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Abstract \
Background: Unlike conventional photon radiotherapy, particle therapy has the advantage of dose distribution. Carbon-ion radio-
therapy is also advantageous in terms of biological effectiveness and other radiobiological aspects. These benefits lead to a higher
response probability for previously known radioresistant tumor types. Therefore, Taipei Veterans General Hospital, which is located
in the northern district of Taipei, built the first carbon-ion irradiation facility in Taiwan.

Methods: Taipei Veterans General Hospital completed a phase 1 trial to evaluate the safety of carbon-ion radiotherapy. Six patients
(4 males and 2 females with prostate adenocarcinoma, sacral chordoma, hepatocellular carcinoma, lung adenocarcinoma, or
parotid high-grade carcinoma) were enrolled in this study. The mean age of the patients was 62.7 years. The mean dose was 57.3
Gy(RBE) (fraction range, 4-16 Gy[RBE]).

Results: During this phase 1 trial, all patients were monitored for 3 months to evaluate acute toxicity and short-term outcomes after
treatment with carbon irradiation. Only 2 patients experienced grade 2 toxicity, which resolved without medication 1 month after
completing treatment. The tumor response demonstrated 1 complete response, 1 partial response, and 4 cases of stable disease.
Conclusion: Carbon-ion radiotherapy was determined to be an effective and safe treatment.
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* 2 Prostate cancers, 1 Sacrum sarcoma, 1 Liver HCC, 1 Lung adenocarcinoma, 1 Parotid gland tumor
* 1 Complete response, 1 Partial response, 4 Stable diseases
* 1 Grade 2 UTI, 1 Grade 2 pain, others denied treatment related discomfort
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1. INTRODUCTION

Particle therapy has gained popularity in the field of radiation
oncology. Theoretically, particle therapy has the potential to
achieve better dose distribution compared with conventional
external beam radiotherapy due to its physical properties.!?
The advantage of particle therapy is the Bragg peak, a physi-
cal phenomenon mainly related to Coulomb interactions that
cause the particles to deliver their energy mainly at the end of
the travel range.’ Using this dose—depth relationship, we were
able to create a plan to deliver particularly high doses while
limiting the dose absorbed by nearby organs. Currently, the
most popular clinically used particle therapies include proton
and carbon therapies. Carbon-ion radiotherapy (CIRT) has
higher relative biological effectiveness (RBE), a lower oxygen-
enhancing ratio, and is capable of causing more DNA double-
strand breaks, indicating a more lethal effect and better
tumoricidal activity.*® For some radioresistant tumor types,
CIRT also has the potential to eliminate tumor cells because
of its ability to cause damage. CIRT has been proven to have
survival benefits and better tumor control than conventional
radiotherapy for pancreatic cancer,®” sarcomas,®’ hepato-
cellular carcinoma,'®!! salivary gland tumors,'>!3 and other
malignancies.!*13

Taipei Veterans General Hospital built the first carbon-ion
irradiation facility in Taiwan. Two treatment rooms were con-
structed for clinical treatment. Accelerator commissioning and
beam quality assurance in the first treatment room were com-
pleted in July 2022. A phase 1 clinical trial was designed to con-
firm the safety of CIRT and observe any acute adverse events
and early responses of the patients.

2. METHODS

2.1. Study criteria and follow-up

This prospective, single-arm, single-institute, phase 1 trial
was performed to demonstrate the safety of CIRT at Taipei
Veterans General Hospital. It was conducted in accordance
with the guidelines of the Declaration of Helsinki and approved
by the Institutional Review Board of Taipei Veterans General
Hospital (approval number: 0400TC02-2021-02-013C: S001-
006), which was approved on December 3, 2021. We enrolled
six patients with at least three different types of malignancies,
including head and neck cancers, lung cancer, hepatobiliary
carcinoma, prostate cancer, and bone or soft tissue sarcomas.
All patients were required to undergo computed tomography
imaging, magnetic resonance imaging (MRI), or positron emis-
sion tomography (PET) imaging before CIRT and imaging using
the same modality at 12 weeks after CIRT. The inclusion crite-
ria were as follows: age 20 years or older; tumor size smaller
than 12cm; no evidence of distant metastasis; life expectancy
of 12 weeks or more; Eastern Cooperative Oncology Group
performance status of 0 to 2; able to participate in the entire
treatment procedure; and agreed to undergo CIRT after pro-
viding written informed consent. The exclusion criteria were as
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follows: body weight of 135 kg or more; previous irradiation of
the same area as that receiving CIRT; other malignancies that
were not controlled or currently undergoing treatment; other
local treatments that might interfere with the evaluation of the
effectiveness of CIRT within 4 weeks before enrollment; and
participation in other clinical trials within 12 weeks. No concur-
rent chemotherapy or immunotherapy was administered during
the treatment period. Patients with other contraindications for
CIRT, such as pacemaker use or the use of other internal elec-
tronic devices, were also excluded.

