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A B S T R A C T

Purpose: We performed computed tomography (CT)—stopping power ratio (SPR) calibration in a carbon-ion
therapy facility and evaluated SPR estimation accuracy.
Materials and Methods: A polybinary tissue model method was used for the calibration of CT numbers and SPR.
As a verification by dose calculation, we created a virtual phantom to which the CT-SPR calibration table was
applied. Then, SPR was calculated from the change in the range of the treatment planning beam when changing
to 19 different CT numbers, and the accuracy of the treatment planning system (TPS) calculation of SPR values
from the CT-SPR calibration table was validated. As a verification by measurement, 5 materials (water, milk,
olive oil, ethanol, 40% K2HPO4) were placed in a container, and the SPR was obtained by measurement from the
change in the range of the beam that passed through the materials.
Results: The results of the dose calculations of the TPS showed that the results agreed within 1% for the lower CT
numbers up to 1000 HU, but there was a difference of 3.0% in the higher CT number volume. The difference
between the SPR calculated by TPS and the SPR caused by the difference in the energy of the incident particles
agreed within 0.51%. The accuracy of SPR estimation was measured, and the error was within 2% for all ma-
terials tested.
Conclusion: These results indicate that the SPR estimation errors are within the range of errors that can be
expected in particle therapy. From commissioning and verification results, the CT-SPR calibration table obtained
during this commissioning process is clinically applicable.

Introduction

For high-precision radiation therapy, it is essential to take into ac-
count the heterogeneity within the body in dose calculation. For this
purpose, performing calibration of the computed tomography (CT)
numbers and effective density using CT images is necessary.1,2 In dose
calculation for X-ray treatment planning, the effective density can be
well approximated by the electron density, and commercially available
phantoms and standardized methods are available.3 In contrast, for
particle therapy, it is necessary to determine the stopping power values
of various tissues in beam paths. Currently, the most common method is

to register a calibration table that relates CT numbers to the stopping
power ratio (SPR) to water in the treatment planning system.4–7

Schneider et al pointed out that the materials used in commercial
phantoms are not sufficiently equivalent to body tissues and proposed a
stoichiometric calibration method to solve this problem.8 This method
applies an X-ray attenuation model determined from CT images to
standard human body composition data and to the CT numbers and
stopping power. Kanematsu et al proposed a simple and standardized
method of calibrating the CT numbers and stopping power using the
polybinary calibration method based on stoichiometric calibration, and
this method is used at several facilities in Japan.9,10
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Our facility started carbon-ion radiotherapy in 2021. Because the
commissioning error of the calibration of CT values to SPRs has a sig-
nificant impact on treatment, commissioning of this item should be
performed extremely carefully. There have been several reports on
commissioning and QA for CT-SPR,11–14 as well as beam accuracy15–17

and respiratory gating irradiation18–20 as commissioning items for
particle therapy facilities. For example, Peter et al analyzed multicenter
data on CT-SPR conversion tables for proton therapy facilities in Europe
and published their data as a consensus.11 Similarly, it is important to
analyze and publish the findings of the CT-SPR conversion method in
carbon-ion treatment facilities, which are expected to increase in the
future.

Therefore, herein, we report on a method of commissioning and
evaluation of CT-SPR calibration in a carbon-ion beam therapy facility.

Material and methods

CT-SPR calibration method

The CT-SPR calibration method was based on the polybinary tissue
model reported by Kanematsu et al.10 This method approximates the
human body tissue as polybinary mixture of muscle, air, fat, and bone
and uses the stoichiometric method to obtain conversion relations from
the CT numbers of 4 samples of water, air, 100% ethanol, and a 40%
K2HPO4 solution as materials for each component. This method is an
updated version10 of the previous method9 and has been used in several
particle therapy facilities in Japan.

CT scan protocol

In this study, we used a 320-multidetector CT scanner (Aquilion
ONE Canon Medical Systems, Otawara, Japan). The scan protocols for
clinical use in our facility are shown in Table 1. The Head and Neck
Helical protocol is used for head and neck treatment, the Body Volume
protocol is used if 4-dimensional CT is necessary for the treatment of
moving targets, and the Body Helical protocol is applied for the other
treatment.

