation planning apparatus 20
can accurately reflect an effect of nuclear reaction induced
by incident particles in the body during dose distribution
calculation in particle beam irradiation planning. This
enables more accurate dose distribution calculation in con-
sideration of body tissues. In addition, this method is easy to
use, takes advantage of universal nature of human tissues,
and is usable in any irradiation planning apparatus. Accord-
ingly, this method may become a standard, in the future,
among dose calculation algorithms for particle beam irra-
diation planning that involves a carbon ion beam.

EXAMPLE 2

[0106] FIG. 8 is an illustrative diagram illustrating an
overall configuration of a particle beam irradiation system
1A according to a second embodiment of the present inven-
tion. The second embodiment differs from the first embodi-
ment in the configuration in that the nuclear reaction effec-
tive density conversion unit 38 (see FIG. 7) is replaced with
an EM correction unit 38a, an EL/IE correction unit 385, and
an NE correction unit 38¢; the irradiation plan correction
program 395 (see FIG. 7) is replaced with an irradiation plan
correction program 39¢; and the second conversion data 42
is replaced with second conversion data 42a.

[0107] The EM correction unit 38a, the ELITE correction
unit 385, and the NE correction unit 38¢ receive stopping
power ratio data from the stopping power ratio conversion
unit 37, and receive the correction factors AVA, Y'Y, and y'/y
from the second conversion data 42q, and perform correc-
tion accordingly.

[0108] The EM correction unit 38« is a unit that performs
correction in association with electromagnetic interaction
(EM). The EL/IE correction unit 385 is a unit that performs
correction in association with elastic interaction (EL) and
inelastic interaction (IE). The NE correction unit 38¢ is a
unit that performs correction in association with nuclear
reaction (NE).

[0109] The irradiation plan correction program 39¢ causes
each of the functional units of the irradiation planning
apparatus 20A to operate in a similar manner to those of the
first embodiment. In particular, in this second embodiment,
the correction of irradiation plan is performed by the EM
correction unit 38a, the EL/IE correction unit 385, and the
NE correction unit 38¢, using Eq. 8 described above and
second conversion data 42a.

[0110] The second conversion data 42a includes the cor-
rection factors A'YA, Y'Y, and y'/y of each tissue.

[0111] The other portions of the configuration and opera-
tion are identical to those of the first embodiment, and
therefore, like reference characters indicate the same or
equivalent components, and the explanation thereof will be
omitted.

[0112] According to the configuration and operation
described above, the particle beam irradiation system 1A of
the second embodiment can emit a high accuracy beam by
using irradiation parameters corrected with high accuracy
depending on the irradiated object, instead of using irradia-
tion parameters as planned, approximated by those of water.
The beam irradiation may be any appropriate irradiation
including, for example, spot beam irradiation (its dose
distribution is the sum of those of the spot beams) using a
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scanning irradiation method, which provides irradiation
having a uniform dose distribution, to a target region.

[0113] The second conversion data 42a enables the cor-
rection factors to be derived from the stopping power ratio,
and accordingly, is directly introduceable into the irradiation
planning apparatus 20A of various existing particle beam
irradiation system 1A for practical use. In more detail, CT
values are specific to the CT apparatus and imaging envi-
ronment, and thus, the conversion table for converting these
CT values into stopping power ratio values are also specific
to the CT apparatus and imaging environment. Thus, per-
forming correction directly from CT values requires gen-
eration of a conversion table for each CT apparatus and for
each imaging environment. Meanwhile, an existing particle
beam irradiation system 1A includes a conversion table
(conversion table for converting attenuation of X-ray into
stopping perlation of the particle beam) for conversion into
stopping power ratio values for a CT apparatus already
installed and for imaging environment. Accordingly, use of
this conversion table can eliminate the need for apparatus-
and environment-specific settings. That is, once one second
conversion data 42a is generated, the stopping power ratio
values calculated using an individually adjusted conversion
table can be converted into distributions of correction factors
in association with electromagnetic interaction (EM), elastic
interaction (EL), inelastic interaction (IE), and nuclear reac-
tion (NE) using the second conversion data 42a, and thus
correction can be provided in consideration of differences in
the contributions of these types of interaction between in a
material of interest and in water, whatever CT apparatus and
whatever imaging environment may be used. The standard-
ization of the second conversion data 42q for performing
correction in such a manner can, as well, prevent incorrect
data from being used during installation, and can therefore
safely provide development of a high accuracy irradiation
plan.