2.2. Treatment planning system and biological model

The treatment planning system used for calculating carbon-
ion treatment is conducted by VQA Plan. A modified microdo-
simetric kinetic model (MKM model) is adopted to calculate
RBE, defining the ratio to convert physical dose into the
prescribed clinical dose. For critical organ constraints, we
adhere to the experience of the Japan Carbon-ion Radiation
Oncology Study Group (JCROS). Specifically, for the rectum,
the constraints entail receiving less than 9.2 cc at 50% of the
prescribed dose (V,,,,), less than 6.2 cc at 70% (V_,,), less
than 4.5 cc at 80% (V,,,), less than 2.5 cc at 90% (V,,,),
and no part receiving V,,.,. In addition, other constraints
are integrated into the treatment planning system for inverse
planning.

2.3. Treatment information and management of breathing
The CIRT facility at Taipei Veterans General Hospital uses scan-
ning beam irradiation, using both horizontal and vertical beams.
Couch rotation in the roll and yaw directions is available, with
a maximum of 10° allowed when planning noncoplanar irra-
diation. To manage patient breathing and mitigate potential
interplay effects, the Anzai respiratory gating system is used to
minimize breathing-related dose uncertainty. A 3 mm movement
threshold in each direction is deemed acceptable, determining
the breathing phases for irradiation.

2.4. Patient quality assurance

All CIRT treatment plans were evaluated using patient-specific
quality assurance procedures, including two-dimensional dose
distribution configuration verification. The treatment plans were
deemed acceptable when the passing rate was 90% with a dis-
tance to agreement of 3mm and a dose difference of 3%.'°

2.5. Evaluation of the treatment response and adverse
events

The response criteria were based on the Response Evaluation
Criteria in Solid Tumors version 1.1. A complete response
comprised the disappearance of all lesions. A partial response
comprised a decrease in the longest diameter of the tumor by
30% or more. Progressive disease comprised an increase in the
longest diameter of the tumor by 20% or more or the appear-
ance of new lesions. Stable disease comprised none of these
factors.'” Acute adverse events were based on the Common
Terminology Criteria for Adverse Events version 4.03. These
were evaluated during treatment and at least 12 weeks after
the completion of CIRT. Treatment was discontinued if the
patient experienced intolerable acute treatment-related
toxicity.!®

2.6. Patient characteristics and doses

The baseline characteristics of all patients are summarized in
Table 1, and the individual patient characteristics and CIRT
doses are listed in Table 2.
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Baseline characteristics of all patients

All patients
Age,y 62.7 (range, 40-79)
Sex, Mand F 4and 2
Dose, Gy(RBE) 57.3 (range, 51.6-64)
BED,,, Gy(RBE) 99.88 (range, 73.79-150)
Fractions 10.7 (range, 4-16)

BED,, = biological effective dose (a/ = 10); F = female; Gy(RBE) = Gray equivalent; M = male.

2.6.1. Patient 1

Patient 1 was a 64-year-old man with prostate adenocarci-
noma (cT2aNOMO), a Gleason score of 3 + 3, and no observed
distant metastasis during the staging workup. After a multidis-
ciplinary discussion, the patient was enrolled in our study. The
clinical target volume (CTV) was 51.6 Gy(RBE) in 12 fractions
to the entire prostate and proximal 1cm of the seminal vesi-
cle. Two lateral fields with each delivering 4.3 Gy(RBE) were
designed (Fig. 1). The irradiation direction was switched daily,
and the treatment was performed 4 days per week. The plan-
ning target volume (PTV) was an 8-mm lateral margin that
was Smm from other margins. The patient was immobilized
with a plastic pelvic shell and placed in the supine position.
The treatment started on June 3, 2022. It ended successfully
on July 19, 2022.

