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Abstract

This study aimed to compare the treatment plans of x-ray SBRT and scanning
carbon ion radiation therapy (CIRT) for localized lung tumors, and to evaluate
the dose dependence of tumor size tumor-to-heart distance. For phantom veri-
fication, we used a chest phantom with a spherical simulated tumor. Treatment
plans for 3-dimensional conformal radiation therapy (3D-CRT), volumetric mod-
ulated arc therapy (VMAT), and CIRT were created. GTVs were created in sizes
ranging from 0.5 to 5 cm in diameter, and the dependence of the lung dose on
GTV diameter was evaluated for each treatment plan. For patient validation, 30
cases of localized lung tumors were analyzed. 3D-CRT, VMAT, and CIRT treat-
ment plans were developed, and DVH parameters were evaluated for each GTV
size and GTV-to-heart distance. In both phantom and patient validations, the
OAR doses were the lowest for CIRT. The lung dose increased with increasing
GTV diameter for all three treatment plans. CIRT had the smallest ratio of lung
dose increase to GTV diameter increase among the three treatment plans. Heart
dose in CIRT was independent of GTV size and GTV-to-heart distance Conclu-
sions: The results of the present study suggested that the use of scanning CIRT
can reduce the OAR dose while guaranteeing the tumor dose compared to x-ray
SBRT. In addition, it was suggested that CIRT can treat patients with large GTV
sizes while maintaining low lung and heart dose.

KEYWORDS
carbon ion radiation therapy, lung cancer, SBRT, treatment planning, VMAT

tive for treating lung tumors, and many good results
have been reported.'*'° Recently, Miyasaka et al. sum-

Radiotherapy has an important role in treating localized
lung cancer or metastatic lung tumors. Subsequent
to the development of stereotactic body radiother-
apy (SBRT) in x-ray therapy, good outcomes have
been reported,’® with some comparable to those
of surgery.''2 In contrast, carbon-ion radiotherapy
(CIRT) is now available for treating localized lung
tumors. Because of the Bragg peak and sharp lateral
penumbra of carbon-ion beams,'® CIRT is highly effec-

marized the outcomes of x-ray SBRT and CIRT. They
reported significantly better local control by CIRT than
by x-ray SBRT?? The advantage of CIRT for lung tumor
treatment is that it reduces the organ at risk (OAR) dose.
Yoshida et al. reported that the OAR dose was signif-
icantly lower for CIRT than for x-ray SBRT?' Anderle
et al. similarly reported a reduction in the OAR dose in
CIRT?? Thus, CIRT is considered a promising option for
treating localized lung tumors, offering both local control
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equal to or better and a lower OAR dose than those of
SBRT.

Tumor size is an important factor when considering
the outcomes and toxicity in the treatment of lung
tumors. Allibhai et al. reported that lung tumor size
was associated with local control and grade >2 lung
pneumonia?® Similarly, Parker et al. reported that lung
tumor gross tumor volume (GTV) size was associated
with local control2* Ebara et al. used passive scattering
CIRT to evaluate the relationship between tumor size
and dose-volume histogram (DVH) parameters in three-
dimensional conformal radiotherapy (3D-CRT) SBRT
and CIRT?® They noted that the lung dose increased
with increasing planning target volume (PTV) size and
concluded that CIRT has the advantage of a lower-dose
OAR than that of 3D-CRT SBRT, especially for larger
tumor volumes. Thus, it is clear that tumor size is an
important factor in the selection of treatment modalities
for lung tumors.

Irradiation technology continues to develop for both
SBRT and CIRT. The use of intensity-modulated radio-
therapy (IMRT) in SBRT is increasing, and its dose
distribution characteristics differ significantly from those
of 3D-CRT. Many reports have supported the use of
IMRT in SBRT for lung tumors because IMRT can
maintain tumor doses comparable to those of 3D-CRT
while simultaneously reducing OAR doses.?%~28 Regard-
ing CIRT, the current common irradiation method is
scanning irradiation, which can form a more highly
concentrated dose distribution to the tumor than the
passive-scattering irradiation method used in the early
2010s2%%° However, there is a lack of discussion
regarding the characteristics of each modality for local-
ized lung tumors in the current treatment environment
with improved irradiation techniques. This study aimed
to determine if the dose distribution of x-ray SBRT
and CIRT for localized lung tumors is related to tumor
size and other factors when using current treatment
techniques.

2 | MATERIALS AND METHODS
This study was conducted in two phases: phantom and
patient validation.