CT-SPR calibration phantoms and data acquisition

For CT-SPR calibration, we used the same cylindrical type of
phantom reported by Kusano et al that can be filled with water in-
side.21,22 Two sizes of CT calibration phantom, large and small, were
used for the phantom to acquire CT images of the material (Figure
1(a)). The phantom size diameters were Φ290 mm for the body and
Φ190 mm for the head and neck. The inside of the phantom was filled
with water, and there were places where the containers could be
placed. The containers could be filled with arbitrary liquid materials,
and their size was Φ20 mm in diameter and 200 mm in length. Each
container was filled with water, air, 100% ethanol, and a 40% K2HPO4

solution. The 40% K2HPO4 solution was defined as a 40% aqueous
solution by mass. We prepared 2 containers filled with of each sample
and placed each material in 2 locations in the inner and peripheral parts
of the phantom. The center of the installed phantom was placed to the
origin of CT. The Phantom was scanned according to the CT imaging
protocol conditions in Table 1. As an example, a CT image of a phantom

obtained with the Body Helical protocol is shown in Figure 1(b), and
with Head and Neck protocol is shown in Figure 1(c). In the slice of the
CT image origin, a region of interest (ROI) was placed in the center of
each container. The ROI size was adjusted according to the diameter of
the container. The mean CT numbers within the ROI were obtained for
each material, and in addition, the mean CT numbers of the inner and
peripheral containers were used as the CT numbers for each material.
The obtained CT numbers were used to calculate the CT numbers of 11
different tissue substitutes according to the CT-SPR calibration method
session.

Registration of CT-SPR calibration data to the treatment planning system

The carbon-ion radiotherapy planning system in our facility was the
RayStation10A (RaySearch Laboratories, Stockholm, Sweden). We re-
gistered the CT numbers and the corresponding SPR values of the ma-
terials obtained by the calibration method reported by Kanematsu
et al10 into the RayStation. The registered reference energy was
131MeV/u, which was proposed by Inaniwa et al as the effective ki-
netic energy of carbon ions.23

Verification by dose calculation

The virtual phantom was created to verify the accuracy of the CT-
SPR calibration table in the dose calculation (Figure 2). The geometry
of the virtual phantom consisted of a 15× 15×33 cm water volume
(physical density, 1.00 g/cm3) and 15×15×5 cm volume with vari-
able CT numbers, which was located upstream of the beam. A total of
19 patterns of the CT numbers (−2000, −1000, −800, −600, −400,
−200, −150, −100, −50, 0, 50, 100, 200, 400, 1000, 2000, 3000,
4000, and 5000 HU) assigned alternatively to the variable CT number
volume. The depth slice thickness of the phantom was 0.1 cm. A beam
with an energy of 430MeV/u was injected into the virtual phantom.
The field size was 10× 10 cm, and the spot spacing was 0.2 cm. A ridge
filter was used in the spread-out Bragg peak formation. The ridge filter
shaped the carbon beam so that 0.1 cm width at 1-sigma. The dose
calculation grid size was set to 0.1 cm in the parallel direction of the
beam and 0.4 cm in each axis in the perpendicular direction of the
beam. The dose calculation algorithm was pencil beam.24 We calculated
the SPR used in dose calculation in the treatment planning system
(SPRcalc) using the following equation:

= × +SPR SPR
Range Range

5
1calc HU

water x HU
0 (1)

where SPR HU0 is the SPR at 0 HU in the CT-SPR calibration table, re-
gistered in the treatment planning system; Rangewater is the range of
carbon-ion beam when water with a physical density of 1.00 g/cm3 was
assigned to the variable CT number volume; and Rangex HU is the range
when CT number of x HU was assigned to the variable CT number
volume. The value 5 in the equation means that the thickness of the
variable CT number volume is 5 cm, and SPRcalc was calculated from
the difference in range per cm. The range was defined as the depth
where the dose was 50% of the maximum dose after the Bragg peak. In
this study, the SPR of water was considered to be 1, and the SPR was
calculated from the difference in range relative to water. This is what is
meant by +1 in the Equation (1). The difference between the SPRcalc

Table 1
CT scan protocol.

