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Simple Summary

Adenoid cystic carcinoma is a rare type of cancer characterized by locally aggressive growth
and a high risk of distant metastases. Achieving durable local control is therefore a key
goal of treatment. Standard local treatment options include surgery and radiation therapy.
In this retrospective study, we analyzed outcomes of dual-beam radiation therapy using
photons and carbon ions delivered at the Marburg Ion Therapy Center. The aim was to
evaluate the clinical benefit of this combined radiation approach for patients with adenoid
cystic carcinoma. The results showed favorable local control rates after combined particle
and photon therapy. These findings suggest that dual-beam radiation therapy is an effective
and beneficial local treatment option for patients with adenoid cystic carcinoma.

Abstract

Background and Purpose: This study retrospectively evaluates the outcomes of head and
neck adenoid cystic carcinomas (ACCs) treated with particle therapy, including carbon
ion radiotherapy (CIRT) alone or combined with photon therapy, at a single institution.
Methods and Materials: Patients with ACC who underwent CIRT alone or a combina-
tion of CIRT and photon therapy at the Marburg Ion Therapy Center between February
2017 and December 2023 were included. Radiation therapy was administered postopera-
tively in surgically resectable patients and as definitive treatment in unresectable patients.
Newly diagnosed patients received CIRT as a boost in combination with photon intensity-
modulated radiation therapy (IMRT), while those with recurrent disease received CIRT
alone. Prognostic factors were analyzed using Kaplan–Meier analysis and proportional
hazards regression for multiple regression. Late toxicities (grade 3 or higher) were recorded
according to the National Cancer Institute Common Terminology Criteria for Adverse
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Events, version 4. Results: A total of 73 patients were included, with a median age of
57 years (range: 16–86 years) and a median follow-up of 20 months (range: 3–70 months).
The cohort included 28 males (38%) and 45 females (62%). The median CIRT dose was
24 Gy (relative biological effectiveness (RBE)) (range: 15–60 Gy) in a median of 8 fractions
(range: 5–20), and the median photon dose was 50 Gy (range: 45–54 Gy) in 25 fractions
(range: 15–30). Locoregional recurrence-free survival rates at 1 and 3 years were 89.6%
and 75.4%, respectively, while distant metastasis-free survival rates were 82.1% and 61.4%,
respectively. LC was significantly influenced by T stage, with patients with T4 tumors
showing worse outcomes. Treatment was generally well tolerated, with acute side effects
including mucositis and skin erythema. Severe chronic toxicities were rare, with only 1%
of patients experiencing grade 3 dysphagia and grade 3 xerostomia. Conclusions: CIRT,
particularly when combined with photon therapy, demonstrates favorable local control and
promising efficacy in head and neck ACC, though distant metastasis remains the primary
pattern of failure. Tumor stage is a significant negative prognostic factor for local control
and overall survival.

Keywords: carbon ion; adenoid cystic carcinoma; particle therapy

1. Introduction
Adenoid cystic carcinomas (ACCs), characterized by an incidence rate of 4.5 cases

per 100,000 individuals and constituting merely 1% of all head and neck cancer types, are
distinctly classified as a rare form of tumor which has a slight female predominance and
a mean age of 57 years at diagnosis [1–4]. In Germany, population-based cancer registry
analyses from large federal states show that ACC represents a minor histological subtype
among major salivary gland carcinomas, with a stable incidence over time [5]. Although
the salivary glands are the predominant site of onset, ACC can also manifest in various
other locations within the head and neck region, including the external auditory canal,
lacrimal glands, tongue, nasopharynx, and hard palate. Additionally, ACC can affect
glands in the trachea, skin, breast, and reproductive tract [2,3,6]. ACC clinically presents
as a slow-growing yet aggressive locoregional tumor with a tendency for perineural and
lymphatic invasion. In the presence of distant metastasis, the lung and liver are the most
frequently observed sites of involvement [7–10]. To date, the primary treatment for ACC
remains complete surgical resection, with or without neck dissection; however, adjuvant
radiotherapy has emerged as a crucial component of the therapeutic strategy. In specific
cases, such as inoperability or palliative situations, primary radiotherapy or chemotherapy
may serve as an alternative treatment option, though they are not considered first-line
therapies [11–14].

