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Purpose: Particle therapy with protons or carbon ions is a promising method for treating locally advanced nasal cavity and paranasal
sinus carcinomas (NPSC). This study evaluates the clinical outcomes and toxicities of patients treated with carbon ion radiation
therapy with a boost (CIRT-B) at our institution.

Methods and Materials: Patients with NPSC who received combined treatment with CIRT-B and intensity modulated radiation
therapy were considered. Local control (LC) and survival rates were estimated using Kaplan-Meier survival analysis and proportional
hazards models.

Results: Between 2016 and 2023, a total of 66 patients were included in the analysis. Of these, 53 patients (80%) received primary
radiation therapy as their first-line treatment, while 13 patients (20%) underwent salvage reirradiation for recurrent disease. The
median total dose administered in the upfront radiation therapy group was 74 Gy (range, 70-78 Gy relative biological effectiveness),
whereas the median total dose in the salvage radiation therapy group was 45 Gy (range, 39-51 Gy relative biological effectiveness).
The median duration of LC was 21 months in both the upfront and salvage groups. The overall median LC across all patients was
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14 months. The 2-year LC rate was 73% for the upfront radiation therapy group and 52% for the salvage radiation therapy group, with a
statistically significant difference (P = .038). In terms of early toxicities, there were no grade 4 adverse events reported.
Conclusions: CIRT-B combined with photon radiation therapy is an effective and safe treatment for advanced NPSC in both primary

and salvage settings.

© 2025 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/).

Introduction

Locally advanced nasal cavity and paranasal sinus car-
cinoma (NPSC) are rare cancers, representing less than
5% of all head and neck tumors, with an incidence of
about 0.55 cases per 100,000 people per year."” They
comprise a diverse histologic group with various cell
types. This is supported by the source that discusses the
different types of sinonasal carcinomas, highlighting
their heterogeneity and the various cell types involved in
these malignancies.” Lymph node metastases in sinonasal
tumors negatively impact prognosis and necessitate
adjustments in treatment to enhance survival rates.” Early
detection and surgical removal of affected lymph nodes
are crucial for successful treatment outcomes.”

Modern photon therapy techniques like intensity
modulated radiation therapy (IMRT) achieve improved
tumor control in sinonasal cancer compared to conven-
tional radiation therapy (RT) by sparing healthy tissue
while simultaneously enhancing patient survival rates
and quality-of-life.” IMRT typically achieves 2-year local
control (LC) rates of 75% to 85% and 5-year
disease-free survival of 70% to 80% for advanced
NPSC.”” However, particle therapy delivers equivalent
therapeutic doses while providing superior sparing of
surrounding healthy tissues through the Bragg peak
phenomenon. This unique physical property allows pre-
cise energy deposition at the target depth with minimal
exit dose, offering a significant advantage over conven-
tional photon RT,” potentially reducing toxicity and
improving outcomes for patients with sinonasal malig-
nancies. Carbon ion radiation therapy (CIRT) shows
promising results in treating locally advanced malignant
sinonasal tumors.”” "' Recurrences in the treatment of
sinonasal malignancies have a negative influence on
prognosis, and early detection, as well as aggressive ther-
apy, are essential to improve patient survival.'”> CIRT
might offer an effective and safe treatment option for
patients with locally recurrent nasopharyngeal carci-
noma who have not responded to conventional
treatments.''* Similarly, proton therapy (PT) is a
promising treatment option for patients with tumors of
the nasal cavity and paranasal sinuses. It is advantageous
for reirradiation and treating locally advanced tumors.'”

In this study, we aim to investigate the clinical out-
comes and toxicities in patients with NPSC treated with
particle therapy combined with IMRT.

Methods and Materials

This analysis investigated patients treated with particle
therapy between 2016 and 2023. Sixty-six patients were
included in the analysis. The primary endpoints were LC,
progression-free survival (PES), and overall survival (OS).
Secondary endpoints included early toxicity and organ
preservation. Survival was evaluated using Kaplan-Meier
survival analysis and proportional hazards models.