[0114] Moreover, instead of simply applying the dose
distribution obtained by a measurement in water (Eq. 1
described in relation to the first embodiment) to calculation
of a dose distribution in a body, correcting the dose distri-
bution depending on the degree of the probability of nuclear
reaction in the material through which the beam passes, and
then applying the corrected dose distribution, enables the
dose error introduced by nuclear reaction to be simply
corrected.

[0115] Furthermore, this irradiation planning apparatus
20A can accurately reflect an effect of nuclear reaction
induced by incident particles in the body during dose
distribution calculation in particle beam irradiation plan-
ning. This enables more accurate dose distribution calcula-
tion in consideration of body tissues. In addition, this
method is easy to use, takes advantage of universal nature of
human tissues, and is usable in any irradiation planning
apparatus. Accordingly, this method may become a standard,
in the future, among dose calculation algorithms for particle
beam irradiation planning that involves a proton beam.

[0116] The present invention corresponds to the embodi-
ments as follows: the particle beam of the present invention
corresponds to the charged particle beam 3 of the embodi-
ments;

[0117] and similarly,
[0118] the irradiated object corresponds to the patient 7;
[0119] the region corresponds to the target region 8;
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[0120] the irradiation planning apparatus and the com-
puter correspond to the irradiation planning apparatus 20;

[0121] the prescription data acquisition unit corresponds
to the prescription data input processing unit 32;

[0122] the dose distribution calculation unit corresponds
to the calculation unit 33;

[0123] the three-dimensional scanned data acquisition unit
corresponds to the three-dimensional CT value data
acquisition unit 36;

[0124] the reaction-physical-quantity distribution data
generation unit corresponds to the stopping power ratio
conversion unit 37 and the nuclear reaction effective
density conversion unit 38;

[0125] the stopping power ratio correction processing unit
corresponds to the stopping power ratio conversion unit
37,

[0126] the irradiated object material correction processing
unit corresponds to the nuclear reaction effective density
conversion unit 38, the EM correction unit 384, the EL/IE
correction unit 385, and the NE correction unit 38¢;

[0127] the nuclear reaction effective density correction
processing unit corresponds to the nuclear reaction effec-
tive density conversion unit 38;

[0128] the particle beam action correction processing unit
corresponds to the EM correction unit 384, the ELITE
correction unit 385, and the NE correction unit 38¢;

[0129] the reaction physical quantity distribution data cor-
responds to the first conversion data 41 and the second
conversion data 42, 42a;

[0130] the three-dimensional stopping power ratio data
corresponds to the first conversion data 41;

[0131] the three-dimensional nuclear reaction effective
density data corresponds to the second conversion data
42; and

[0132] the component(s) correspond(s) to the first com-
ponent, the second component, and/or the third compo-
nent;

[0133] but the correspondences are not limited to these.
[0134] It should be noted that the atomic numbers of
respective components in relation to correction in the
example of the first embodiment described above are spe-
cifically directed to carbon ion therapy using carbon whose
atomic number is 6; however, the type of therapy is not
limited thereto, and the atomic numbers of the components
may be in any appropriate range if other nuclear species
having a different atomic number is used.
[0135] In addition, in the second embodiment, the correc-
tion process is performed using Eq. 8 such that the three
components in association with “EM,” “EL/IE,” and “NE”
are each corrected, and are then summed up. However, the
correction process is not limited thereto, and thus the dose
distribution may have any appropriate combination of com-
ponents, such as one having two components in association
with “EM+EL/IE” and “NE,” one having four components
in association with “EM,” “EL,” “IE,” and “NE,” etc. These
cases can also achieve development of an irradiation plan
depending on the irradiated object, including irradiation
parameters having improved accuracy as compared with
irradiation parameters as planned, approximated by those of
water.