In recent years, various modalities of radiotherapy have been employed in the treat-
ment of ACC. Historically, photon radiation therapy was used; however, local control was
limited, suggesting a rather radiation-resistant tumor type [15]. In addition to photon
therapy, particle radiation therapy with fast neutrons, protons and carbon ions has been
used. In previous studies, particle therapy with protons and carbon ions showed better
local control compared to neutrons [15]. This study focuses particularly on the combination
of photon therapy (PT) and CIRT due to their distinct physical properties and therapeutic
potential. PT offers a cost-effective and widely implemented approach to radiotherapy.
In contrast, the combination of photon beam therapy and CIRT necessitates specialized
facilities and expertise, making it more expensive; however, it delivers a significantly more
precise dose distribution, exemplarily visualized in Figure 1, primarily due to its physical
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properties, such as the Bragg peak, and is biologically more effective than photon radiation
therapy due to its higher destructive power [16–19].

 

 

Figure 1. Radiologic tumor response following treatment. Tumor size changes at 12, and 24 months
are shown relative to baseline imaging. Representative images from a single patient include the pre-
treatment MRI and the corresponding radiotherapy plan, demonstrating target volume delineation
and dose distribution.

At the University of Marburg and Marburg Ion Beam Therapy Center, we are privi-
leged to provide our patients with a variety of therapy strategies, including both PT and
CIRT. In this retrospective study, our objective is to enhance clinical understanding of ACC
treatment by evaluating the outcomes of CIRT alone and in combination with PT.

2. Methods and Materials
Figure 2 visualizes the study methodology. Following institutional ethical approval,

we conducted a retrospective analysis of patients with ACC who underwent either CIRT
alone or a combined modality treatment with C12 ions and photons at our center between
February 2017 and December 2023.
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Figure 2. Flow diagram of patient selection, treatment allocation, and study methodology.

Patients with newly diagnosed ACC received postoperative radiation therapy if the
disease was surgically resectable, or definitive radiation therapy if unresectable. These
patients were treated with a combined approach consisting of CIRT as a boost, delivered
either upfront or sequentially with photon-based IMRT. In contrast, patients with recur-
rent disease were treated with CIRT alone. While CIRT was administered exclusively at
our institution, photon-based IMRT or volumetric modulated arc therapy (VMAT) was
performed either at our center or at a facility closer to the patient’s home.
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2.1. Treatment Planning and Simulation

For both treatment delivery and planning computed tomography (CT), patients were
immobilized using a customized thermoplastic head-and-shoulder mask to minimize
movement and ensure precise treatment. A three-dimensional CT-based planning system
was employed for treatment planning, with CT simulation performed using a slice thickness
of 1–3 mm.

To reduce imaging artifacts in patients with metal implants, an iterative Metal Artifact
Reduction (iMAR) algorithm was applied, resulting in improved image quality and more
accurate anatomical delineation. Additionally, magnetic resonance imaging (MRI) was
performed due to its superior soft tissue contrast, and the MRI datasets were rigidly
registered with the planning CT to enhance target volume definition.

Particle beam dose was expressed as photon-equivalent dose in Gray (Gy), taking into
account the relative biological effectiveness (RBE). For carbon ions, RBE values ranged
from 2 to 3.7, depending on the location within the Bragg peak.

Treatment planning for CIRT was conducted using the Siemens Syngo RT VC13C_01030
planning software, while VMAT plans were generated using the Varian Eclipse version
15.6 planning system.

2.2. Target Volume Definition

Target volume definition for carbon ion irradiation was performed according to COS-
MIC protocol for the early patients; treatments after 12/2019 were planned according to
ACCO target volume protocol [20,21].

The gross tumor volume (GTV-B) was identified as the contrast-enhancing primary
tumor visible on T1-weighted contrast-enhanced MRI. For cases with nodal involvement,
an additional gross tumor volume (GTV-SIB) containing the involved nodes was delineated.
For each gross tumor volume, clinical target volumes (CTVs) were outlined. The clinical
target volume for the CIRT boost (CTV-B) was created by expanding the GTV-B by 5 mm,
respecting anatomical boundaries. The photon-based clinical target volume (CTV-photons)
encompassed a broader area, including CTV-B, potential pathways of tumor spread, and,
in advanced cases or those with nodal involvement, elective lymph node regions. For the
simultaneous integrated boost (SIB), the clinical target volume (CTV-SIB) was defined as a
5 to 7 mm expansion around GTV-SIB.

Finally, the planning target volume (PTV) was established by adding a 3 mm margin
around each respective CTV.

For patients undergoing reirradiation, the CTV was generated by expanding the GTV
by 5–7 mm while respecting anatomical boundaries. An additional 3 mm margin was then
applied to create the PTV.