Patients underwent computed tomography (CT) simu-
lation using a dedicated long shoulder mask for motion
reduction with a slice thickness of 3 mm. The visible
tumor was defined as the volume of the contrast-
enhanced primary tumor (gross tumor volume; GTV-A)
observed in magnetic resonance imaging (MRI) and other
imaging modalities. Pathologic lymph nodes were con-
toured as a separate GTV (GTV-LN). The clinical target
volume for CIRT boost (CTV-B) was defined by an iso-
tropic 5-mm expansion of the GTV-B and manually
adjusted to exclude sensitive organs. The CTV for photon
irradiation (CTV-E) encompassed the extended target
volume, including CTV-B, typical tumor spread path-
ways, and in advanced stages of lymph node involvement,
elective lymph node regions (facial, buccal IX, Ib, II, III).
The clinical target volume for simultaneous integrated
boost (CTV-SIB) was generated through an isotropic
expansion of 5 to 7 mm from the GTV-SIB. Subsequently,
the planning target volume (PTV) was derived by apply-
ing a uniform 3-mm margin expansion to each corre-
sponding CTV.

CIRT was performed using carbon ions (C12) with an
active raster scanning technique.'® Two to 4 noncoplanar
treatment beams were employed, with daily image guid-
ance using orthogonal X-rays and weekly CT-based recal-
culations. Photon RT was delivered with 50 Gy to PTV-P
and PTV-E (single dose 2 Gy), five times weekly using a
Varian TrueBeam linear accelerator (with motorized mul-
tileaf collimator, 0.5 cm leaf width) at the Department of
Radiotherapy and Radiation Oncology, with daily cone
beam CT-guided positioning. The prescribed dose was
normalized to the median dose of the target volume,
ensuring PTV coverage within 95% to 107% of the iso-
dose.

The particle beam dose was calculated as a photon-
equivalent dose in Gray (Gy), accounting for the relative
biological effectiveness (RBE) determined by existing
radiobiological studies. RBE values were set at 1.1 for
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protons and between 2 and 3.7 for carbon ions, depending
on the linear energy transfer (LET) of carbon jons."”
Patients with advanced tumors, positive lymph nodes,
and subtotal resection status (Table 1) received a CIRT
boost of 24 Gy (RBE) (single dose 3 Gy [RBE]) to PTV-B

in 8 fractions, along with weekly chemotherapy. In the
definitive setting, CIRT was administered to the extended
tumor region (CTV-P) with up to 45 Gy (RBE) (single
dose 3 Gy [RBE]), followed by a boost to the residual
tumor (GTV-B) with 15 Gy (RBE) (single dose 3 Gy

Table1 Summary of patient and treatment characteristics and outcomes (N = 66)

Upfront radiation  Reirradiation
Category Details Totaln (%)  therapy (n = 53) (n=13) P value
Median age Years 63.94 64.1 (37-87) 62.8 (41-79) .542
Sex Male 41 (62) 33 (62%) 8 (62%) 1
Female 25 (38) 20 (38%) 5 (38%) 1
Treatment type Primary irradiation 53 (80) 53 (100%) 0(0%) -
Reirradiation 13 (20) 0 (0%) 13 (100%) -
Primary site Nasal cavity 21 (32) 17 (32%) 4 (31%) .95
Maxillary sinus 14 (21) 11 (21%) 3 (23%) .83
Ethmoid sinus 8 (12) 6 (11%) 2 (15%) .65
Sphenoid sinus 8 (12) 7 (13%) 1 (8%) .57
Sinus paranasal 7 (11) 6 (11%) 1(8%) .69
Frontal sinus 4 (6) 3 (6%) 1 (8%) .79
Nasal vestibule 4(6) 3 (6%) 1(8%) .79
Histology Squamous cell carcinoma 25 (38) 20 (38%) 5 (38%) .84
Adenoid cystic carcinoma 14 (21) 11 (21%) 3 (23%) .82
Adenocarcinoma 12 (18) 10 (19%) 2 (15%) .76
Mucosal malignant melanoma 6(9) 4 (8%) 2 (15%) .36
Others 9 (14) 8 (15%) 1 (8%) 48
T Classification T1-T2 8 (12) 6 (11%) 2 (15%) .79
T3 13 (20) 11 (21%) 2 (15%) .69
cT4a 45 (68) 36 (68%) 9 (69%) 91
N Classification NO 56 (85) 45 (85%) 11 (85%) 1
N+ 10 (15) 8 (15%) 2 (15%) 1
Bone invasion Yes 44 (67) 36 (68%) 8 (62%) .66
No 22 (33) 17 (32%) 5 (38%) .66
Surgery type Resection 29 (44) 24 (45%) 5 (38%) .63
- Total gross resection 4/29 (14) 3/24 (13%) 1/5 (20%) .72
- Subtotal tumor resection 18/29 (62) 15/24 (63%) 3/5 (60%) .89
- Undetermined margins 7/29 (24) 6/24 (25%) 1/5 (20%) .82
Biopsy 30 (45) 24 (45%) 6 (46%) 95
Debulking 7 (11) 5 (9%) 2 (15%) .58
Lymphnodectomy 6(9) 5 (9%) 1 (8%) .89
Median radiation 74 (70-78) 45 (39-51) <.001
therapy dose, Gy
Outcome Median local control, months 21 14 .038
2-year local control 68.9% 73% 52%
Median progression-free survival, months 24 14 041
2-year progression-free survival 71.7% 76% 54.1%
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[RBE]), resulting in a total dose of 60 Gy (RBE) in 20 frac-
tions. For salvage reirradiation with carbon ions, 39 to 51
Gy (RBE) was delivered in 13 to 17 fractions (single dose
3 Gy [RBE]). The GTV-R was defined based on contrast-
enhanced MRI-T1 and received an anatomically adapted
safety margin of 3 to 5 mm (CTV-R). Previous treatment
plans were fused with the current target volume, consider-
ing the cumulative biologically effective dose for organs
at risk.