2.1 | Phantom validation

A respiratory synchronization phantom (CIRS Inc., Nor-
folk, USA) simulating the thoracic region was used for
validation. Computed tomography (CT) images of the
phantom were acquired on an Aquilion One (Canon
Medical Systems, Otawara, Japan). A 2-mm CT slice
thickness was used at a voltage and current of 120 kV
and 230 mA, respectively. Figure 1 shows the CT
image of the phantom. The phantom was stationary and
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TABLE 1 Default setting values for gantry angle and couch
angle for 3D-CRT.

Beam number Gantry angle (°) Couch angle (°)

1 180 0

2 225 330
3 135 330
4 30 330
5 330 330
6 330 30
7 30 30
8 135 30
9 225 30
10 0 0

included 1-, 2-, and 3-cm-diameter inserted spheres for
CT image acquisition. Each inserted sphere was desig-
nated as a test GTV. In addition, 0.5-, 1.5-, 2.5-, 3.5-, 4-,
4.5-, and 5.0-cm-diameter spherical regions of interest
(ROIs) were created, and the ROI density was replaced
by that of water (physical density; 1.0 g/cm?), which
was then used as the GTV. This method allowed sim-
ulation of GTVs with diameters ranging from 0.5- to
5-cm at 0.5-cm intervals. The PTV was the GTV plus
a 5-mm margin. Then, three treatment plans were cre-
ated for each size GTV from 0.5 to 5 cm: 3D-CRT,
volumetric modulated-arc therapy (VMAT), and CIRT.
A RayStation10A (RaySearch Laboratories, Stockholm,
Sweden) was used to create all treatment plans. The
dose-calculation grid was 2 mm? for all treatment plans.
The 3D-CRT and VMAT treatment plans were based
on Versa HD (Elekta AB, Stockholm, Sweden) beam
data with 6-MV x-rays. The dose-calculation algorithm
for 3D-CRT and VMAT was the collapsed-cone algo-
rithm. Ten fields, including non-coplanar beams, were
used to create the 3D-CRT treatment plan. The gantry
and couch angles are presented in Table 1. Gener-
ally, the multi-leaf collimator margin was 5 mm, and the
dose-distribution coverage was checked and adjusted
accordingly within a few mm. Dual-partial arcs from
300° to 180° were used to create the VMAT treatment
plan. The CIRT treatment plan was based on the beam
data of a full-energy scanning carbon-beam therapy
system,>" and the irradiation method was a pencil-beam
scanning irradiation method.3? The CIRT used a pencil-
beam dose-calculation algorithm. The microdosimetric
kinetic model was used to calculate the relative biolog-
ical effectiveness dose.>>3* Four beams were used to
create the CIRT treatment plan > with beam angles of
0°,60°,90°, and 330°. For 3D-CRT and VMAT, the pre-
scription was 55 Gy in four fractions,and 95% of the PTV
was covered by the prescribed dose. For CIRT, the pre-
scribed dose was 60 Gy in four fractions, and the PTV
median dose was normalized to be equal to the pre-
scribed dose. The relationships between the calculated
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CT images of the phantom and dose distributions for the three treatment plans. Yellow ROls indicate GTV and blue ROIs

indicate PTV. 3D-CRT, 3-dimensional conformal radiation therapy; CI, conformity index; CIRT, carbon ion radiotherapy; Dyax, maximum dose;
Dinean, mean dose; Dyo,, minimum dose to the most irradiated x% of tissue volume; GTV, gross tumor volume; HI, homogeneity index; PTV,
planning target volume; VMAT, volumetric modulated arc therapy; Vyq,, the ratio of the volume irradiated by x% or more of the prescribed dose;

Vyay, the ratio of volume irradiated with xGy or more.

conformity index (CI), homogeneity index (HI), and GTV
diameter were calculated. The Cl and HI of PTV were
calculated from the following equations.

_ V95%, External

Cl = yuExtemal 1)
Very
D.
by = Paprv @)
Dogs, prv

In Equation (1), Vgsy external represents the 95%
dose of the prescription dose volume within the dose-
calculation region, and Vpty represents the PTV. In
Equation (2), Dy, pry @nd Dggy, prv represent the Do,
and Dggo, of the PTV, respectively. The ROl was created
assuming that the low CT values area in the phan-
tom was the lung, and DVH parameters were evaluated.
The Dieans V59, Vogy,, and Vygo, of the lung-GTV (area
where the GTV was removed from the lung ROI) were
evaluated, and their relationship to the GTV diameter
was then calculated. The dose converted to the equiva-
lent dose in 2-Gy fractions (EQDZ2) was used to evaluate
the lung-GTV dose. The EQD2 conversion formula is
shown in Equation (3).

a
(¢+5)

EQD2 = nd
(2+5)

)

In Equation (3), n is the number of fractions and d is
the fractional dose. In this study, = was set to 3 when

evaluating the lung-GTV.