2.6.2. Patient 2

Patient 2 was a man with prostate adenocarcinoma (cT2bNOMO),
a Gleason score of 3 + 4, and no evidence of distant metasta-
sis. The CTV, PTV definition, treatment position, dose prescrip-
tion, and fraction size were the same as those used for patient 1.
After seven treatment fractions, variation in the body shape was
observed; this impaired the immobilization ability of the pelvic
shell. Therefore, we remodeled the pelvic shell and modified the
treatment plan using deformed registration to establish the new
dose distribution based on the previously irradiated area. The
patient started treatment on July 25, 2022. Treatment was halted
from August 35,2022, to August 10, 2022, because of an accelera-
tor malfunction. Treatment was completed on August 17, 2022.

2.6.3. Patient 3

Patient 3 was a 60-year-old man with sacral chordoma. The
MRI evaluation on June 18, 2022, revealed a 108- x 85- x
92-mm heterogeneous lesion (cT4aN0) with contrast enhance-
ment over the sacrum. Further imaging showed no evidence of
distant metastasis. We imported the MRI and performed image
fusion using simulation computed tomography. The CTV was
contoured along the margin of the gross tumor, and the PTV
was S mm in all directions. The prescribed dose was 64 Gy(RBE)
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in 16 fractions with the patient in the prone position using a
belly board to reduce the dose to the intestine and bladder. The
irradiation field was divided into three directions (one vertical
and two horizontal beams). Irradiation included 2.67 Gy(RBE)
from the vertical beam for every fraction and 1.33 Gy(RBE)
from the horizontal beam alternating from the left side to the
right side daily (Fig. 2). Therefore, the target received 4 Gy(RBE)
every day, and the repair time for the irradiated normal organs
was increased. The patient started treatment on July 26, 2022.
Treatment was halted from August 5, 2022, to August 10,2022,
because of an accelerator malfunction. Treatment was com-
pleted on August 23, 2022.

2.6.4. Patient 4

Patient 4 was a 72-year-old man with hepatocellular carci-
noma (cT1bNO) and Barcelona clinic liver cancer stage A. He
had a medical history of hepatitis B and liver cirrhosis that
were regularly followed up and favorably controlled. The
imaging study showed a 2.5- x 2.3-cm lesion over the right
hepatic lobe with early arterial enhancement and early wash-
out, which indicated hepatocellular carcinoma. No evidence
of distant metastasis was noted. Because the patient refused
radiofrequency ablation and surgery, he was enrolled in the
CIRT trial. The patient was immobilized using a body cast.
The Anzai respiratory system was used to evaluate the tumor
position compared to the surface during each breathing phase.
The respiratory threshold was regulated at a relative respira-
tory level of 10%, which represented a respiratory phase of
approximately 50 to 70. The gross tumor volume (GTV) was
delineated by fusing the diagnostic MRI with the computed
tomography simulation image; a margin of 5mm was added
to define the CTV. To create the internal target volume, the
PTV was further enlarged by adding a margin 3 mm from the
CTV because of the internal respiratory motion indicated by
the Anzai respiratory system. The total dose was 52.8 Gy(RBE)
in four fractions. Hypofractionated treatment is suitable for
the peripheral tumor and is delivered at a safe distance from
the duodenum and intestine. The field was designed using three
different directions (vertical beam, horizontal beam without
couch rotation, and horizontal beam with 15° yaw rotation of
the couch) (Fig. 3). Each of the beams delivered a daily fraction
of 4.4 Gy(RBE), and the entire treatment interval was com-
pleted within 1 week. Treatment was started on August 25,
2022. It ended on August 30, 2022.