Protocol Voltage (kV) Tube current (mA) FOV (mm) Slice thickness (mm) Interpolation Reconstruction algorithm

Body helical 120 500 500 2 V-TCOT FC13
Body volume 120 500 500 2 volume-Xact FC13
Head and neck helical 120 500 500 2 V-TCOT FC13

Abbreviations: CT, computed tomography; FOV, field of view.
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and SPRregister, which is the SPR corresponding to the CT numbers re-
gistered in the RayStation, was calculated using the following equation:

= ×Diff
SPR SPR

SPR
(%) 100calc

calc register

register water
.

, (2)

The RayStation calculated the doses by taking into account the en-
ergy dependence of SPR. Therefore, there may be a difference between
the SPRregister and SPRcalc because the dose calculation was performed
at 430MeV/u, whereas the standard energy of the registered CT-SPR
calibration table was 131MeV/u. Hence, the possible errors calculated
at different energies were verified. The theoretically expected differ-
ence in SPR (Difftheoretical) between 131 and 430MeV/u was calculated
based on the Bethe–Bloch formula.23 The SPR values were calculated
for 11 core substances (water, air, lung, fat, muscle, cartilage, bone,
bone+, aluminum, aluminum+, and iron) using the atomic composi-
tions and physical densities listed in the RayStation reference manual.25

Difftheoretical was calculated according to the following equation:

= ×Diff SPR SPR
SPR

(%) 100theoretical
MeV u MeV u

water

430 / 131 /

(3)

where SPR430MeV and SPR131MeV are the SPRs at 430 and 131MeV/u
calculated from the theoretical equations and SPRwater is the SPR of

water at 131MeV/u calculated from the theoretical equations. Diffcalc.

and Difftheoretical were compared to test whether Diffcalc is a theoreti-
cally explainable difference.

Verification by measurement

We verified the accuracy of CT-SPR calibration in the treatment
planning system with measurements. Five easily available materials
were used for validation: water, 100% ethanol, 40% K2HPO4 solution,
commercial milk, and olive oil. First, the CT images of the 5 materials
were acquired using the Body Helical protocol. Subsequently, the SPR
of each material was estimated from the CT-SPR calibration table re-
gistered in the treatment planning system. For measurements, 5 mate-
rials were placed in containers in contact with the beam ports. The
430MeV/u carbon-ion beams transmitted through the material was
measured with a large-area parallel plane ion chamber with a diameter
of 16 cm. The depth dose curves were measured at 0.1 mm intervals to
determine the depth of the dose maximum point. A 3-dimensional
water phantom (Toshiba Energy Systems, Kawasaki, Japan) was used as
a measurement phantom. The SPRmeas,x of the 5 materials x obtained by
the measurement were calculated by using the following equation:

Figure 1. (a) shows an image of the phantom,
with diameters of Φ290 cm and Φ190 cm, re-
spectively. The interior is filled with water, and
4 containers are set up to hold tissue sub-
stitutes. (b) and (c) are CT images of a
phantom of Φ290 cm and Φ190 cm in dia-
meter, respectively. Four materials stored in
containers were placed, one in the center of the
phantom and one at each of the edges.

Figure 2. (a) shows the geometry of the virtual phantom created in the treatment planning system. A volume to change the CT number is set upstream of the
common CT volume upstream of the beam. (b) shows the framework for obtaining SPR by dose calculation.
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=SPR
Range Range

Range Rangemeas x
meas air mes x

meas air mes water
.

, ,

, , (4)

where Rangemeas,air is the depth of the maximum dose with air in the
container and Rangemeas,x is the depth of the maximum dose when each
material is measured in the container. The difference in range divided
by Rangemeas,water, which is the range of the container when it is filled
with water, was obtained from the measurement. The difference be-
tween the SPRmeas,x and SPRregister,x for each material x estimated from
the CT-SPR calibration table registered in the treatment planning
system was calculated using the following equation:

= ×Diff
SPR SPR

SPR
(%) 100meas

meas x register x

register x
.

