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Purpose: Although active spot scanning irradiation technique is theoretically superior to passive-scattered broad beam irradiation with
respect to normal tissue sparing, corroborations of the clinical benefit of carbon-ion spot scanning have remained scarce. This study
aims to investigate the feasibility and clinical implementation of an active spot scanning beam calculation algorithm in a homemade
carbon-ion treatment planning system by comparing it with a conventional passive uniform scanning technique.

Methods and Materials: Carbon-ion plans were initially formulated using spot/uniform scanning methods in 22 participants enrolled
in a prospective observational clinical trial. Subsequently, 2 additional plans were designed, resulting in 3 carbon-ion plans for each
participant: uniform and spot scanning with miniridge filters of 2 mm and 4 mm, respectively.

Results: The findings revealed no significant differences in dose homogeneity; however, significant differences in dose conformity were
found between the active and passive scanning plans. For dose drop-off outside the target volume, the average gradient index values
were 1.94 (95% CI, 1.79%-2.09%), 1.87 (95% CI, 1.73%-2.01%), and 3.20 (95% CI, 2.80%-3.61%) for the miniridge filters of 2 mm and
4 mm, and uniform scanning plans, respectively. The pretreatment tumor volume was 124.7 cm® (range, 54.2-234 cm®), and the
average shrinkage observed was 38.4% (95% CI, 17.6%-59.4%). Seven participants experienced grade 1 acute toxicity, and 4
experienced grade 2 acute toxicity. However, none of the patients developed grade 3 acute toxicity.

Conclusions: Increasing evidence suggests that potential clinical advantages of spot scanning delivery underlie its technical
characteristics. As one among the few institutions currently using carbon-ion radiation therapy, the investigation also provides
promising safety and efficacy outcomes from the initial groups of treated participants, thereby contributing to the established clinical
evidence supporting the effectiveness and superiority of carbon-ion therapy.

© 2024 Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Drawing on technical and clinical investigations per-
formed on carbon-ion therapy at the inaugural heavy-ion
facility, the Heavy Ion Research Facility in Lanzhou
(HIRFL) concluded its clinical trial for the second domesti-
cally produced commercial medical accelerator in China.
The therapy terminal at HIRFL is currently equipped with
both passive scattering (uniform scanning) and active spot
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scanning (pencil beam scanning) beamlines. As indicated by
previous research,’” there were substantial differences
between passive and active scanning beam irradiation in
terms of biologic modeling, absorbed dose calculation, and
dose delivery. Compared with passive-scattered broad beam
irradiation, the active spot scanning beam line has been
recently tested and verified, establishing it as a significant
advancement in carbon-ion therapy.

In September 2022, the single-period energy variation
technique was successfully implemented at the HIRFL
therapy terminal, allowing slow extraction of multiple
energies within a single period of the synchrotron. This
breakthrough achieved >80% extraction efficiency com-
prehensively, enabling rapid changes in the beam energy
for precise irradiation of target tumors. The resulting
advancements in the performance of carbon-ion therapy
facility and promoting spot-scanning beam techniques
using pencil beams with higher efficiencies are signifi-
cant contributions to clinical applications. The ciPlan
carbon-ion treatment planning system (TPS) was devel-
oped by the Institute of Modern Physics (IMP), Chinese
Academy of Sciences.’ In 2020, ciPlan TPS was imple-
mented in clinical practice, resulting in the registration
of >700 patients for treatment at the first domestically
produced carbon-ion beam line located at Wuwei Heavy
TIon Center." The patients received treatment through
the fixed nozzle treatment, using a conventional passive-
scattered irradiation technique with single-beam irradia-
tion, 2-beam opposite irradiation, or 2-beam orthogonal
irradiation.””

From October 28, 2022, to January 16, 2023, an inde-
pendent clinical trial was officially completed at the sec-
ond homemade carbon-ion therapy facility at HIRFL.
Twenty-eight participants were enlisted in the study.
Among them, 5 participants were excluded because of
extensive distant metastasis, and one voluntarily dropped
out of the study. Consequently, 22 participants were
included in this clinical trial. They complied with the rele-
vant China Food and Drug Administration regulations
and underwent uniform-scanning and spot scanning car-
bon-ion therapy. Using active spot scanning, the dose
conformity was theoretically enhanced, and damage to
the organs at risk was minimized. However, few studies
have demonstrated this due to the unavailability of carbon
ion-equipped centers. The clinical application of carbon
ion spot scanning plans has been subjected to limited
investigations, and it is imperative to carefully evaluate
the potential benefits of significant improvements. To
address this gap, the cases enrolled in the clinical trial
were used as a model for the analysis. Specifically, 3 car-
bon-ion treatment plans were developed for each case,
incorporating both spot scanning (miniridge filters
[MRF] of 2 mm [MRF2] and 4 mm [MRF4]) and uniform
scanning techniques, aiming to examine the dose distribu-
tion characteristics of both techniques and assess the fea-
sibility of active beam delivery to establish its clinical