2.6.5. Patient 5

Patient 5 was a 79-year-old woman with lung cancer. Her
biopsy results revealed adenocarcinoma. Computed tomog-
raphy showed a 2.1-cm lesion with clinical stage T1cNOMO
over the right lower lobe without mediastinal lymphadenopa-
thy or distant metastasis. After a multidisciplinary discussion,
it was determined that surgery or CIRT was indicated for local
tumor control. After a thorough discussion with the patient,

Individual patient characteristics and CIRT doses

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Age, sex 64, M 61,M 60, M 72,M 79, F 40, F
Diagnosis Prostate adenoCA Prostate adenoCA Sacrum chordoma Liver HCC Lung adenoCA Parotid gland high-grade CA
Clinical staging T2aNOMO T2bNOMO T4aNOMO T1bNOMO T1cNOMO T4aNOMO
Dose, Gy(RBE) 51.6 51.6 64 52.8 60 64
Fractions 12 12 16 4 4 16

adenoCA = adenocarcinoma; CA = carcinoma; CIRT = carbon-ion radiotherapy; F = female; Gy(RBE) = Gray equivalent; HCC = hepatocellular carcinoma; M = male.
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Fig. 2 Dose distribution for patient 3. The patient was immobilized in the
prone position with a belly board to minimize the dose to the intestine and
bladder.

she decided to undergo CIRT. The patient was immobilized and
treated in the prone position. The Anzai respiratory gating sys-
tem was used to track the target and minimize the radiation dose
to the normal lung and adjacent normal organs. The respiratory
threshold was designated based on the tumor internal motion of
3mm in each direction, resulting in a final gating level of 20%,
which was converted to a respiratory phase of 30 to 70. The
total dose for this patient was 60 Gy(RBE) in four daily frac-
tions. Every 15-Gy(RBE) fraction was further divided into the
following four directions: 3.75 Gy(RBE) in the vertical field and
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3.75 Gy(RBE) in three horizontal fields (one with no couch rota-
tion, one with yaw rotation of 20°, and one with yaw rotation
of 340°) (Fig. 4). CIRT was started on September 1,2022. It was
completed on September 6, 2022.

2.6.6. Patient 6

Patient 6 was a 40-year-old woman with high-grade parotid
gland carcinoma. MRI and PET revealed a mass lesion
(cT4aNOMO) in the left parotid gland with ill-defined margins
protruding into the left stylomastoid foramen and borderline
regional lymphadenopathy at the same level of the primary
tumor over level 2a. The biopsy results showed poorly differ-
entiated carcinoma. The neurologic examination showed no
neurologic deficits. Surgery was not indicated because of the
probability of facial nerve involvement. Therefore, she enrolled
in this CIRT trial. She was immobilized using a thermoplastic
mask with her neck rotated to the right side to avoid the vertical
beam passing through the mandible, which could have created
unnecessary dose uncertainty. The GTV was contoured based on
the MRI and PET images including the parotid gland tumor and
lymphadenopathy over cervical level 2a. Treatment was divided
into two phases. During the first phase, the CTV1 was defined
as the GTV plus the entire parotid gland and adjacent lymphatic
drainage. A 2-mm outer margin was added to create the PTV1,
and 36 Gy(RBE) was delivered in nine fractions. The patient
underwent a second computed tomography simulation to allow
for replanning. During the second phase, the CTV2 was defined
by narrowing the range to the GTV with a 5-mm outer margin
to allow focal boost. An additional 28 Gy(RBE) in seven frac-
tions was prescribed for the PTV2, which was created by adding
an outer margin of 2mm from the CTV2 (Fig. 5). The entire
procedure comprised a total of 16 fractions and lasted from
September 7, 2022, to September 30, 2022.

3. RESULTS

During this phase 1 trial, all patients were followed up for 3
months to evaluate acute toxicities after treatment with CIRT.
The tumor response was also assessed. However, the actual
control probability requires longer follow-up because previous
CIRT studies demonstrated that tumor shrinkage in some cases
requires more time than that achieved with conventional radio-
therapy.!”* The overall treatment response of each patient is
listed in Table 3.

No adverse events were noted for patients 1 and 2, who were
both diagnosed with prostate adenocarcinoma and treated
with 51.6 Gy(RBE) in 12 fractions. Based on the MRI, both
patients had stable disease. Regarding the prostate-specific

Fig. 3 Dose distribution for patient 4. The axial view (left) and coronal view (right) show the three irradiation directions.
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Fig. 4 Dose distribution for patient 5. The patient was treated in the prone position. The axial view (left) and coronal view (right) show the beam directions: one
from the vertical beam and three from different directions from the horizontal beam using couch rotation.