Study design and population selection

This retrospective analysis examined CIRT outcomes
across different treatment scenarios within our institu-
tional experience. While primary RT and salvage reirra-
diation represent distinct clinical paradigms, both
populations were included to comprehensively evaluate
CIRT applications in sinonasal malignancies. This
approach reflects real-world clinical practice where CIRT
is used across the treatment spectrum. Separate subgroup
analyses were performed to account for differences
between treatment scenarios, acknowledging the inherent
limitations of combining these populations.

Treatment selection criteria

IMRT at a dose of 50 Gy combined with a CIRT boost
of 24 Gy RBE has been used for advanced tumors (T3-4)
that had incomplete resection, positive or close surgical
margins, lymph node involvement, or in patients with
high-risk histologies (N = 46). In contrast, primary CIRT
alone, delivering 60 Gy RBE over 20 fractions, has been
applied to patients with unresectable tumors that are near
critical organs (N = 7). Additionally, salvage CIRT, with
doses ranging from 39 to 51 Gy RBE, has been adminis-
tered for local recurrence following prior RT (N = 13).

CIRT, because of its high LET and RBE ranging from
1.1 to 4.0, enables substantial hypofractionation.'™"" Stan-
dard CIRT protocols typically employ 2—3 Gy (RBE) per
fraction. The National Institute of Radiological Sciences
has established a regimen of 57.6 Gy (RBE) delivered in
16 fractions (3.6 Gy per fraction) for head and neck
tumors."'

Conventional photon-based IMRT typically delivers 66
to 68 Gy for definitive treatment.” However, the conven-
tional dose levels of <70 Gy often yield poor LC in
advanced sinonasal tumors.® In contrast, the present
study uses 74 Gy (RBE), representing both a physical and
biological dose escalation. Combining a higher total dose
and larger fraction size results in a significantly increased
biologically effective dose compared to conventional 2 Gy
fractionation.'*''

Follow-up examinations were conducted quarterly
during the first 3 years after particle therapy and at

6-month intervals thereafter. Routine follow-up included
physical examinations, endoscopy, diagnostic imaging
(CT and/or MRI), and blood tests. Acute and late toxic-
ities were assessed using the National Cancer Institute
Common Terminology Criteria for Adverse Events (AEs),
version 4.03.

To further evaluate treatment-related toxicities, we
used individual logistic regression models to assess the
influence of tumor recurrence, previous surgeries and
RTs, age, RT-modality, sex, and the cumulative RT
dose on the occurrence of AEs > III according to
National Cancer Institute Common Terminology Cri-
teria for AEs criteria. Multivariate analysis models
models were not employed because of the small sam-
ple size and low total number of AEs > III.