2.2 | Patient validation

We analyzed 30 patients treated with x-ray SBRT or
CIRT for localized lung tumors between 2020 and 2022.
Among the analyzed cases, 29 were patients with stage-
1 lung cancer and one was a patient with a single lung
metastasis. There were 16 cases of right-lung tumors
and 14 of left-lung tumors. The institutional review board
of our institution approved this study. CT images were
obtained on an Aquilion LB or Aquilion One (Canon
Medical Systems, Otawara, Japan). The CT imaging
conditions were as follows: slice thickness, 2 mm; tube
voltage, 120 kV; and tube current, 300 mA. For each CT
image, the radiation oncologist created ROIs of the GTV,
lungs, heart, and spinal cord. Definition of GTV delin-
eation follows the protocol in the RTOG clinical trial 3638
All ROIs of the GTV in each phase delineated by four-
dimensional (4D) CT were projected to the treatment
planning CT under free breathing conditions. The GTVs
projected on the treatment planning CT were merged,
and this was designated as the internal GTV (IGTV).
The phase of the 4DCT used to create the IGTV was
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TABLE 2 Dose constraints.

Structure Parameter Constraint

PTV Vs, >95%

Lung-GTV Dinean <18 Gy
Visgy <25%
Vaoay <20%

Heart Vaoay <15 cc

Spinal cord Dinax <25 Gy

Abbreviations: Dpax, maximum dose; Dpean, mean dose; PTV, planning target
volume; V,q,, the ratio of the volume irradiated by x% or more of the prescribed
dose; V,qy, the ratio of volume irradiated with xGy or more.

the phase in which the shift of the center of mass of
the GTV was < 5 mm. PTV was defined as IGTV with
an isotropic margin of 5 mm. Three treatment plans
were created for each CT image, 3D-CRT, VMAT, and
CIRT. All treatment plans were created on a RaySta-
tion10A. In principle, the treatment planning parameters
for each treatment planning method were the same as
those for the phantom validation. Seven fields, including
non-coplanar beams, were used to create the 3D-CRT
treatment plans. The beam angle was set to the angle
listed in Table 1 as the default setting, and the angle was
adjusted according to the tumor’s location and size. The
VMAT treatment plan was created in dual-partial arcs
according to the localization of the tumor. Four beams
were used to create the CIRT plans. For CIRT plans,
the number of beams was determined according to con-
ventional clinical protocols.'®39 The dose distribution of
CIRT is sensitive to changes in particle range due to
respiratory motion of the tumor, so special techniques
are needed. Therefore, we used 4D robust optimiza-
tion using 4DCT in CIRT treatment planning. 4D robust
optimization allows treatment planning to account for
changes in particle range due to respiratory motion*0-42

DVH parameters were evaluated for dose calculations
performed on treatment-planning CTs without CT value
placement. In addition, we optimized for range uncer-
tainty of 5% for robustness to range errors in treatment
planning. The beam angle was set assuming a rotating
gantry and was adjusted according to the tumor loca-
tion. All treatment plans were optimized with the goal of
achieving the constraints shown in Table 2. The Vggo,,
Vs, Dog,, Cl, and HI were evaluated for the PTV. Equa-
tions (1) and (2) show the formulas for calculating Cl and
HI. Additionally, R5q0, (ratio of the 50% prescription iso-
dose volume to PTV) and D ., (maximum dose at 2 cm
from PTV) were calculated to evaluate dose falloff. For
the OARs, Equation (3) was used to convert all dose dis-
tributions to EQD2, and the DVH parameters were evalu-
ated.The value of a/f was setto 3. The Dynean, Vs, Voo,
and Vg9, of the lung-GTV and ipsilateral lung where the
tumor was located, heart Dy,ea, and spinal cord Dy ax
were evaluated. The relationships between the IGTV
diameter and the CI, HI, lung-GTV Dean, V5o, Vo9,
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and Vg0, were calculated. The lung-GTV DVH parame-
ters were compared between the case groups with IGTV
diameters larger and smaller than the median. For the
heart dose, we evaluated the relationship between the
IGTV diameter, GTV-to-heart distance, and Dy,¢an-

2.3 | Statistical analysis

The Statistical Package for the Social Sciences ver-
sion 28 (IBM SPSS Statistics for Windows, IBM Corp.,
Armonk, NY, USA) was used for the statistical analysis.
The Friedman and Bonferroni tests were used to evalu-
ate significant differences because normality could not
be confirmed by the Shapiro—Wilk tests in the compari-
son between the three treatment planning methods and
in the respiratory motion evaluation. A p-value of <0.05
was accepted as indicating statistical significance.