, ,

, (5)

Results

CT-SPR calibration

The relationship between the CT numbers and SPR is shown in a
curve in Figure 3. The Body Helical and Head and Neck protocols
showed differences in the region of high CT numbers, with a maximum
difference of 242.5 HU. The Body Helical and Body Volume curves al-
most overlapped, with the largest difference in the CT numbers being
15.7 HU.

Verification by dose calculation

The SPR calculated from the dose calculation and the SPR registered
in the treatment planning system are shown in Figure 4(a). The dif-
ference between 2000 and 1000 HUs was within 1.0%, but at 2000 HUs
a difference of about 1.8% and a maximum of about 3.2% was ob-
served. The difference between the SPR from dose calculation and re-
gistered SPR and the difference between the SPR for particle energies of
131 and 430MeV/u that can be derived from the theoretical equation
are shown in Figure 4(b). Both results agreed within 0.15% for the SPR
of < 2.0 or less and within 0.51% for the SPR of > 2.0.

Verification by measurement

A comparison of the SPR values calculated from the CT numbers of
the 5 materials and the maximum dose depth of the beam transmitted
through each material with the SPR values calculated from the CT-SPR
calibration and the errors are shown in Table 2. Deviation between
SPRmeas. and SPRregister. were within 2.0% for all materials.

Discussion

We reported on the commissioning of CT-SPR calibration at a new
start-up facility for carbon-ion radiotherapy. The CT-SPR calibration
table was obtained using a method based on the polybinary tissue
model, and the commissioning of the CT-SPR calibration was per-
formed. As a result, we concluded that the errors were within the ac-
ceptable range for particle therapy and that the CT-SPR calibration
table could be used clinically.

We evaluated whether the CT-SPR calibration table registered in the
treatment planning system was accurately considered in the dose cal-
culation. In RayStation, the SPR is corrected depending on the energy of
the particles, and the effect was confirmed from the present results. It is
known that the SPR of a material depends on its energy, as reported by
Schneider et al,8 and the dose calculation results were theoretically
provable. This study revealed that it is possible to confirm the regis-
tered CT-SPR calibration table from the results of dose calculations. The
method used in this study will allow us to compare CT-SPR calibration
table using a unified method of dose calculation, regardless of the
treatment planning system or CT-SPR calibration method.

It is necessary to pay attention to the treatment outside the CT-SPR
calibration table for each treatment planning system. The results shown
in Figure 4 indicate that at high CT numbers, a difference of more than
3.0% was identified between the registered table and the dose calcu-
lation. This suggested that there is a limit to the accuracy that can be
considered in planning. For example, in the RayStation, the CT number
below the registered minimum CT number is replaced with a CT
number equivalent to the minimum CT number, and the CT number
above the maximum CT number is replaced with a constant value
equivalent to the maximum CT number. Low CT numbers are not a
major clinical problem; however, high CT numbers may be related to
metals in the body and should be handled with care. It is recommended
that treatment plans use beam angles that do not pass through high HU
materials. In cases where the beam must pass through a high CT region,
the margin should be adjusted to account for an additional 3% range
error.

By dose measurement, we have confirmed the accuracy of esti-
mating the SPR from the CT numbers performed in this commissioning.
Yang et al stated that the error introduced by single-energy CT in CT-
SPR conversion from soft tissue to bone in standard human tissue can be
as high as 4.35%.26 However, they also reported that the use of dual-
energy CT could reduce the error by 0.26%. Schaffner et al. estimated
errors due to a stoichiometric method from measurements of soft tissue
samples from animals.27 They stated that if the beam-hardening effect
could be ignored, the error would be within 1%. However, because of
the actual beam-hardening effect, they estimated a range error of 1.1%
for soft tissue and 1.8% for bone tissue, which corresponds to a range
error of approximately 1 to 3mm. Paganetti predicted a variation of
approximately 3.5% in CT-SPR conversion by considering a 2% varia-
tion in CT values on CT machines and a 1% variation in the change from
CT values to SPR.28 Considering the theoretical error in converting the
estimated single-energy CT values to SPRs, in addition to the error in-
troduced by dosimetry, the results of this study are comparable to those
previously reported. Therefore, we judged that the obtained CT-SPR
calibration table could be used in clinical practice. As an ongoing op-
eration, it will be performed as Daily QA to evaluate the variation of HU
value using a solid phantom. We will also reacquire and compare CT-
SPR calibration tables for annual QA or for each replacement of a
component that may affect the X-ray spectrum to ensure accuracy.