Statistical analysis

OS was calculated from the start of RT to death or the
last follow-up. PFS was measured from therapy initiation
to disease progression or death, with patients alive and
disease-free at the last follow-up censored. LC was defined
from the start of therapy to local recurrence. Continuous
variables were presented as medians with ranges (mini-
mum to maximum), and categorical variables were
reported as frequencies with proportions. Group compari-
sons were performed using the Mann-Whitney U test for
continuous variables and Fisher’s exact test for categorical
variables. Survival curves for OS, PFS, and LC were esti-
mated using the Kaplan-Meier method, with the log-rank
test applied for univariate analysis of factors such as age,
sex, primary tumor location, surgical indication, primary
GTV (GTV-primary), radiation type, and EQD10/2. All
statistical tests were 2-sided, with a P value < .05 consid-
ered statistically significant. Statistical analyses were per-
formed using SPSS (Version 23; IBM).

Results

Patient demographics and tumor
characteristics

Our analysis included 66 sinonasal tumor patients
(Table 1). The median age was 64 years (range, 37-87).
The median follow-up period was 25 months. Males con-
stituted 62% of the cohort, while females represented
38%. The most frequent tumor location was the nasal cav-
ity (32%), followed by the maxillary sinus (21%). Most
patients presented with advanced disease, with 68%
(n = 45) classified as T4 stage and 68% (n = 45) showing
evidence of bone infiltration. Only 15% of patients had
nodal involvement. Table 2.
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Table2 Adverse effects of the whole cohort

Acute toxicity (during treatment and <90 d)

Adverse event Grade 1 (%) Grade 2 (%) Grade 3 (%) Grade 4 (%)
Dysphagia 1 34 65 0
Xerostomia 10 40 45 0
Dermatitis 20 59 20 0
Mucositis 17 42 41 0
Conjunctivitis 62 0 0 0
Nasal breathing problems 6 39 55 0

Late toxicity (>90 d)

Dysphagia 33 67 0 0
Xerostomia 18 30 30 0
Dermatitis 58 41 0 0
Mucositis 35 30 5 0
Conjunctivitis 35 17 0 0
Nasal breathing problems 29 22 24 0

Treatment modalities

Curative resection was performed in 44% of patients
(Table 1). The radiation treatment cohort comprised 53
patients (80%) receiving their first course of RT and 13
patients (20%) undergoing reirradiation after primary RT.
The most common protocol combined IMRT and CIRT
(C12) in 67% of patients. Among these, 40 patients
received 24 Gy (RBE) C12 in 8 fractions and 50 Gy pho-
ton radiation. Exclusive C12 therapy (60 Gy [RBE] in
20 fractions) was used in 7 cases. Lymphatic drainage
pathways were irradiated in 22 patients (33%).

Kaplan-Meier analysis revealed significant prognostic
factors. T4 tumors showed inferior LC compared to T1-3
(P = .029), and bone invasion was associated with worse
PES (P = .047).

Survival analysis

The median follow-up was 25 months. For the whole
cohort, the 1-year OS rate was 85% (95% CI, 77.2%-94%),
the 2-year OS rate was 71% (95% CI, 60.1%-84%), and the
3-year OS rate was 66% (95% CI, 53%-81%). Patients
receiving primary RT (n = 53) demonstrated superior out-
comes. At the 1-year, 2-year, and 3-year follow-up intervals,
this group demonstrated promising PFS and LC outcomes,
reflective of the efficacy of the treatment protocol. PFS rates
were 79%, 76%, and 70%, respectively, underscoring the
durability of disease control over time (Fig. 1). The group
who underwent RT of elective lymph nodes showed a better
PES than those who did not receive it; rates of 3-year PFS
were 76% vs 66%, respectively. Similarly, LC rates were con-
sistently high, with 80%, 78% and 73% achieved at 1, 2, and

3 years, respectively. These findings highlight the robust-
ness of upfront RT strategies, particularly in advanced sino-
nasal tumors, where local recurrence and progression
remain significant clinical challenges (Fig. 1). The Kaplan-
Meier curve in Figure 2 demonstrated no significant differ-
ence in progression in the field between the patients who
underwent definitive RT and the patients who underwent
resection with residual tumors.