3 | RESULTS

3.1 | Phantom validation

The relationships between the GTV size and Cl and HI
in the phantom validation are shown in Figure 2. In all
three treatment plans, the Cl approached 1.0 as GTV
size increased. Among the three treatment plans, the ClI
for CIRT was closest to 1.0. The HI showed no depen-
dence on GTV size for 3D-CRT and CIRT but tended
to be larger for VMAT as the tumor diameter increased.
Figure 3 shows the relationship between the GTV size
and DVH parameters of the lung-GTV. All DVH parame-
ters increased with increasing GTV diameter in all three
treatment plans. All DVH parameters at the CIRT for
all GTV sizes showed the smallest values among the
three treatment plans. The slope of the approximate line
for the CIRT was the lowest for all DVH parameters
of the lung-GTV. An example comparison of the three
treatment plan dose distributions is shown in Figure 1.
For the 3D-CRT, the moderate-to-high 80%—70% dose
range of the prescribed dose extended outside the PTV.
The high-dose region was narrower for the VMAT dose
distribution than for the 3D-CRT, but the low-dose region
of <20% of the prescribed dose was wider. In the CIRT
dose distribution, the high- and low-dose regions were
located near the PTV, maintaining a low lung dose.

3.2 | Patient validation

The median diameter of the GTV and IGTV were 2.6 cm
(range: 1.2—4.5 cm) and 3.1 cm (1.2—4.9 cm) and the
volume were 6.6 cc (range: 0.5-20.6 cc) and 9.0 cc
(range: 0.7-25.2 cc). The average DVH parameters for
all cases are listed in Table 3. For PTV, there was no
significant difference between VMAT and CIRT at Vgsge.
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TABLE 3 Average DVH parameter values for all cases.