[0136] Furthermore, the stopping power ratio correction

processing unit (the stopping power ratio conversion unit

37) and the irradiated object material correction processing

unit (the nuclear reaction effective density conversion unit
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38, the EM correction unit 384, the EL/IE correction unit
38H, and the NE correction unit 38¢) need only to be
conceptually separated into two series in terms of calcula-
tion. Therefore, the calculation may be performed such that
these two series of correction processes are executed at one
time in one operation.

INDUSTRIAL APPLICABILITY

[0137] The present invention is usable in a technology of
therapy using particle beam irradiation.

REFERENCE SIGNS LIST

[0138] 3: Charged particle beam

[0139] 7: Patient

[0140] 8: Target region

[0141] 20, 20A: Irradiation planning apparatus

[0142] 32: Prescription data input processing unit

[0143] 33: Calculation unit

[0144] 36: Three-dimensional scanned data acquisition
unit

[0145] 37: Stopping power ratio conversion unit

[0146] 38: Nuclear reaction effective density conversion
unit

[0147] 38a: EM correction unit 38a

[0148] 38A: EL/IE correction unit 385

[0149] 38c: NE correction unit 38¢

[0150] 41: First conversion data

[0151] 42, 42a: Second conversion data

1. An irradiation planning apparatus for developing an
irradiation plan involving a particle beam, the apparatus
comprising:

a three-dimensional scanned data acquisition unit config-
ured to acquire three-dimensional scanned data gener-
ated by three-dimensional scanning of an object to be
irradiated (hereinafter referred to as irradiated object)
of the particle beam by means of a radiation different
from the particle beam;

a prescription data acquisition unit configured to acquire
prescription data indicative of a position and a volume
of a region irradiated with the particle beam for the
irradiated object;

a reaction-physical-quantity distribution data generation
unit configured to generate reaction physical quantity
distribution data indicative of a distribution of a physi-
cal quantity indicative of capability, of a material of the
irradiated object, of reacting with the particle beam on
the basis of the three-dimensional scanned data; and

a dose distribution calculation unit configured to calculate
a dose distribution on the basis of the prescription data
and the reaction physical quantity distribution data,

wherein

the reaction-physical-quantity distribution data genera-
tion unit includes

a stopping power ratio correction processing unit config-
ured to convert the three-dimensional scanned data into
a stopping power ratio, which is a physical quantity
indicative of capability of decelerating incident par-
ticles, of a material of interest, relative to correspond-
ing capability of water, and generate three-dimensional
stopping power ratio data, and