Patients receiving primary RT demonstrated superior
median OS (not reached vs 18.5 months, P = .032),
PFS (24 months vs 14 months, P = .041), and LC (21 vs
14 months, P = .038) compared to those undergoing
salvage reirradiation. Local recurrence was the most com-
mon failure (20%, n = 13), followed by distant metastases
(13%, n = 9) and regional recurrence (9%, n = 6).

In the case of salvage RT, the overall model was statisti-
cally significant (Omnibus test: x* = 4.281 P = .039), indi-
cating that the predictors contributed to the explanation of
the outcome variable. The identified risk factors for poorer
outcomes in salvage RT included prior surgery (OR = 2.41,
95% CI, 1.18-4.93, P = .016), higher T-stage at recurrence
(T3-4 vs. T1-2, OR = 1.87, 95% CI, 1.09-3.21, P = .024),
and early relapses (within <12 months, OR = 1.64, 95% ClI,
1.05-2.58, P = .031). However, the model’s goodness-of-fit
measures suggested only modest explanatory power (Cox
and Snell R” = 0.063, Nagelkerke R* = 0.084).

However, when examining the individual predictor,
the reirradiation did not influence the development of
higher-grade AEs (P = .056). All other possible predictors
could not establish statistically significant models when
evaluated with the Omnibus test and were therefore aban-
doned. It is possible that a larger study population could
have sufficed to show significant predictors of AEs > III,
especially in the case of RT in recurrent disease.
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Figure 1 (A) Kaplan-Meier diagram for local control for the whole cohort. (B) Kaplan-Meier diagram for progression-free sur-
vival for the whole cohort, and (C) Kaplan-Meier diagram for overall survival for the whole cohort.

Side effects

One patient discontinued treatment after 30 Gy. All
patients experienced grade 1 and 2 toxicities. During RT,
23% required hospitalization for mucosal side effects,
32% required feeding tubes (PEG=Percutaneous Endo-
scopic Gastrostomy), and weight loss was documented in

15% of patients (Table 2). Acute grade 3 toxicities
included mucositis (41%), xerostomia (37%), dermatitis
(21%), and dysphagia (65%). At 3 months, grade 3 toxic-
ities decreased to xerostomia (30%), dysphagia (0%), and
mucositis (5%). No grade 4 toxicities occurred.

Univariate Cox regression identified several indepen-
dent prognostic factors (Table 3). Salvage reirradiation
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Figure 2 The planning CT illustrating the radiation therapy dose escalation for locally advanced inoperable sinonasal tumor
situated in proximity to critical structures, including the eyes, the chiasm, and the brainstem. The color coding demonstrates a
targeted dose gradient from 2 to 24 Gy RBE of boost radiation following 50 Gy photons radiation therapy, with the central GTV
receiving a full boost dose. GTV (yellow): the gross tumor volume is to be considered in conjunction with the maximum boost
dose. CTV (red): the clinical target volume is inclusive of microscopic spread. PTV (blue): the planning of target volume is to be

undertaken with safety margins.

Abbreviations: CT = computed tomography; CTV = clinical target volume; GTV = gross tumor volume; PTV = planning target volume; RBE = relative

biological effectiveness.

was consistently associated with inferior outcomes across
all endpoints: LC (HR = 2.4, 95% CI, 1.2-4.8, P = .038),
PFS (HR = 2.3, P = .041), and OS (HR = 2.5, 95% CI, 1.3-
4.9, P = .032) compared to primary treatment. Advanced
T4 classification showed an increased risk for local failure
(HR = 2.2, P = .029), disease progression (HR = 2.5,
P =.018), and death (HR = 2.3, P = .025). Mucosal mela-
noma demonstrated the most adverse prognosis across all
survival endpoints compared to squamous cell carcinoma.

Discussion

The findings from this study reinforce the efficacy and
safety of state-of-the-art particle beam RT (PBRT), partic-
ularly CIRT, as a viable option for sinonasal tumors. The
high LC and PFS rates observed align with the increasing
evidence that PBRT offers superior outcomes for complex
sinonasal malignancies because of its unique physical and
radiobiological advantages.