3D-CRT

VMAT

CIRT

PTV Voso (%) 97.1 + 1.6 (96.5-97.6) 97.9 + 0.7 (97.6-98.1) 92.9 + 5.2 (90.9-94.8)
Vose, (%) 98.7 + 1.0 (98.3-99.1) 99.2 + 0.6 (99.0-99.5) 99.1 + 1.5 (98.5-99.6)
Dy, (%) 130.1 + 14.2 (124.4-135.1) 129.0 + 7.3 (126.5-132.0) 101.1 +£ 0.4 (101.0-101.3)
Cl 1.6 +0.2(1.5-1.6) 1.3+0.2(1.3-1.4) 1.3+0.2(1.2-1.3)
HI 1.3+0.2(1.3-1.4) 1.3+0.1(1.3-1.4) 1.0+ 0.0 (1.0-1.1)
Rso0, 5.5 +0.7 (5.2-5.7) 5.6 + 1.1(5.1-6.0) 4.1+1.2(3.7-4.6)
Dy ¢m (%) 70.7 + 11.2 (66.5-75.0) 62.0 + 6.1 (59.7-64.3) 59.1 + 10.6 (55.1-63.1)
Lung-GTV Dpean (GY) 11.0 + 4.8 (9.2-12.8) 10.7 + 4.5 (9.0-12.4) 7.9 +3.4(6.5-9.2)
Vs gy (%) 18.0 + 7.1 (15.3-20.7) 18.7 + 7.6 (15.8-21.6) 8.3 +3.2(7.1-9.5)
Vio ay (%) 14.7 £+ 5.9 (12.4 -16.9) 13.1 £ 5.1 (11.1-15.0) 7.3+29(6.1-8.4)
Vo ay (%) 11.0 £ 4.9 (9.2-12.9) 9.7 +4.0 (8.2-11.2) 6.0 + 2.5 (5.0-6.9)
V30 gy (%) 8.2 +4.0(6.7-9.7) 7.6 + 3.3 (6.4-8.9) 5.0 +2.1(4.2-5.7)
Vao gy (%) 6.0 + 2.8 (4.9-7.0) 6.2 +2.8(5.1-7.3) 42 +1.8(3.5-4.9)
Ipsilateral lung Drean (GY) 21.5+10.7 (17.4-25.5) 19.6 + 8.4 (16.5-22.8) 154 +7.2(12.7-18.2)
Vs gy (%) 33.2 + 13.0 (28.2-38.1) 30.2 + 10.6 (26.2-34.2) 15.9 + 6.5 (13.4-18.3)
Vio gy (%) 27.5 + 11.4 (23.2-31.8) 24.2 + 9.6 (20.6-27.9) 13.9 + 5.9 (11.7-16.2)
Vo ay (%) 211+ 9.6 (17.4-24.7) 18.6 + 8.0 (15.6-21.6) 11.5+5.0 (9.6 -13.4)
Va0 gy (%) 15.8 + 8.0 (12.8-18.8) 14.8 + 6.6 (12.3- 17.3) 9.6 +4.2 (8.0-11.2)
Vao ay (%) 11.8 £ 6.1 (9.5-14.1) 12.1+ 5.6 (10.0-14.2) 8.3 +3.8(6.9-9.8)
Heart Drean (Gy) 4.0 +5.8(1.7-6.2) 4.6 +6.6 (2.1-7.2) 0.2+0.3(0.1-0.3)
Spinal cord Dmax (Gy) 11.2 + 14.2 (5.9-16.6) 15.9 + 8.8 (12.6-19.3) 3.9+ 9.4 (0.4-7.5)
p-value (3D-CRT vs.
VMAT) p-value (VMAT vs. CIRT) p-value (3D-CRT vs. CIRT)
PTV Vg, (%) 0.042* <0.001* <0.001*
Vs (%) 0.047* 0.454 0.682
Dyg, (%) 1.000 <0.001* <0.001*
Cl <0.001* 0.258 <0.001*
HI 1.000 <0.001* <0.001*
Rs00, 1.000 <0.001* <0.001*
Dy om (%) <0.001* 0.578 0.001*
Lung-GTV Drean (GY) 1.000 <0.001* <0.001*
Vs gy (%) 0.532 <0.001* <0.001*
Vio gy (%) 0.001* <0.001* <0.001*
Vao gy (%) 0.001* <.0001* <0.001*
V30 gy (%) 0.186 <0.001* <0.001*
Vo ay (%) 0.865 <0.001* <0.001*
Ipsilateral lung Dinean (GY) 0.236 <0.001* <0.001*
Vs gy (%) 0.004* <0.001* <0.001*
Vio ay (%) <0.001* <0.001* <0.001*
Vo ay (%) 0.002* <0.001* <0.001*
V30 gy (%) 0.152 <0.001* <0.001*
Vao gy (%) 1.000 <0.001* <0.001*
Heart Drean (GY) 0.811 0.002* 0.004*
Spinal cord Dinax (GY) 0.264 <0.001* 0.068

Note: Values are mean+1SD (95% confidence interval). Significant p values are indicated by *.

Abbreviations: 3D-CRT, 3-dimensional conformal radiation therapy; Cl, conformity index; CIRT, carbon ion radiotherapy; Dyay, maximum dose; Dyean, mean dose; Dy, ,
minimum dose to the most irradiated x% of tissue volume; HI, homogeneity index; PTV, planning target volume; Rs ratio of the 50% prescription isodose volume to
PTV, Rycm, maximum dose at 2 cm from PTV; VMAT, volumetric modulated arc therapy; V,gy, the ratio of volume irradiated with xGy or more; V,q, = the ratio of the

volume irradiated by x% or more of the prescribed dose.
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The Vggo, was significantly lower in CIRT than in 3D-CRT
and VMAT. Among the three plans, the D¢, was signif-
icantly lower for CIRT. Among all treatment plans, the
DVH parameters of all OARs were significantly lowest
in CIRT. For the Cl, significant differences were identified
between 3D-CRT and VMAT or CIRT, and no signifi-
cant differences between VMAT and CIRT. The HI was
1.3 £ 0.2, 1.3 = 0.1, and 1.0 = 0.0 for the 3D-CRT,

VMAT, and CIRT, respectively. The Rsp, of CIRT was
significantly lower than that of 3D-CRT and VMAT, and
D, ., of CIRT was significantly lower only compared to
3D-CRT.

The relationships between the IGTV diameter and
Cl and HI are shown in Figure 4. For the CI, all three
treatment plans had values close to 1.0 as the GTV
size increased. For the HI, there was IGTV diameter
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dependence in 3D-CRT and no dependence in VMAT
and CIRT. The relationship between IGTV diameter
and the DVH parameters of the lung-GTV is shown in
Figure 5. The DVH parameter values for the lung-GTV
tended to increase as the IGTV diameter increased. The
slope of the approximate line in CIRT was the lowest,
followed by those of the VMAT and 3D-CRT.