Fig. 5 Dose distribution for patient 6. Left, The beam direction with the patient immobilized by a thermoplastic mask and the neck rotated to the right side to
decrease dose uncertainty. Right, The summed dose distribution of two treatment phases with the tumor and lymphadenopathies boosted for seven fractions.

Treatment response according to the RECIST criteria and acute
adverse events based on CTCAE version 4.03

Treatment response (RECIST) Adverse events (CTCAE)

Patient1 SD -
Patient2 SD

Patient 3 SD with regression of contrast enhancement
Patient4 CR

Patient5 SD -

Patient 6 PR with faint uptake indicated by PET imaging  Grade 2 pain, grade 1 RD

Grade 2 UTI, grade 2 RD

- = no adverse event noticed; CR = complete response; CTCAE = Common Terminology Criteria for
Adverse Events; PERCIST = PET response criteria in solid tumors; PET = positron emission tomog-
raphy; PMR = partial metabolic response; PR = partial response; RD = radiation dermatitis; RECIST
= Response Evaluation Criteria in Solid Tumors; SD = stable disease; UTI = urinary tract infection.

antigen (PSA) level, patient 1 experienced a slight increase from
1.12ng/mL before treatment to 1.75ng/mL after treatment,
while patient 2 experienced a significant decrease from 5.18 ng/
mL before treatment to 0.14 ng/mL at treatment completion.
Patient 3 with sacral chordoma received a total dose of 64
Gy(RBE) in 16 fractions. A grade 2 urinary tract infection was
observed after treatment completion, but it was not related to
CIRT. The infection was controlled with antibiotic administra-
tion. Grade 2 radiation dermatitis and symptoms of xeroderma
were observed immediately after treatment; these symptoms
improved without any medication at 1 month after CIRT com-
pletion. Regarding the treatment response, the MRI before
CIRT showed a measurement of 110 x 95 x 110 mm; however,
that after CIRT showed a measurement of 128 x 99 x 114 mm.
According to the Response Evaluation Criteria in Solid Tumors
version 4.03 criteria, stable disease was considered. However,
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a slight increase in the tumor volume was regarded as tumor
and tissue swelling after treatment, and an important finding
of contrast enhancement regression was also observed (Fig. 6).
Therefore, tumor shrinkage can be expected because most com-
ponents of the tumor mass may be considered necrotic tissue.

Patient 4, who was diagnosed with hepatocellular carcinoma,
was treated with CIRT using 52.8 Gy(RBE) in four fractions.
The total bilirubin level increased from 1.04 to 1.37mg/dL
after treatment, which is 1.14 times the upper limit of normal
(1.2mg/dL). The patient did not report any discomfort during
treatment. An imaging study performed 3 months after CIRT
demonstrated a complete response of the liver tumor (Fig. 7).
The high-signal area without arterial phase enhancement over
S8 of the liver observed during the T2 phase of MRI was consid-
ered a CIRT-related change by radiology experts.

Patient 5, who was diagnosed with lung cancer, was treated
with CIRT using 60 Gy(RBE) in four fractions. No adverse
events were observed during or after CIRT. Computed tomog-
raphy performed 3 months after CIRT completion showed no
interval change in the size of the right lower lung lesion. No
obvious radiation-related lung damage was observed during the
imaging study.

Patient 6 presented with high-grade carcinoma of the parotid
gland, along with a swollen lymph node that did not show
uptake on PET imaging at the cervical lymphatic level 2a. This
patient underwent CIRT in two phases with 36 Gy(RBE) in nine
fractions to the entire parotid gland and adjacent lymphatic
drainage and a boost to a total of 64 Gy(RBE) in 16 fractions
to the gross tumor. This patient experienced grade 1 radiation
dermatitis during treatment and grade 2 pain over the irradi-
ated area, which were relieved with medication. Surprisingly,
no oral or pharyngeal mucositis was observed during or after
treatment; these are common adverse events with conventional
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Fig. 6 Magnetic resonance images before CIRT (left) and 3 mo after CIRT (right) of patient 3. The tumor size showed no obvious shrinkage; however, decreased
contrast enhancement was noticed, which might indicate necrotic changes of the tumor mass. CIRT = carbon-ion radiotherapy.