The observed survival outcomes are consistent with
prior studies reporting excellent LC and survivals with
PBRT for sinonasal malignancies.'®” Patel et al'” and
other meta-analyses highlight PBRT’s advantage in
achieving better locoregional control and OS when com-
pared with photon-based approaches, such as IMRT, par-
ticularly in anatomically complex regions.”’ The
superiority of PBRT is attributed to its ability to deliver
highly conformal doses with a steep fall-off, minimizing
exposure to surrounding critical structures.'””' CIRT’s
high LET and RBE also enhance cell-killing efficacy, par-
ticularly in radioresistant histologies such as adenoid cys-
tic carcinoma (ACC) and melanoma.'***

The superior dose distribution of CIRT, with its char-
acteristic Bragg peak enabling precise target coverage
while sparing critical structures like optic nerves and
brainstem, was crucial for treatment success.'**'

Dagan et al’ evaluated the outcomes of 84 patients
with sinonasal cancer treated with PT between 2007 and
2013. Most (87%) received adjuvant PBRT following

surgery, and 13% underwent definitive PBRT. Advanced
disease (T3/T4) was present in 94% of patients, and com-
mon histologies included olfactory neuroblastoma (27%),
SCC (squamous cell carcinoma) (26%), and ACC (17%).
The median dose of PT was 73.8 Gy (RBE), and most
patients (75%) received concurrent chemotherapy, pri-
marily low-dose weekly cisplatin. At 3 years, LC, neck
control, disease-free survival, OS, and cause-specific sur-
vival rates were 83%, 94%, 63%, 68%, and 70%, respec-
tively. gross total resection (GTR), followed by PT,
achieved the highest LC (90%), while patients with gross
disease at the time of PT had significantly lower LC
(59%). High-grade histology was associated with worse
outcomes and increased risk of distant metastases.

Our retrospective study and the prospective IMRT-
HIT-SNT trial both demonstrate that combined photon-
CIRT is effective and safe for sinonasal malignancies, with
acceptable toxicity profiles and promising tumor control
rates.”” Our results should be interpreted in the context of
recent prospective and large-scale retrospective studies
evaluating particle therapy for sinonasal malignancies.
The prospective phase 2 study HIT-SNT demonstrated
promising outcomes with combined photon-CIRT in a
cohort of 80 patients, reporting 2-year LC rates of 81%
and OS of 85%.”" These findings align closely with our
observed 2-year LC rate of 73% and OS of 77%, despite
differences in study design and patient selection.

A key feature of our cohort was the high proportion
of advanced-stage patients, with 68% presenting with
T4-stage tumors. Our analysis revealed no significant
difference in LC between definitive and postsurgical RT
for residual disease. This finding suggests that primary
particle RT may be a valid treatment option in cases
where only incomplete resection (R1/R2) is achievable.
However, our study cannot address whether complete
surgical resection (R0) would provide superior outcomes
compared to primary RT, because our cohort did not
evaluate this comparison.

Complementary evidence supporting the long-term
efficacy of the combined modality comes from Akbaba
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Table 3  Univariate analysis for local control, progression-free survival, and overall survival
Local control Progression-free survival Overall survival

Factor HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
Age (y)

<64 1.0 (reference) 1.0 (reference) 1.0 (reference)

>64 1.3 (0.7-2.4) 428 1.2 (0.7-2.3) 495 1.4 (0.8-2.6) 272
Sex

Male 1.0 (reference) 1.0 (reference) 1.0 (reference)

Female 1.2 (0.6-2.2) 654 1.3 (0.7-2.4) 412 1.2 (0.6-2.2) 597
Treatment type

Primary irradiation 1.0 (reference) 1.0 (reference) 1.0 (reference)

Reirradiation 2.4 (1.2-4.8) 038 2.3 (1.2-4.5) 041 2.5 (1.3-4.9) 032
T classification

T1-T3 1.0 (reference) 1.0 (reference) 1.0 (reference)

T4 2.2 (1.1-4.5) .029 2.5(1.2-5.2) .018 2.3(1.1-4.8) .025
N classification

NO 1.0 (reference) 1.0 (reference) 1.0 (reference)

N+ 1.9 (0.9-3.8) .087 2.1(1.1-4.2) .031 2.2 (1.1-4.4) .024
Bone invasion

No 1.0 (reference) 1.0 (reference) 1.0 (reference)

Yes 2.0 (1.0-4.2) 049 1.9 (1.0-3.8) 047 1.8 (0.9-3.6) 088
Surgery type

Resection 1.0 (reference) 1.0 (reference) 1.0 (reference)