In addition to providing margins for treatment planning to account
for errors resulting from the CT-SRP conversion process, RayStation
allows us to account for range uncertainty in the robust optimization
process. The usefulness of the range uncertainty tool in particle therapy
planning on the RayStation was reported by Wagenaar et al.29 There-
fore, at our center, we decided to consider the uncertainty of the CT-
SPR conversion process in the treatment planning by setting the range

Figure 3. CT-SPR calibration table for each CT protocol obtained by the cali-
bration method based on the polybinary tissue model.
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uncertainty tool of approximately 3% in addition to the margin.
Differences were observed in the Body Helical scan and Head and

Neck scan protocol data, especially in volumes with high CT numbers.
This is an effect of the difference in phantom size. Emma et al has re-
ported that of the several phantoms they verified, they observed large
differences in the CT numbers between the large and small phantoms.3

Similarly, Yagi et al have reported that they observed a difference in the
region of high CT numbers in the small-subject head protocol compared
with the large-subject body protocol.30 A similar trend to their report
was confirmed in this report. This may be due to the differences in the
degree of beam-hardening depending on the phantom size. This effect is
greatest in high CT number volumes, that is, mainly the bone volumes
in the human body, but may be apparent in the head and neck region
because of the dense bone population there. It is important to calibrate
by acquiring data under the protocol used in clinical treatment plan-
ning, including subject size and artifact reduction algorithms.31,32

There is a limitation in this study. In the validation by measurement,
we used substitute materials (milk and olive oil) instead of the tissue
equivalent materials. Ideally, this study should have been extended to
fresh substances such as meat, but we chose to improve the accuracy of
the measurements because of the homogeneity of the equivalent sub-
stances and limited the substances verified. Similarly, Yagi et al used
readily available materials, such as milk and lard.30 Moskvin et al va-
lidated on the calculation of SPRs for inorganic and organic materials
and reported comparable results.33 Therefore, there should be no ex-
treme change in the accuracy between fresh and inorganic materials,
and the results of this study are considered acceptable for application to
fresh materials. The highest CT value for any material measured in this
study was 624 HU for the 40% K2HPO4 solution1. The polybinary ca-
libration method reported by Kanematsu et al9,10 was used to estimate

the CT values for 11 substances from only 4 substances: air, water,
100% ethanol, and a 40% K2HPO4 solution. From this, it is presumed
that air, water, 100% ethanol, and 40% K2HPO4 solutions are important
and that if there are no errors in these substances, at a minimum, the
other substances are minimally accurate for clinical use. Ideally, how-
ever, verification should be conducted for substances exceeding 1000
HU and should be extended to a variety of other substances.

Conclusion

Commissioning of treatment planning CT at a new particle therapy
facility was performed. In this process, the accuracy of the CT-SPR
calibration table registered in the treatment planning system was
checked by dose calculation and measurement to ensure that it is ap-
plicable to the treatment. Our results confirm the error of the SPR es-
timation in the treatment. We were able to determine that the error was
within the range that can be expected in general particle therapy and
was acceptable for our clinical use.
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Figure 4. (a) shows the SPR obtained by dose calculation, the SPR registered in the treatment planning system, and the difference between the SPRs. (b) shows the
difference between the SPR calculated from the theoretical equation by the difference between the energy of the incident particle 131MeV/u and 430MeV/u and the
SPR calculated by the dose calculation.

Table 2
SPRs from the CT-SPR calibration table, SPRs obtained by dosimetry, and the error between the SPRs.

CT number (HU) SPR register SPR meas Difference (%)

Water 1.56 1.01 1.00 -1.39
100% ethanol -198.09 0.80 0.82 1.82
40% K2HPO4 624.01 1.33 1.31 -1.65
Milk 28.42 1.03 1.03 -0.44
Olive oil -102.14 0.94 0.94 -0.52

Abbreviations: CT, computed tomography; HU, hounsfiled unit; SPR, stopping power ratio.
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