efficacy. Furthermore, this investigation has the potential
to enhance the comprehension of the achieved dose distri-
bution in treatment plans when transitioning from pas-
sive beam delivery to spot scanning dose algorithm.

Methods and Materials

The experimental procedures used in this study were
conducted in adherence to pertinent guidelines and regu-
lations, and the informed consent of participants was
waived. The Medical Ethics Committee of Gansu Provin-
cial Hospital (B-1802/451-106) has scrutinized and sanc-
tioned this clinical trial.

Patient selection and carbon-ion beams

Twenty-two out of 615 patients met the inclusion crite-
ria and were enrolled in the study. The treatment sites
included the head and neck, thorax, abdomen, pelvic
region, spine, and limbs, and the types of pathologic
tumors are shown in Table El1. Four treatment rooms,
each with 5 fixed beam ports and equipped with both
active and passive beam nozzles, made up the carbon-ion
facility (Table E2). The HIRFL port layouts are shown in
Fig. E1. Additional accessories, such as a compensator
(Figs. E2-E4), multileaf collimator, and ridge filter (30-
120 mm, Fig. E5), are also available.

Target volume definition, design, and
evaluation of carbon-ion treatment plans

Fifteen participants underwent conventional axially
enhanced scanning with intravenous contrast. A respira-
tory gating strategy was implemented for moving targets
comprising one participant with liver cancer and 6 par-
ticipants with lung cancer. Contrast-enhanced 4-dimen-
sional (4D) imaging was acquired for these participants.
This technique was implemented with caution and con-
sequently, a decision was made to establish a definitive
internal target volume (ITV) that encompasses the
tumor throughout the respiratory cycle, aiming to
encompass the tumor regardless of any uncertainties
encountered during the irradiation process. The time
window for irradiation was flexibly determined accord-
ing to the respiratory curves of each participant on each
treatment day. A commercial system was used to moni-
tor live breathing cycles through a pressure sensor fas-
tened to a waist belt. A separate ITV was not set for
tumors located at the intracranial, limb, sacrum, or sac-
rococcygeal sites, because they were almost devoid of
autonomous movement characteristics. An isotropic
margin of 3 to 5 mm was added to the clinical target vol-
ume (CTV) to create the planned target volume (PTV).
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The ITV was created by adding a 5 mm margin to the
gross tumor volume (GTV) in participants planned
using 4D computed tomography (CT). To generate the
PTV, a margin of 3 to 5 mm was set anteroposteriorly
and to the right-left; however, a 5 to 10 mm margin was
set craniocaudally from the ITV. In addition, the ratio of
CTV/ITV to PTV margins was considered based on
tumors adjacent to organs at risk (OARs).

The ciPlan TPS (version 2.0) was used to design the
carbon-ion treatment plans, and the prescribed doses
ranged from 50 to 70 Gy (relative biological effectiveness
[RBE]) in 10 to 20 fractions. Carbon-ion therapy was
delivered 5 days a week, and subsequent replanning was
performed to generate 3 plans for each participant con-
taining both spot scanning (using 2 mm and 4 mm MRFs
to broaden the single-energy Bragg peak) and one uni-
form scanning plan. Robust optimization primarily con-
siders the uncertainties of the treatment setup and
carbon-ion beam range by expanding the PTV to obtain
PTV_Expanding. Based on the properties of the carbon-
ion beam used in the HIRFL therapy terminal and the
potential for dose calculation uncertainty by ciPlan TPS, a
PTV expansion along each beam direction is routinely
performed at 3.5% of the prescribed range with an addi-
tional 3 mm as a range margin in depth (relative to the
proximal and distal tumor surfaces), which is the same as
the Roberts Proton Therapy Center.® In some cases, this
value may need to be adjusted based on beam orientation,
patient geometry, and location of OAR in relation to the
tumor volume. Robust optimization also incorporates
beam direction selection. The beam direction is selected
with the least number of organs at risk and the least
amount of range uncertainty or organ motion. After dose
calculation, all carbon-ion plans covered at least 95% of
the PTV with the prescribed dose by optimizing PTV_Ex-
panding. Cumulative dose-volume histograms (DVHs)
were computed for each plan to assess the dosimetric and
radiobiological parameters.