A box-and-whisker plot of the IGTV diameter divided
into groups with a IGTV diameter larger and smaller
than the median (3.1 cm) is shown in Figure 6. There
were significant differences between CIRT and 3D-CRT
or VMAT in all parameters except D,ean. In contrast,
there was a significant difference between 3DCRT and
VMAT only inthe V5 gy IGTV diameter larger group. For
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all DVH parameters, the group with larger-IGTV diame-
ters tended to have larger differences among the three
treatment plans than the group with smaller IGTV diam-
eters. For example, for the D, ,can, the mean differences
between 3D-CRT and VMAT, VMAT and CIRT, and 3DC-
CRT and CIRT, were 0.6 , 3.3, and 3.9 Gy, respectively,
in the large-GTV group, and were 0.1, 1.4 ,and 1.5 Gy,
respectively, in the small-GTV group.

Figure 7 shows scatter plots of the relationships
between the heart D5, and IGTV diameter (Figure
7a) and the GTV-to-heart distance (Figure 7b). For 3D-
CRT and VMAT, the heart dose tended to increase with
increasing IGTV diameter, whereas for CIRT, there was
little change in the heart dose. There was no significant
difference in heart D¢, between 3D-CRT and VMAT
regardless of GTV diameter and GTV-to-heart distance.
The difference between CIRT and 3D-CRT or VMAT was
larger for the larger IGTV diameter. For the GTV-to-heart
distance and heart D, 45, the differences between CIRT
and 3DCRT and VMAT were greater in the group closer
(Figure 7e) than the median of 5.4 cm than in the group
that was farther (Figure 7f).

Figure 8 shows a typical example of the dose distri-
bution and DVH. Compared with the small-IGTV case,
the large-IGTV case had an extended high-dose area in

3D-CRT and an extended low-dose area in VMAT. CIRT
also showed a larger spread in the dose distribution for
the large-IGTV case, but the change was smaller than
those of the other two treatment plans.

4 | DISCUSSION

In this study, we compared the treatment plans of x-ray
SBRT and scanning-beam CIRT in localized lung tumors
and evaluated the dependence of the dose distribution
on IGTV size and GTV-to-heart distance. As shown in
Table 3, the OAR dose was significantly reduced for
CIRT than for 3D-CRT and VMAT. These results sug-
gested that treatment with CIRT can be implemented
with significantly reduced toxicity. Similar to these study
results, those in previous studies indicated a reduced
OAR dose when using CIRT than when using 3D-CRT
and VMAT?":2243 |n the case of x-ray SBRT, previous
studies have reported that the OAR dose was lower for
VMAT than for 3D-CRTZ2627 which was also observed in
our study. However, the OAR dose was lower for CIRT
even than for VMAT (Table 3). As shown in the dose dis-
tributions (Figures 1 and 8), the spread of high doses
outside the PTV was smaller for VMAT than for 3D-CRT,
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but the spread of low doses was comparable to that of
3D-CRT. In contrast, our results suggest that CIRT can
reduce the spread not only in the high-dose area but also
in low-dose area. In addition, the Rsq9, and D5 ., eval-
uations revealed that CIRT has a steeper dose falloff
than 3DCRT and VMAT. This low spread in the high-
and low-dose areas is considered significant in actual
clinical practice. For example, Ono et al. reported that
the smaller dose spread of proton therapy than for x-
rays was safer in patients with idiopathic lung pulmonary
fibrosis** In addition, Okano et al. reported that carbon
ion therapy is a modality that can provide safe treatment
for lung cancer patients with interstitial lung disease.*®
Considering the results of this study, scanning CIRT,
which resulted in sufficiently low OAR doses in our study;,
may be an effective option for the treatment of lung
tumors in patients with comorbidities.