Biopsy only 1.4 (0.7-2.7) 336 1.5 (0.8-2.9) 246 1.6 (0.8-3.1) 173
Histology

SCC 1.0 (reference) 1.0 (reference) 1.0 (reference)

ACC 0.6 (0.2-1.5) 268 0.5 (0.2-1.3) 179 0.5 (0.2-1.2) 129

Adenocarcinoma 0.9 (0.4-2.0) 757 0.9 (0.4-2.0) .822 0.9 (0.4-2.1) .859

Mucosal melanoma 2.3 (1.0-5.2) .046 2.5(1.1-5.7) .028 2.7 (1.2-6.1) .017

Others 0.8 (0.3-2.1) .673 0.8 (0.3-2.0) .588 0.8 (0.3-2.0) .596
Abbreviations: ACC = adenoid cystic carcinoma; HR = hazard ratio; SCC=squamous cell carcinoma.

et al,”* who reported outcomes in 227 patients with sino-
nasal ACC. Their impressive 5-year LC rate of 85% and
OS of 78% demonstrate the durability of the treatment
response, especially for ACC histology. Variations in out-
comes between their study and ours may be attributed to
our more heterogeneous histologic cohort, where differ-
ences in radiosensitivity likely influenced treatment
response.

Treatment protocols across these studies show both
important similarities and differences. Our study used a
median total dose of 74 Gy (RBE), comparable to the
standardized doses in the HIT-SNT protocol,” although
we observed greater variation in fractionation schemes.
The carbon ion boost technique remained consistent
across all studies, though the prospective nature of HIT-

SNT allowed for more standardized delivery parameters.
Our integration of IMRT aligns with current strategies to
optimize dose distribution, which is supported by both
comparative studies. The toxicity profile observed in our
study aligns well with previous reports. Acute grade 3 tox-
icities, including mucositis (55%), xerostomia (44%), and
dysphagia (41%), were comparable to those reported in
both the HIT-SNT study and the Akbaba series.”** The
absence of grade 4 toxicities across studies validates the
favorable safety profile of particle therapy in this challeng-
ing anatomic region. Patient selection criteria represent
an important point of differentiation between the studies.
The prospective nature of the HIT-SNT study enabled
stricter inclusion criteria,”” while our cohort included a
higher proportion of salvage cases (20% vs. 0% in HIT-
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SNT). The Akbaba series focused exclusively on ACC his-
tology,”* offering valuable insights into this specific sub-
group, while our study included multiple histologies,
providing broader applicability but potentially diluting
histology-specific results.

A recent study from Florida demonstrated effective
long-term disease control and acceptable toxicity profiles
in a cohort of 143 patients with predominantly advanced-
stage and high-grade disease. Patients achieving GTR
before RT had significantly better LC (87%) compared to
those with gross disease (57%). This finding differs from
our observation and highlights the potential benefit of
complete tumor resection when achievable. However, it is
important to note that in our cohort, we primarily com-
pared definitive RT to postsurgical RT for residual disease
(incomplete resection), rather than to patients with GTR.
The Florida study underscores the importance of achiev-
ing GTR for optimal outcomes while balancing the risks
of severe toxicity.”

This is similar to the findings by Dagan et al, who
reported better LC rates (90%) with GTR. This suggests
that the high biological effectiveness of carbon ion therapy
may help overcome the traditional prognostic disadvan-
tage of positive surgical margins.

Reirradiation poses unique challenges because of
increased risks of toxicity and decreased efficacy. Patients
in this study undergoing reirradiation exhibited signifi-
cantly poorer survival outcomes (median OS: 18 months)
than those receiving primary RT. Fan et al"” and Koto et
al'® reported similar inferior outcomes for reirradiation,
with reduced OS and PFS rates.'”' However, salvage
reirradiation using CIRT remains feasible for selected
patients, particularly those with limited locoregional
recurrences.' *'” Novel fractionation schedules and inte-
gration with systemic therapies could further enhance the
role of reirradiation.