To fulfill the ciPlan beam modeling requirements, the
layer thickness of the spot scanning plan was set to 4 mm,
spot spacing to 2 mm, and grid size of both scanning tech-
niques was set to 2 mm x 2 mm X 2 mm. For each plan, a
consistent beam entrance strategy involving 2 or 3 beam
ports was used and 3 carbon-ion plans with comparable
target coverages were generated for each target volume to
examine the impact of the beam delivery technique on the
OAR dose. A range of dosimetric parameters were used as
endpoints to quantify the target coverage and dose distri-
bution. These include the homogeneity index (HI), con-
formity index (CI), and gradient index (GI).

HI was determined as follows™"’

o Dsy,

HI (1)

Dgs,

where, Dso, and Dysg, are the minimum doses encompassing
5% and 95% of the target volume, respectively. It assesses the

uniformity of dose distribution across the target volume. An
HI value closer to 1 indicates superior dose uniformity, with
an acceptable range between 1.00 and 1.40.™"

CI was calculated by™""
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where, Vi, is the volume of the reference isodose,”'" 95%
of the prescribed dose was used here as the reference iso-
dose, and TV is the target volume. CI refers to the degree
of prescribed dose conformity with the target volume, and
it is desirable that the CI remains close to 1.”""

Gl is used to evaluate dose attenuation outside the tar-
get volume,'” where PIV,,, and PIV represent the volume
encompassed by 50% of the prescribed isodose line and
the prescribed isodose line, respectively.

PIV
GI — 1/2
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(3)

As the GI value decreases, the dose attenuation outside
the target increases steeply compared with the inverse square
law."”

To ensure an equitable comparison, 3 plans were stan-
dardized for each participant based on identical dosimetric
criteria, specifically the Dos, of the PTV. Dose constraints
were determined by referring to multi-institutional research
at Japanese proton beam facilities (Table E3). The maximum
(Dpmax) and mean (D,,.,,) doses were assessed for both PTV
and PTV_Expanding. A set of appropriate V, values (x range,
18-70), Dimean> Dmax and dose-volume parameters, including
D,, Ds, and Dy, represent the minimum dose received by
2%, 5%, and 10% of the OAR, respectively. V, was the per-
centage volume of an OAR receiving a dose of x or more.

Follow-up and toxicity evaluation

All participants were followed up prospectively. Toxic-
ities that occurred within 3 months of treatment initiation
were categorized as acute adverse events. Observed toxic-
ity was categorized according to the criteria of Common
Terminology Criteria for Adverse Events (CTCAE, ver-
sion 5.0) and Radiation Therapy Oncology Group/Euro-
pean Organization for Research and Treatment of
Cancer. CT and/or magnetic resonance imaging (MRI)
scans were performed to check for lung reactions and
tumor size, and the largest and smallest tumor diameters
were measured on transverse sections. Data regarding
skin reactions and other physical symptoms were col-
lected through interviews and inspection.

Statistical analysis

All statistical tests were performed using GraphPad
Prism software (version 9.1) to assess the statistical
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significance of dosimetric parameters between spot scan-
ning, uniform scanning, and both MRF plans. Addition-
ally, GraphPad Prism software was used to generate
figures pertaining to HI, CI, and GI of the target volume
as well as the dosimetric parameters of the OAR. The Sha-
piro-Wilk significance hypothesis was applied to the
MRF4, MRF2, and uniform scanning groups, with a test
level of o = 0.05. A paired ¢ test with Bonferroni correc-
tion for multiple testing was used to assess the significance
of differences between the distributions of the MRF4 and
MREF2 groups, depending on the normality of the data. A
2-tailed Wilcoxon signed-rank test was also performed.
Additionally, the independent ¢ test was used for normally
distributed data in the MRF4/MRF2 and uniform scan-
ning groups, whereas the nonparametric Mann-Whitney

U test was used for nonnormal data. Significance was
determined using a 2-tailed P value of less than .05.