2.3. Treatment

CIRT was delivered at the Marburg Ion Beam Therapy Center using active raster scan-
ning with carbon ion beams and 2 to 4 non-coplanar beam angles. Patient positioning was
verified with daily orthogonal X-ray image guidance, and weekly CT-based recalculations
were performed to ensure treatment accuracy.

Photon radiotherapy was administered at the Department of Radiation Oncology,
Marburg University Hospital, using a Varian TrueBeam linear accelerator equipped with a
motorized multileaf collimator (MLC) with a 0.5 cm leaf width. Photon treatments were
delivered using RapidArc IMRT technique, with daily image guidance via cone-beam CT
(CBCT) in the treatment position.

The prescribed dose was normalized to the median of the prescribed dose, and PTVs
were covered by 95–107% of the isodose. Patients treated with CIRT alone received a total
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dose of 45–60 Gy (RBE) in 15–20 fractions. In patients receiving a carbon ion boost (CIRT-B),
18–24 Gy (RBE) was delivered in 6–8 fractions, followed by 50–54 Gy photon VMAT to the
PTV-photons, delivered in daily fractions of 1.8 or 2.0 Gy (see Figure 3). All treatments
were administered five times per week.

Figure 3. Treatment characteristics.

2.4. Pharmacological Treatment

Pharmacological therapy in this study cohort was heterogeneous. Nine patients (11%)
received systemic treatment sequentially after radiation therapy at recurrence, consisting
of either chemotherapy or immunotherapy; no systemic therapy was administered concur-
rently with radiation therapy. Among these, one patient received cisplatin and imatinib,
three patients were treated with axitinib, and one patient each received doxorubicin and cy-
clophosphamide; nivolumab; pembrolizumab; lenvatinib and paclitaxel; or a combination
of cisplatin, doxorubicin, and cyclophosphamide.

Follow-up
Follow-up assessments were conducted every three months during the first three years

after completion of therapy and every six months thereafter. Routine follow-up included
a comprehensive physical examination, endoscopic evaluation, and diagnostic imaging
with CT and/or MRI. At each follow-up visit, a physical examination and endoscopic
evaluation were performed. Cross-sectional imaging (MRI/CT of the primary site and/or
CT of the thorax) was obtained in most follow-up assessments. The use and frequency
of imaging depended on tumor visibility on imaging, clinical findings or symptoms, and
patient consent. Acute and late treatment-related toxicities were assessed according to the
Common Terminology Criteria for Adverse Events (CTCAE), version 4.0.

Statistical Analysis
Overall survival (OS), progression-free survival (PFS), and local control (LC) were

estimated using the Kaplan–Meier method, which was selected to appropriately account
for censored time-to-event data. OS was defined as the time from the start of radiotherapy
to death from any cause or last follow-up. PFS was defined as the time from treatment
initiation to disease progression or death, whichever occurred first. LC was defined as the
time from treatment initiation to local tumor recurrence.

Comparative survival analyses were performed between two clinically relevant
subgroups—patients with and without prior irradiation to the same anatomical region—
using the log-rank test, which was chosen to assess differences in survival distributions
between groups. In addition, univariate analyses of potential prognostic factors, including
age, sex, tumor stage, and resection status, were conducted using the log-rank test to
evaluate their association with OS, PFS, and LC.

All statistical tests were two-sided, and a p-value < 0.05 was considered statistically
significant. Statistical analyses were performed using SPSS software (version 23.0; IBM
Corp., Armonk, NY, USA), R version 4.3.2, and RStudio version 2024.04.2 +764 [22,23].

3. Results
3.1. Patient Characteristics

As shown in Table 1, 73 patients were included in this study, comprising 28 males
(38%) and 45 females (62%), with a median age of 57 years (range: 16–86 years). The median
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follow-up duration was 20 months (range: 3–70 months). During this period, eight patients
(11%) died. Tumor distribution across primary locations was as follows: oral cavity (33%),
parotid gland (23%), paranasal sinus (16%), ear (7%), nasopharynx (5%), and nose (4%).
Tumor staging revealed that 49.3% of patients had T4 tumors, 24.7% had T3 tumors, 9.6%
had T2 tumors, and 8.2% had T1 tumors at initial diagnosis.

Table 1. Patient characteristics.