an irradiated object material correction processing unit
configured to determine, from the three-dimensional
stopping power ratio data, a correction factor repre-
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senting a difference between in water and in an irradi-
ated object material, and perform correction, depending
on depth, of a depth dose distribution of the particle
beam using the correction factor.
2. The irradiation planning apparatus according to claim
1, wherein
the irradiated object material correction processing unit is
configured to separate the depth dose distribution of the
particle beam into components according to an atomic
number or according to interaction of the particle beam,
and perform correction of the depth dose distribution
for each of the components.
3. The irradiation planning apparatus according to claim
2, wherein
the irradiated object material correction processing unit is
a nuclear reaction effective density correction process-
ing unit configured to convert the three-dimensional
stopping power ratio data into a nuclear reaction effec-
tive density, which is a physical quantity indicative of
a likelihood of spalling incident particles, of a material
of interest, relative to a corresponding likelihood of
water, to generate three-dimensional nuclear reaction
effective density data, separate the depth dose distri-
bution of the particle beam into components according
to an atomic number, and correct the depth dose dis-
tribution by separating the components into a compo-
nent to which the correction factor is applied and a
component to which the correction factor is not
applied.
4. The irradiation planning apparatus amended according
to claim 3, wherein
the nuclear reaction effective density correction process-
ing unit classifies
a component in association with data atomic numbers
from 3 to 5 as the component to which the correction
factor is not applied,
a component in association with an atomic number of
6 as a component to be multiplied by an attenuation
correction factor determined from a change in a
particle beam fluence, and
a component in association with an atomic number
from 1 to 2 as a component to be multiplied by an
inverse of the attenuation correction factor.
5. The irradiation planning apparatus according to claim
2, wherein
the irradiated object material correction processing unit is
a particle beam action correction processing unit con-
figured to separate the depth dose distribution of the
particle beam at least into a component in association
with electromagnetic interaction and a component in
association with nuclear reaction, and perform correc-
tion using the correction factor for each of the compo-
nents separated.
6. The irradiation planning apparatus according to claim
5, wherein
the irradiated object material correction processing unit is
configured to separate the depth dose distribution of the
particle beam into three components, which are the
component in association with electromagnetic inter-
action, the component in association with nuclear reac-
tion, and a component in association with elastic inter-
action and inelastic interaction, perform correction
using the correction factor for each of the components
separated, and sum up the corrected values.
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7. An irradiation planning program for causing a com-

puter to function as:

a three-dimensional scanned data acquisition unit config-
ured to acquire three-dimensional scanned data gener-
ated by three-dimensional scanning of an irradiated
object of the particle beam by means of radiation
different from the particle beam;

a prescription data acquisition unit configured to acquire
prescription data indicative of a position and a volume
of a region irradiated with the particle beam for the
irradiated object;

a reaction-physical-quantity distribution data generation
unit configured to generate reaction physical quantity
distribution data indicative of a distribution of a physi-
cal quantity indicative of capability, of a material of the
irradiated object, of reacting with the particle beam on
the basis of the three-dimensional scanned data; and

a dose distribution calculation unit configured to calculate
a dose distribution on the basis of the prescription data
and the reaction physical quantity distribution data,

wherein

the program further causes the reaction-physical-quantity
distribution data generation unit to function as:

a stopping power ratio correction processing unit con-
figured to convert the three-dimensional scanned
data into a stopping power ratio, which is a physical
quantity indicative of capability of decelerating inci-
dent particles, of a material of interest, relative to
corresponding capability of water, and generate
three-dimensional stopping power ratio data, and

an irradiated object material correction processing unit
configured to determine, from the three-dimensional
stopping power ratio data, a correction factor repre-
senting a difference between in water and in an
irradiated object material, and perform correction,
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depending on depth, of a depth dose distribution of
the particle beam using the correction factor.
8. An irradiation plan correction program for causing a

computer to function as:

a stopping power ratio correction processing unit config-
ured to convert three-dimensional scanned data into a
stopping power ratio, which is a physical quantity
indicative of capability of decelerating incident par-
ticles, of a material of interest, relative to correspond-
ing capability of water, and generate three-dimensional
stopping power ratio data; and

an irradiated object material correction processing unit
configured to determine, from the three-dimensional
stopping power ratio data, a correction factor repre-
senting a difference between in water and in an irradi-
ated object material, and perform correction, depending
on depth, of a depth dose distribution of a particle beam
using the correction factor.

9. An irradiation plan correction method for correcting an

irradiation plan involving a particle beam, the method com-
prising:

converting three-dimensional scanned data into a stop-
ping power ratio, which is a physical quantity indica-
tive of capability of decelerating incident particles, of
a material of interest, relative to corresponding capa-
bility of water, and generating three-dimensional stop-
ping power ratio data; and

determining, from the three-dimensional stopping power
ratio data, a correction factor representing a difference
between in water and in an irradiated object material,
and performing correction, depending on depth, of a
depth dose distribution of a particle beam using the
correction factor.
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