Results

Evaluating Hl, Cl, and Gl within the target
volume as well as various dose-volume
parameters in OAR for the 3 carbon-ion
plans

As shown in Fig. 1a and b, the maximum dose of the
PTV among the 3 plans was not statistically comparable
(P < .05), whereas the evaluation of the PTV mean dose
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MRF2 Uniform scanning
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Homogeneity index (HI), conformity index (CI), gradient index (GI), and dosimetric evaluation parameters in miniridge

filters 4 mm and 2 mm, and uniform scanning carbon-ion plans. (a) Dy,.x in planned target volume (PTV); (b) Dppean in PTV;
(c) comparison of dose received by various organs at risk; (d) the percentage volume of organs at risk encompassed by a dose of
x or more; (e) CI in PTV; (f) CI in PTV_Expanding; (g) HI in PTV; (h) HI in PTV_Expanding; (i) and GI in PTV_Expanding.
Abbreviations: MRF2 = miniridge filters 2 mm; MRF4 = miniridge filters 4 mm; RBE = relative biological effectiveness.
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revealed no significant difference (P > .05). Figures 1c and
d show that the uniform scanning technique resulted in a
higher average absolute dose and percentage volume of
OAR, and the MRF2 plans exhibited a superior protective
effect against OAR compared with the MRF4 plans, albeit
with a potential doubling of the treatment time. The results
indicated that the dose reduction to multiple OAR was sig-
nificantly influenced not only by the various beam delivery
techniques, but also by the diverse MRFs used in the spot
scanning plans. A CI value closer to 1.0, represents a better
dose conformity to the target volume, which in turn facili-
tates the higher dose delivery to the target volume while
minimizing damage to the surrounding normal tissue.
Notice the CI values of each group in PTV and PTV_Ex-
panding are predominantly concentrated in the ranges of
0.9 to 1.78 and 0.9 to 1.6, among which 2 CI values exceed
2 and 1.8 (Fig. le, f), respectively. Within the PTV group,
21, 19, and 21 cases in the MRF4 (mean value, 1.218),
MRF2 (mean value, 1.192), and uniform scanning groups
(mean value, 1.385), respectively, had CI values greater
than 1.0. In the PTV_Expanding group, there were 13, 17,
and 19 instances in the MRF4 (mean value, 1.002), MRF2
(mean value, 1.017), and uniformly scanned (mean value,
1.196) groups, where the CI values exceeded 1.0. Outliers
were exclusively observed within groups using uniform
scanning plans. As shown in Fig. 1g and h, the dose homo-
geneities within the TVs generated by the spot scanning
modality were comparable to those achieved using uniform
scanning modality (P > .05). Notably, a larger GI value

Transverse

corresponded to a greater degree of dose spillage outside
the target volume. Consequently, the spot scanning tech-
nique effectively minimized excessive dosing in the proxi-
mal region of the target, after the cessation of the beam
supply (as depicted in Fig. 1i).

Case Presentation

Case 1 pancreatic head carcinoma

Figure 2 depicts the case of a 39-year-old male patient
diagnosed with local primary pancreatic head carcinoma
measuring a maximum of 3.5 cm in diameter, located at
the right anterior superior segment, near the spinal cord.
Because of the colon’s proximity to the PTV, a 1 mm mar-
gin was excluded from the right side of the PTV during
expansion to form PTV_Expanding.

For pancreatic head carcinoma, typical dose distribu-
tions were generated using spot and uniform scanning
techniques as shown in Fig. 3. The total dose administered
was 53.2 Gy (RBE) through 3 portals, delivered in 13 frac-
tions, with 4.0 Gy (RBE) in 10 fractions for PTV and 4.4
Gy (RBE) in 3 fractions for primary gross tumor volume.
The major OAR that are in close proximity to the PTV
include the colon, small intestine, stomach, right kidney,
and spinal cord. Based on the tumor location, a combina-
tion of one anterior and 2 lateral-opposing portals (dose

Sagittal

Fig 2 Planned target volume expanding view in transverse, sagittal, coronal, and beam'’s eye view of the pancreatic head carci-
noma. An abdominal computed tomography scan revealed a tumor mass in contact with the colon.

Abbreviation: PTV = planned target volume.