Category Details

Patient Characteristics

Total Patients 73

Gender Distribution 28 males (38%), 45 females (62%)

Median Age (Range) 57 years (16–86 years)

Median Follow-up Duration (Range) 20 months (3–70 months)

Deaths During Follow-up 8 patients (11%)

Tumor Locations

Oral Cavity 33%

Parotid Gland 23%

Paranasal Sinus 16%

Ear 7%

Nasopharynx 5%

Nose 4%

Treatment Characteristics

Definitive Radiation Therapy 21 patients (29%)

Surgical Tumor Debulking + Radiation 8 patients (11%)

R1 Resection + Radiation 23 patients (32%)

Complete Resection + Radiation 21 patients (29%)

Tumor Stages (T1–T4)

T1 8.20%

T2 9.60%

T3 24.70%

T4 49.30%

Median CIRT Dose (Range) 24 RBE (15–60 Gy), Median Fractions: 8 (5–20 fractions)

Median Photon Therapy (Range) 50 Gy (45–54 Gy), Median Fractions: 25 (15–30 fractions)

Local Control and Survival

Alive at Follow-up 65 patients

Median Local Control 17 months (2–57 months)

Progression within Radiation Field 11 patients, Median Time: 14 months (3–53 months)

Progression out of Field/Distant Metastases 19 patients (26%), Median Time: 16 months (1–49 months)

Locoregional Recurrence-Free Survival 1 Year: 89.6%, 3 Years: 75.4%

Distant Metastasis-Free Survival 1 Year: 82.1%, 3 Years: 61.4%
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Table 1. Cont.

Category Details

Distant Metastasis/Progression

Pre-treatment Distant Metastases 9 patients (12%)

- Lung 5 patients (7%)

- Bone 2 patients (3%)

- Liver 2 patients (3%)

Post-treatment Out-of-Field Metastases 16 patients (22%)

- Lung 11 patients (15%)

- Bone 5 patients (7%)

- Liver 5 patients (7%)

Local Treatment After Progression Radiation Therapy: 9 patients (12%), Surgery: 6 patients (8%)

Radiation Doses for Progression 4 patients: 51 Gy RBE (3 Gy RBE/fraction), 1 patient:
48 Gy RBE (3 Gy RBE/fraction)

3.2. Treatment Characteristics

Of the total cohort, 21 patients (29%) underwent definitive radiation therapy, 8 patients
(11%) received surgical tumor debulking followed by radiation therapy, and 23 patients
(32%) had R1 resections prior to radiotherapy. Complete tumor resection was achieved
before radiation in 21 patients (29%). The median CIRT dose was 24 RBE (range: 15–60 Gy),
delivered in a median of 8 fractions (range: 5–20). For photon-based radiotherapy, the
median dose was 50 Gy (range: 45–54 Gy), administered in a median of 25 fractions
(range: 15–30).

Six patients (8.2%) received prior irradiation therapy in the same region; for
these, a CIRT dose of 51 Gy RBE was delivered in 17 fractions without photon-based
radiation therapy.

3.3. Survival and Disease Progression

At the conclusion of the follow-up period, 65 patients were alive. As shown in Figure 4,
one-year OS rate was 97.1% (95% CI: 93.2–100%), two-year OS rate was 90.7% (95% CI:
83.1–99.0%), and three-year OS rate was 81.2% (95% CI: 68.0–96.9%). PFS had a median of
17 months (range: 2–57 months), with one-year, two-year, and three-year rates of 74.9%,
61.3%, and 56.6%, respectively (Supplementary Information, Figure S1). The median
estimated LC duration following radiation therapy was 17 months (range: 2–57 months)
(Supplementary Information, Figure S2). Tumor progression within the radiation field
was observed in 11 patients, with a median time to progression of 14 months (range:
3–53 months). LC rates were 89.8% at one year and 75.8% at two years. Distant control
rates were 82.3% at one year, 75.8% at two years and 63.2% at three years.

Figure S3 in the Supplementary Information shows the rate of distant metastasis after
radiation treatment. At diagnosis, nine patients (12%) presented with distant metastases,
located in the lungs (five patients, 7%), bones (two patients, 3%), and liver (two patients,
3%). Following treatment, 16 patients (22%) developed out-of-field metastases, including
lung metastases in 11 patients (15%), bone metastases in 5 patients (7%), and liver metastasis
in 5 patients (7%). Therefore, in total 16 patients (53% of all metastases) had lung metastasis,
7 patients (23% of all metastases) bone metastasis, and 7 patients (23% of all metastases)
liver metastasis during the study period. The distant metastases developed after a median
time of 12 months (range 2–67 months).
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(A) 

 
(B) 

Figure 4. Kaplan–Meier estimation of OS after radiotherapy of 73 patients with ACC irradiated with
CIRT. (A) OS independent of prior irradiation. (B) OS depending on reirradiation status.