Fig. 7 Magnetic resonance images before CIRT (left) and 3 mo after CIRT (right) of patient 4. The red arrow shows the tumor with early enhancement in the
arterial phase. After CIRT, the tumor completely disappeared. The radiation effect (right) appears as a high-signal area in the T2 phase. CIRT = carbon-ion

radiotherapy.

radiotherapy. The patient tolerated the entire CIRT duration
without a treatment break. MRI and PET at 3 months after
CIRT showed a partial response, a significant decrease in fluoro-
deoxyglucose uptake over the left parotid lesion, and disappear-
ance of the previously noted neck lymphadenopathies (Fig. 8).

4. DISCUSSION

This phase 1 trial was designed to confirm the safety of this new
treatment modality performed at the first carbon-ion irradiation
facility in Taiwan. Because of the large amount of global clinical
evidence of the benefits of CIRT, we were able to operate our
system after the beam quality was confirmed and adverse effects
were controlled. The patient selection criteria were based on the
consensus of the radiation oncologists of the Taipei Veterans
General Hospital Radiation Oncology Department. The dose
prescriptions and dose constraints for normal organs were
determined previously.'*2°

The optimal dose of CIRT for prostate cancer remains con-
troversial.?! Currently, many CIRT facilities use a dose of 51.6
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Gy(RBE) in 12 fractions to treat prostate cancer.”> However,
a retrospective study showed that 66 Gy(RBE) in 20 fractions
is significantly preferable to 51.6 Gy(RBE) in 12 fractions
because of its biochemical failure-free rate.?* The initial design
of the moderately hypofractionated regimen in 12 fractions was
determined according to the biologically effective dose trans-
formation using the estimated a/f value of 1.5 for prostate ade-
nocarcinoma; however, the clinical RBE might decrease as the
fraction size increases, causing an underestimation of the suit-
able dose in 12 fractions. Recently, a new dose regimen compris-
ing 60 Gy(RBE) in four fractions was proposed by the JCROS
based on this important finding after considering the RBE. The
results will be published in the near future.

Another important finding of previous studies is the event of a
PSA bounce.?** Many patients who received CIRT experienced
an increased PSA level immediately after treatment, followed by
a gradual decrease to a normal PSA level (<0.2ng/mL).?® These
studies showed a significantly better biochemical failure-free
rate for patients who exhibited a PSA bounce. In our cohort,
patient 1 experienced a slight increase in the PSA level after
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Fig. 8. Imaging studies of patient 6. MRI before CIRT (left upper panel). PET
image before CIRT (left lower panel). MRI 3 mo after CIRT. The left parotid
lesion has a decreased size and reduced contrast enhancement (right upper
panel). PET image 3 mo after CIRT. Significantly reduced fluorodeoxyglucose
uptake was noticed (right lower panel). CIRT = carbon-ion radiotherapy; MRI
= magnetic resonance imaging; PET = positron emission tomography.

CIRT. However, this patient received anti-hormone medications
after CIRT for tumor control, which might have affected the
factuality of the PSA level compared with that with CIRT alone.
For patients with prostate cancer at an unfavorable intermediate
risk level or above, we will prescribe antihormone medications
for 2 months before commencing carbon-ion therapy. This may
render the evaluation of treatment response via PSA levels more
unreliable. Hence, for these patients, we recommend continuing
anti-hormone medications for 6 months and monitoring PSA
levels every 3 months post-treatment. We anticipate a gradual
decrease in PSA levels, which should stabilize once the treatment-
related inflammatory processes have subsided.