6 Y. Guo et al

Advances in Radiation Oncology: July 2024

Fig 3 The dose distributions of spot scanning and uniform scanning irradiation in the left and right panels, respectively. (a)

Spot scanning mode; and (b) uniform scanning mode. Colors indicate the shape and magnitude of various isodose lines.
Abbreviations: PGTV = primary gross tumor volume; PTV = planned target volume.

ratio 1:1:1) was used to deliver the beams in the supine
position. The PTV was defined to encompass a 0.5 cm
margin around CTV, except on the right side, where the
margin was narrower to prevent the colon from being
exposed to the high-dose region. The spot-scanning beam
technique produced varying dose lines, as evidenced by
the proximity of the high-dose lines to the tumor target
volume within the blue circle. Following the preceding
stage, it is feasible to administer a substantial dose to the
target volume while simultaneously safeguarding the
OAR susceptible to the high-dose region of the carbon
ion beam, specifically the colon.

The dose-volume histograms generated for the PTV
and OAR depicted in Fig. 4 indicate that the OARs were
exposed to significantly lower levels of radiation in the
low-medium dose range in the spot scanning plan com-
pared with the uniform scanning plan. This disparity has
potential significance in reducing treatment-related com-
plications, particularly the risk of gastrointestinal bleed-
ing, ulceration, necrosis, and perforation.

Case 2 chordoma of the skull base

A 38-year-old man presented with a tumor in the
nasal septum. An incisional biopsy revealed the presence
of a chordoma in the skull base. An MRI T1-weighted
image was used to determine the GTV, after CT/MRI
fusion. Note that the margin toward the brain stem was
reduced to comply with the dose constraints. The active
spot scanning technique delivered a total dose of 60.8
Gy (RBE), in 3.8 Gy (RBE)/fraction. The treatment plan
comprised 2 horizontal ports that traversed the shortest

normal tissue, and a vertical beam direction was avoided
to prevent the beam dose from falling off in front of the
brain stem. In the event of a small setup error, the beam
directed toward the nasal septum may inadvertently
reach the brain stem.

As shown in Fig. 5, the representative dose distribu-
tions from the 3 carbon ion plans exhibited a low-dose
region that followed the beam path, with a rapid decrease
in the out-of-target dose in the anterior and posterior
directions. Furthermore, the equivalent uniform dose
delivered to adjacent normal tissues was greater in the
uniform scanning mode (Fig. 5¢). The D5 and Dyyeqp val-
ues were marginally elevated in the uniform scanning
plans, as shown in Table E4, despite 95% of the PTV
receiving the same treatment dose. Additionally, the hori-
zontal uniform scanning mode resulted in higher doses of
certain OAR as indicated in Table E5.

The spot scanning delivery technique leads
to tumor regression

If there was an increase in the tumor size between pre-
treatment and the follow-up MRI images, the participants
were scored based on tumor progression. Conversely, if the
tumor was maintained or decreased in volume, the patient
was considered to have achieved tumor control. The volu-
metric analysis revealed that all participants, except one,
experienced tumor shrinkage compared with their pretreat-
ment volume. The mean pretreatment tumor volume was
124.7 cm’ (range, 54.2-234 cm®), and the average tumor vol-
ume shrinkage rate was 38.4% (range, 17.6%-59.4%).
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Fig4 Dose-volume histogram comparison of the planned target volume and organs at risk in patients with pancreatic head car-
cinoma. The solid and dotted lines, which are both the same color, correspond to spot scanning and uniform scanning plans,

respectively.

Abbreviations: PTV = planned target volume; RBE = relative biological effectiveness.

Fig 5 Dose distributions in transverse view with isodose lines for 3 carbon-ion plans in the chordoma case. A fixed horizontal
line and rotation of the couch were used to deliver 2 opposed lateral portals. (a) Miniridge filters 4 mm spot scanning plan; (b)
miniridge filters 2 mm spot scanning plan; and (c) uniform scanning plan. The results indicate a higher concentration of high-
dose area in the target volume. The colors of the isodose lines represent the shape and magnitude of the respective doses.
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2M after Treatment :

2M after Treatment

Fig 6 Four participants underwent magnetic resonance imaging scanning 2 months after spot scanning delivery. (a) Schwan-
noma at sacrum case; (b) prostate cancer case; (c) pancreatic head carcinoma case; and (d) prostate cancer case. The tumors
exhibited significant regression, and no adverse effects such as bleeding, ulceration, necrosis, or perforation of the small intestine

were observed after treatment.