PBRT demonstrated a favorable safety profile in this
study, with no grade 4 acute toxicities and limited late
toxicities."* This finding corroborates earlier reports from
Mizoe et al'' and Jensen et al,'” who noted significantly
reduced rates of severe toxicities with PBRT compared to
IMRT. The Bragg peak effect of PBRT ensures precise
dose delivery, which is crucial in sinonasal tumors near
critical organs such as the optic nerve, brainstem, and cra-
nial nerves.””*® Late toxicities, such as osteonecrosis and
vision impairment observed in this study, were rare but
highlighted the need for cautious dose planning in
advanced and recurrent diseases. Duprez et al”’ and van
de Water et al’' emphasize the importance of meticulous
patient selection and advanced treatment planning, par-
ticularly for tumors with orbital or skull base invasion.
Our findings suggest that further refinement of planning
techniques, including pencil beam scanning technology,
may mitigate toxicity risks.

This study reinforces the need for multimodal treat-
ment approaches for sinonasal malignancies, particularly

those with advanced-stage or high-risk features. Surgery
remains the cornerstone of treatment for resectable cases;
however, achieving GTR is often challenging because of
the region’s anatomic complexity. Adjuvant PBRT is an
effective option to complement surgical resection and
improve outcomes in cases with close or positive
margins.' >’

A large cohort by Weixu Hu et al'* evaluated the safety
and efficacy of PBRT in treating sinonasal malignancies at
the Shanghai Proton and Heavy Ion Center. A cohort of 111
patients with nonmetastatic sinonasal malignancy received
either definitive or salvage PBRT, using proton RT, CIRT, or
a combination. The majority of patients (86%) presented
with advanced disease (T3/4), and outcomes were assessed
over a median follow-up of 20 months.

The failure patterns observed in this study, with local
recurrences being the most common, mirror those
reported in prior studies.”'® This underscores the impor-
tance of achieving robust LC with PBRT, particularly in
T4 tumors and those with bone infiltration. While distant
metastases were less frequent, their occurrence highlights
the need for integrated systemic therapy approaches, par-
ticularly in high-risk histologies like melanoma and
sarcoma.'”

Future research should focus on prospective trials
comparing PBRT with advanced photon-based therapies,
such as adaptive RT and IMRT, to delineate its relative
benefits further.” Efforts to explore novel systemic thera-
pies, including immunotherapy, combined with PBRT
may also improve outcomes, particularly in radioresistant
and metastatic cases. Additionally, international collabo-
ration will be essential to develop standardized protocols
and address the rarity of sinonasal malignancies through
multicenter trials."**”

Similar to our approach, ongoing prospective trials
evaluate particle therapy’s role in head and neck cancers.
The ACCO (Adenoid Cystic Carcinoma and Carbon Ion
Only Irradiation) study is a particularly relevant example,
because it investigates the efficacy of CIRT for adenoid
cystic carcinomas of the head and neck region. This ran-
domized phase 2 trial compares carbon ion therapy alone
with a bimodal treatment approach (carbon ions plus
photons), similar to the treatment strategy employed in
our study. While focusing specifically on adenoid cystic
carcinomas, which comprised 21.2% of our patient
cohort, the ACCO trial’s endpoints of LC, PFS, and qual-
ity-of-life align with our outcome measures. The results of
this trial will provide valuable comparative data to vali-
date our findings regarding the efficacy of combined
modality treatment approaches in radioresistant head and
neck malignancies.”

Our analysis has several important limitations. First,
this retrospective study design introduces selection bias
and limits systematic AE assessment. Second, the hetero-
geneous patient population with diverse histologies,
stages, and treatment approaches may confound outcome
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analyses. Third, the median follow-up of 25 months is insuf-
ficient for mature LC and late toxicity evaluation. Fourth,
combining primary and salvage populations while providing
comprehensive experience represents different treatment
paradigms with distinct therapeutic goals. Fifth, the small sal-
vage group (n = 13) limits statistical power for robust sub-
group analyses. Finally, the absence of standardized quality-
of-life assessments represents a significant limitation. Future
prospective studies with extended follow-up periods and
larger patient cohorts must validate these findings and estab-
lish definitive treatment guidelines. Comparative effective-
ness research comparing CIRT directly with modern photon
techniques in randomized controlled trials would provide
the most substantial evidence for treatment selection in this
challenging patient population.

Conclusions

CIRT combined with photon RT is an effective and
safe treatment for advanced NPSC in both primary and
salvage settings. This approach shows manageable toxicity
levels and offers a viable option for locally advanced sino-
nasal cancers, with promising outcomes in various clinical
scenarios.
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