The phantom validation results showed that all treat-
ment plans, 3D-CRT, VMAT, and CIRT, showed linear
increases in the lung dose with increasing GTV diameter
(Figure 3). Of these, CIRT had the lowest slope of the
linear line. This indicates the smallest increase in lung
dose for an increase in tumor diameter. The fact that this

trend was shown to be similar in this study suggests that
in real patients (Figure 5), as in the phantom validation,
CIRT should show a slow increase in lung dose in rela-
tion to tumor diameter. In addition, the difference in the
DVH parameters for lung-GTV in 3D-CRT or VMAT and
CIRT was greater in cases with larger tumor sizes, as
shown when the groups were divided by their median
IGTV diameters (Figure 6). This finding suggests that
CIRT can be used to treat patients with large-IGTV
diameters with a reduced increase in the lung dose.
Ebara et al. evaluated the relationship between lung
dose and tumor volume for x-ray SBRT and CIRT?®
They reported that the lung dose tended to increase
with increasing PTV volume for both 3D-CRT and CIRT,
which was similar to the present study results. However,
in their results, there were several parameters for which
the slopes of the approximate straight line representing
the relationship between the PTV volume and lung dose
for 3D-CRT and CIRT were similar, which differed from
the results of our study. This may be due to the differ-
ence in the irradiation methods between their study and
ours. In their study, the CIRT irradiation method was the
passive-scattering irradiation technique; however, in our



JOURNAL OF APPLIED CLINICAL

MIYASAKA ET AL. MED'CAL PHYS'CS 10 of 14

Small IGTV case Large IGTV case
Transverse Sagittal Coronal Transverse Sagittal

Coronal

3D-CRT

— PTV

3D-CRT
...... VMAT
= = = CRRT

60

m— Lung-GTV

Volume (%)
Volume (%)
g

40 |

B
1
]
|
|

80 0 10 20 30 40 50 60 70 80
Dose (Gy) Dose (Gy)

FIGURE 8 Dose distribution and DVH of three treatment plans for cases with smaller than median IGTV diameter and for cases with larger.
3D-CRT, 3-dimensional conformal radiation therapy; CIRT, carbon ion radiotherapy; DVH, dose volume histogram; GTV, gross tumor volume; PTV,
planning target volume; VMAT, volumetric modulated arc therapy.

study, we used a scanning irradiation technique. Several  ing method have been increasing5454° On the basis
studies have reported that a more tumor-limited dose of these reports, the volume prescription method was
distribution is obtained with the scanning irradiation used in the present study. The standardized methodol-
technique than with the passive-scattering irradiation ogy of this study in CIRT follows our clinical protocol
technique?°-3° For example, Shiomi et al. compared the  and is similar to that in previous publications showing
dose distribution between passive- and scanning irra- clinical results?? Although there is a difference in the
diation of CIRT in pancreatic cancer cases> In this normalization technique, the difference in dose prescrip-
report, they showed that the intestinal dose around the tion between x-rays and particle beams has not been
tumor may be significantly lower for scanning irradiation shown to affect tumor control, and the Vygo, difference
than for passive irradiation. The present study showed in this study cannot be attributed to tumor control. The
that the lung dose was reduced in CIRT using the scan-  significantly higher Do, and HI for 3D-CRT and VMAT
ning irradiation method relative to that reported by Ebara  than for CIRT may also be attributed to this difference
et al?® resulting in a smaller ratio of lung dose increase in the normalization methods. Recently, the method of
to tumor size. increasing the central dose and steepening the dose
As shown in Table 3, the difference in mean Vgso, was  gradient has become popular in x-ray SBRT4749.50 At
less than <0.6% between the three treatment plans, a this time, all of the normalization methods used in
small difference. This means that any of the three treat-  this study, 3D-CRT, VMAT, and CIRT, were considered
ments can deliver a sufficient dose to control the tumor.  to be clinically used and to deliver acceptable tumor
In contrast, the Vggo, was significantly lower in CIRT than doses.
in 3D-CRT or VMAT. This finding may be due to dif- As shown in Table 3, the mean values of Cl were
ferences in the normalization methods used for dose 1.6 +£ 0.3, 1.3 £ 0.2, and 1.3 + 0.2 for 3D-CRT, VAMT,
prescription. In this study, the doses were normalized and CIRT, respectively. In addition, as shown in Figure 4,
so that the 100% dose covered 95% of the volume of the ClI was closer to 1.0 in more cases in CIRT than in
the PTV for 3D-CRT and VMAT, and the median dose 3D-CRT or VMAT. This finding indicates that CIRT can
was 100% of the PTV dose for CIRT. Reports using focus higher doses on the tumor, in contrast to 3D-CRT
volume-prescribing methods, such as the present study and VMAT, and Ebara et al. stated the same conclusion
for x-ray SBRT, instead of the reference point prescrib-  for C1.2° Although the difference in Cl between VMAT
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and CIRT was small, the Cl was significantly higher for
3D-CRT. This finding suggests that a higher dose can be
delivered to the tumor by VMAT than by 3D-CRT. How-
ever, as mentioned above, the key point to consider with
VMAT is that low doses are distributed over a wider area.
As shown in Figure 6, the low doses were spread out
more widely in cases with larger-IGTV diameters than
with smaller GTVs. Therefore, our results indicate that
CIRT has an advantage over VMAT because it can focus
higher doses on the tumor and reduce lower doses.