Figure 6 depicts the volumetric progression of 4 participants
before and after treatment using spot-scanning carbon ion
plans. A significant decrease in tumor volume and weak-
ened MRI signal intensity within the tumor sites were
observed over time using in vivo MRL

Toxicities

The median follow-up duration from the initial car-
bon-ion radiation therapy was 2.6 months (range, 2-
3 months). The overall treatment tolerance was good, and
all participants completed the planned therapy schedule.
In terms of acute toxicities, adverse effects were mainly
grades 1 and 2. The observed toxicities are presented in
Table 1. Three participants (100%) developed grade 1
acute mucositis, 3 (60%) developed grade 2 acute dermati-
tis, and 2 (100%) developed grade 1 acute dermatitis. Dur-
ing radiation therapy and the present follow-up period,
no grade 3 or higher device-related acute adverse effects
occurred. Therefore, overall safety was good. In these
cases, the probability of adverse effects was predictable
and occurred only on the affected side, and carbon-ion

radiation therapy was performed with sufficient informed
consent before treatment.

Discussion

Between October 28, 2022, and January 16, 2023, a clin-
ical trial of carbon-ion therapy was conducted by HIRFL
and Gansu Provincial Hospital to validate the safety of car-
bon-ion radiation therapy and assess its efficacy as a pres-
ent therapy terminal for antitumor effects. A carefully
selected group of patients with local primary and recurrent
cancers was formally enrolled and subjected to uniform or
spot-scanning deliveries. To ensure an equitable dosimetric
comparison, MRF2, MRF4, and uniform scanning plans
were devised for each participant with comparable target
dose coverage. The results indicate that the spot scanning
technique exhibited a similar dose homogeneity to the tar-
get volume corresponding to the conventional uniform
scanning techniques (Fig. 1g, h). As anticipated, spot scan-
ning plans have the potential to achieve superior dose con-
formity compared with uniform scanning plans (Fig. le,
P = .0415, P = 2233; Fig. 1f, P = .0001, P = .0002). Because
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Table 1 Toxicities after carbon ion radiation therapy
AE Clinical diagnosis Participant no.  Incidence  Dose/fraction
Acute mucotitis (grade 1, %) Prostate cancer 3 3 (100%) 57.6 Gy (RBE)/16F
Acute dermatitis (%)
Grade 1 Chondrosarcomas 2 2 (100%) 70 Gy (RBE)/16F
Sacrum metastatic carcinoma 1 0 (0%) 50 Gy (RBE)/10F
Grade 2 Sacrum chordoma, schwannoma 5 3 (60%) 69-70 Gy (RBE)/15-16F
Radiation pneumonitis (%) Lung cancer 6 0 (0%) 57-63 Gy (RBE)/10-12F
- Recurrent nasopharyngeal carcinoma 2 0 (0%) 54-60 Gy (RBE)/18-19F
Abnormal electrocardiogram  Cranial chordoma 1 1 (100%) 60.8 Gy (RBE)/16F
(grade 1, %)
Digestive system (grade 2, %)  Pancreatic cancer 1 1 (100%) 57.6 Gy (RBE)/14F
Hematology (grade 1, %) Liver cancer 1 1 (100%) 65 Gy (RBE)/10 F
Abbreviations: AE = adverse event; RBE = relative biological effectiveness.

the PTV_Expanding was optimized to achieve a prescrip-
tion dose coverage of at least 95% of PTV, the dose confor-
mity of PTV_Expanding (Fig. 1f) could more accurately
reflect the fact that the spot scanning technique increased
conformity to the target volume and modulated the dose
more flexibly than the passive uniform scanning technique.
Additionally, spot scanning plans exhibit a sharper dose
fall-off in the out-of-target volume, resulting in a smaller
GI value. This suggests a reduced intermediate dose around
the PTV and a lower incidence of toxicity in the surround-
ing normal tissue. The sparing OAR assessment revealed
that spot-scanning delivery effectively decreased the average
dose and volume above the threshold for OAR, particularly
those in close proximity to the target volume. These findings
demonstrate that the active beam delivery technique used in
the domestic ciPlan carbon-ion TPS satisfies the clinical
demands for dose modulation and RBE optimization and
exhibits superior dosimetry characteristics compared with
the uniform scanning mode. After undergoing spot scanning
carbon-ion radiation therapy, the follow-up MRI performed
2 months later revealed a 38.4% average reduction in tumor
volume from the initial size. Throughout the follow-up
period, all tumor volumes gradually decreased without any
transient volume expansion. The observed toxicities showed
that no participant suffered grade 3 or higher acute adverse
effects within 3 months after treatment initiation.