Many studies have shown the importance of considering the
water equivalent distance of the beam pathway when planning
CIRT and the management of potential setup errors caused by
daily setup deviations or internal organ motion. Adding a beam-
specific PTV to manage errors when matching the tumor in the
treatment field and avoid nearby diverged organs has been ben-
eficial.?” This phenomenon is particularly important when we
use fiducial markers to match the target site because the relative
positions of the tumors and normal organs might be ignored,
thus causing the particle beam to be attenuated on a different
scale as the media density changes.?»* For example, to reduce
the dose to the bladder and rectum when treating prostate can-
cer, we used bilateral irradiation, which involves the beam trave-
ling through the fat, muscles, and femoral head. When a patient
has a random event with a different bladder volume or lack
of bowel preparation, the position of the prostate might also
change. This results in a change in the bony structure through
which the beam travels if the center of the beam is still target-
ing the prostate. If a shorter water equivalent length is traveled,
then this might cause an underdose to the proximal side of the
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target and an overdose to the organs on the distal side of the
target. With conventional photon radiotherapy, this effect has
less impact on the dose distribution because intensity-modulated
radiation therapy and volumetric-modulated arc therapy usually
focus on the irradiation target in the center of the field and use
different angles to accumulate the dose in the target volume.
To address this problem, we usually add a beam-specific PTV.*
However, adding the beam-specific PTV might result in a less
preferred dose distribution, thus causing more spillage of the
dosage to the nearby normal organs. This is also critical when
treating lung cancer because the ribs shift with the respiratory
cycle, thus causing changes in the irradiation field. In the future,
we plan to apply treatment angles so the beam can pass high-
density body parts as much as possible. Another strategy is the
deep inspiration breath-hold, which can lessen the impact of rib
movement on the change in the dose distribution.

With the virtual quality assurance treatment planning system,
themodified MKM isintegrated and considers the dose-dependent
RBE in relation to the clinical dose.’!** Currently, there are sev-
eral models in use. The most popular model in Europe is the
local effect model,** and that in Japan is the Kanai model.>* The
diversity of models in use greatly affects the actual dose received
by the target.’>” Further evaluation of the proper biological
weighting models should be performed to convert and prescribe
the sufficient carbon-ion dosage for the tumor.

At the Taipei Veterans General Hospital carbon-ion irradia-
tion facility, we have two treatment rooms with fixed horizon-
tal and vertical gantries. One of the treatment rooms includes
an in-room computed tomography device as well. A draw-
back of our fixed gantry device is the lack of beam angles to
approach the tumor while sparing the critical organs nearby.
Even though CIRT and other particle therapies are well-known
for their Bragg peak, which delivers most of its energy at a
certain depth after passing the medium, the entry dose and
fragmentation tail both accumulate a low dose, which may
result in late complications in the future.’® To compensate for
this issue, we developed a few strategies to lower the prob-
ability of normal tissue complications. The first is tilting the
treatment couch or adding a vacuum bag to rotate the patient
position in relation to the beam direction. Using this method,
we separated the daily fraction into two to four segments and
effectively dispersed the doses received by the organs at risk.
Based on our experience, yaw rotation does not cause any dis-
comfort to the patient; however, there is a limitation of 10°
in the pitch and roll rotation, which may lead to safety issues
because the patient could fall off the treatment couch. To coun-
teract this potential safety issue, we used a plastic body shield
to protect the patient from falling. Unfortunately, shield defor-
mation was observed when no other support was used for the
patient’s weight. Currently, we are evaluating different materi-
als to strengthen the shield or design body casts using three-
dimensional printing techniques. For patients 4 and 5, we
designed a multiple-direction irradiation technique using yaw
rotation, which could potentially reduce normal tissue damage
based on the normal tissue compensation probability model.*
The main deficits of this multifield method are the increased
total treatment time and possible intrafractional organ motion.
The actual benefits of this modality should be further analyzed
by future studies.

As part of future research directions, the carbon-ion facil-
ity at Taipei Veterans General Hospital is actively investigating
the variances in immune response between carbon-ion treat-
ment and conventional external beam radiotherapy. In addition,
efforts are underway to explore new indications for carbon-ion
therapy, such as pelvic irradiation for prostate cancer patients at
high risk of lymph node metastasis. Through these endeavors,
we aim to optimize the utilization of our facility and extend
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the benefits of more precise and potent treatments to a greater
number of cancer patients.

In conclusion, the Taipei Veterans General Hospital carbon-

ion irradiation facility is the first of its kind in Taiwan. This
phase 1 trial proved the safety of this facility. However, the treat-
ment effects and those of conventional treatment require longer
follow-up periods before they can be confirmed. We are consid-
ering how to possibly optimize these procedures. In the future,
we hope to share our clinical experience and stay in close con-
nection with carbon-ion facilities worldwide to confer benefits
to cancer patients treated at Taipei Veterans General Hospital.
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