In this study, the HI of 3D-CRT was higher for smaller
IGTV diameters (Figure 4). This is because the smaller
diameter of the IGTV increases the proportion of low-
density lung area contained within the PTV, and also
because the irradiation field is narrowed to emphasize
dose concentration. The HI of VMAT tended to be higher
with 3DCRT in cases with larger IGTV diameters. This
may be due to the higher maximum dose (D,q¢,) in the
tumor while the target coverage is the same for 3DCRT
and VMAT. The reason is that in this study we did not
set a strong constraint on the maximum tumor dose in
our VMAT optimization. In recent years, good outcomes
have been reported in early-stage lung cancer SBRT by
increasing the maximum tumor dose.>’~? This would
seem to justify to some extent the worsening of HI by
increasing the maximum tumor dose.

For 3D-CRT and VMAT, the heart doses depended on
changes in the IGTV diameter and GTV-to-heart dis-
tance (Figure 7a and b). In contrast, there was little
change in the heart dose with CIRT. A comparison of the
median IGTV diameter and median GTV-to-heart dis-
tance between the two groups showed that the Dyean
differences in CIRT, 3D-CRT, and VMAT were larger in
the group with a larger IGTV diameter size and in the
group with a closer GTV-to-heart distance (Figure 7c—f).
These findings suggest that the benefit of heart-dose
reduction by CIRT is greater in cases with larger IGTV
diameters and closer-GTV-to-heart distances. Previous
reports have shown that heart doses can be significantly
lower with CIRT than with x-ray SBRT?"2%43 but the fac-
tors involved have not been clarified. In the present study;,
since the mean dose for x-ray SBRT increased signifi-
cantly when the distance between the GTV and heart
was <6.6 cm (Figure 7b), CIRT may have an advan-
tage in terms of heart dose when the distance between
the GTV and heart is <6.6 cm. Furthermore, since the
IGTV size had an effect on heart dose, the GTV size
and GTV-to-heart distance could serve as indicators of
choice between x-rays and CIRT.

A limitation of this study was the difference in
the dose-calculation algorithms. The collapsed-cone
algorithm was used for 3D-CRT and VMAT, and the
pencil-beam algorithm was used for CIRT. Although
there should be no problem in applying the results of
this study in actual clinical practice given that both algo-
rithms are used clinically, we have not been able to
consider the effects of algorithm differences. Although

the introduction of inhomogeneity-correction algorithms
in particle therapy has lagged behind that of x-rays,
highly accurate algorithms have become commercially
available for particle therapy in recent years°3>° In
the future, the present study results can be evaluated
in more detail by examining the algorithm in a unified
environment. In radiotherapy of lung cancer cases, the
robustness of the treatment plan to respiratory motion
is especially important for particle therapy. In x-ray treat-
ment planning, the results of several papers suggest that
irradiation at a respiratory motion of the tumor <5 mm,
as assumed in this study, would have minimal impact
on this study results.>®°” In contrast, the importance of
robust evaluation is considered to be higher in particle
therapy than in x-ray therapy. In the CIRT treatment plan,
the difference in PTV Vg5, calculated between the CT
of each respiratory phase obtained from 4DCT and the
treatment plan CT, respectively, was 1.4% + 4.1% for all
cases. This difference is not considered to significantly
change the trend of the present results. Exhaustive 4D
robust evaluation in all cases was not performed in this
study. This is because in some cases the whole lungs
and some OARs were not in the 4DCT imaging area.
Further additional analysis of the results of this study
for respiratory migration will be important in the future
with a more comprehensive evaluation.

5 | CONCLUSIONS

We evaluated and characterized the treatment plans
for x-ray SBRT and scanning CIRT for localized lung
tumors. The study results suggest that scanning CIRT
can be used to develop treatment plans with higher
tumor dose conformity and lower OAR doses than those
of x-ray SBRT. The results suggest, especially in the
case of large tumors that CIRT could minimize the
increase in lung and heart dose while ensuring an ade-
quate tumor dose. Furthermore, in cases in which the
tumor and heart were in close proximity, CIRT was able
to reduce the heart dose. Therefore, CIRT appears to
be a particularly effective choice when the dose to the
lungs and heart must be kept low.
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