The delayed availability of spot scanning carbon-ion
beam delivery in China can be attributed to the complex
technological requirements necessary for the rapid and
secure implementation of pencil beam scanning in clinical
settings."* The construction of a passively scattered car-
bon-ion beam line is a nontrivial task in itself, and the
introduction of spot scanning presents novel challenges in
both beam transport and hardware delivery (such as mag-
nets) and software, including treatment control and safety
systems, which must be capable of constantly adjusting
and verifying beam properties on a millisecond time

scale.'”” When establishing the technical prerequisites for
a spot scanning-centered facility, particular inquiries
necessitate a compromise between conflicting needs. For
example, it is essential to consider that effective field abut-
ment necessitates the use of appropriate planning techni-
ques, which may not be universally available in all
treatment planning systems. Furthermore, a critical
assessment of the pencil beam scanning efficiency
involves the ability of the ion beam delivery system to pre-
cisely position the spots in absolute terms, rather than
solely in relation to one another.

The initial stages of spot scanning focused on achiev-
ing the smallest spot sizes, leading to stringent beam
property requirements, and small-spot scanning usually
requires smaller spot spacing.'® Previous studies sug-
gested that if the spot size was very small, spot spacing is
generally 1.0 to 1.5 times the spot size (1 sigma) in the
patient.'”'® For the homemade carbon-ion facility, the
minimum sigma value is 2 mm, the minimum full-width
half-maximum is 4.7 mm, and spot spacing should be less
than 3 mm. For carbon-ion spot scanning therapy, the
intensity control of a scanning system should compensate
for delivery errors from one point to another, which can
be achieved by narrow spot spacing, for example,
~2 mm."” A small spot spacing of 2.5 mm may emerge as
a preferred treatment method in proton pencil beam
scanning treatment plans.'****" Because carbon-ion
beams have smaller spot sizes than proton beams,”” 2 mm
spot spacing was selected for all energies to avoid mis-
takes. Despite the potential for a longer field delivery
duration in small spot spacing cases compared with large
spot spacing, the extended delivery time may introduce
greater randomization. Consequently, it can provide the
planning system with more freedom to compensate for
heightened sensitivity to uncertainties. This, in turn, con-
tributes to enhanced robustness in target coverage and
makes the plans less susceptible to interplay effects.'®****
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Synchrotron-based active spot scanning is extremely
complex and susceptible to tumor movement, which could
result in dose-delivery errors due to the interplay effect.””
The primary factor limiting the application of scanning tech-
niques in tumor treatments is the susceptibility to errors
caused by organ motion. Consequently, only tumors that are
effectively immobilized, such as those situated in the head
and neck, spinal cord, and lower pelvis, and exhibiting a
movement of less than 5 mm, have been subjected to spot
scanning modality.”® In clinical trials, the spot scanning tech-
nique has been applied to lesions with minimal motion
caused by respiration, such as prostate cancer and chordoma,
whereas the uniform scanning technique has been used in
parotid gland cancer, upper and lower limb malignancies,
and lung cancer. Although treating large irregular target vol-
umes that exhibit significant variations in their thickest and
thinnest depths, it is necessary to retract the high-dose region
to prevent excessive dosage to distal critical structures,
whereas the target volumes with thicker depths will be
underdose or cover the target volume with the thickest depth
but overdose critical structures.”® Therefore, the uniform
scanning technique may not be optimal for tumors exhibit-
ing complex target shapes and anatomic features, such as
lesions that are curved around critical structures.

Conclusion

The evidence available for the effectiveness of carbon-
ion radiation therapy is inadequate. This study demon-
strated the promising outcomes of carbon-ion radiation
therapy in patients with primary tumors and metastases,
with acceptable toxicity. A subset of the spot scanning tech-
nique is presented and compared with uniform scanning
techniques. These are merely the superficial examples in
the verification of the antitumor efficacy of carbon ions.
The development of advanced carbon ion radiation therapy
techniques require collaboration and teamwork. The central
theme of this study and the prevailing paradigm in the field
are the need for interdisciplinary science and acquiring
skills to address the challenges associated with carbon ion
rotation gantries, noncoplanar irradiation, and automatic
planning technology.
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