3.4. Treatment After Disease Progression

Local treatments after disease progression included radiation therapy for nine patients
(12%) and surgery for six patients (8%). Radiation therapy in this context involved CIRT,
with delivered doses including 51 Gy RBE (3 Gy RBE per fraction) for four patients, 48 Gy
RBE (3 Gy RBE per fraction) for one patient, 60 Gy RBE (3 Gy RBE per fraction) for one
patient, and 30 Gy RBE (3 Gy RBE per fraction) for one patient. These treatments were
initiated at a median of 22 months after initial radiation therapy (range: 4–54 months).

3.5. Prognostic Factors for Survival and Local Control

Patients receiving primary radiotherapy (n = 67) demonstrated superior OS compared
to those undergoing reirradiation (n = 6). The one-year and two-year OS rates were 96.8%
and 94.5% for primary irradiation and 80.0% and 60.0% for reirradiation (p = 0.047). One-
year and two-year PFS rates were 77.3% and 64.4% for primary radiation therapy and 50.0%
and 33.0% for reirradiation (p = 0.045). LC was significantly different as well: the one-year
and two-year LC rates were 92.2% and 79.0%, respectively, for primary radiation therapy
and 62.5% and 41.7% for reirradiation (p = 0.059).

Another prognostic factor for PFS was the T status of the tumor: as shown in Figure S4,
patients with T1-T3 tumor status had better PFS than those with T4 tumors (one-year and
two-year PFS 84.1% vs. 64.6% and 79.4% vs. 41.5%, p = 0.0029). Furthermore, LC was
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correlated with T status: one- and two-year LC was 96.7% vs. 81.9% and 87.7% vs. 62.2%,
respectively (p = 0.01).

Resection status, however, did not significantly impact OS in this cohort, as shown in
Figure S5 (p = 0.11).

3.6. Treatment Safety and Tolerance

Table 2 shows that treatment was generally well-tolerated, with mucositis and skin
erythema being the most commonly observed acute side effects. A notable eight patients
(11%) experienced weight loss exceeding 5% of their initial body weight during the treat-
ment course. Nutritional support was required in 26 patients (36%), with 18 patients (25%)
receiving oral nutritional supplements and 8 patients (11%) requiring parenteral nutrition
to manage treatment-related challenges.

Table 2. Absolute number and relative number of acute and late adverse events after radiotherapy of
73 patients with ACC irradiated with CIRT-B combined with VMAT according to common-toxicity
CTCAE V 4.0.

Acute Side Effects Chronic Side Effects
CTCAE grade I II I/II III I II III

Dermatitis [n/%] 27/36.99% 11/15.07% 38/52.06% - 3/4.11%
Mucositis [n/%] 14/19.18% 11/15.07% 25/34.25% - 3/4.11% 2/2.7% 0
Dysphagia [n/%] 20/27.4% 8/10.96% 7/9.59% 2/2.74% 1/1.37%
Dysgeusia [n/%] 7/9.59% -
Dry mouth [n/%] 8/10.96% - 14/19.18% 7/9.59% 1/1.37%

Fatigue [n/%] 2/2.74% - 6/8.22%

Mild chronic side effects according to CTCAE v.4 were observed in several patients.
Dysphagia was reported in 8 patients (11%), fatigue in 4 patients (5%), xerostomia in
22 patients (30%), and lymphedema in 8 patients (11%). Additionally, 17 patients (23%)
experienced dysgeusia, and 1 patient (1%) reported anosmia.

Severe chronic side effects were rare, with only one patient (1%) experiencing grade
3 dysphagia and another patient (1%) reporting grade 3 xerostomia following radiation
therapy. These findings suggest that while mild chronic side effects were relatively frequent,
severe side effects occurred infrequently.

4. Discussion
Although high-LET radiation is more resource-intensive, recent studies suggest that

the combination of IMRT with a carbon ion boost may be cost-effective in selected patient
populations. Jensen and Debus conducted a cost-effectiveness analysis comparing IMRT
plus CIRT to IMRT alone, demonstrating favorable economic metrics when long-term
outcomes and toxicity reduction were considered [24]. While economic analyses remain
limited, such data are essential to inform future reimbursement and policy decisions,
particularly as access to CIRT expands. The results of our study, combined with insights
from recent literature, support the significance of CIRT in the treatment of ACC of the head
and neck—a rare and clinically challenging malignancy characterized by slow growth,
perineural invasion, and a high risk of distant metastases.

Our cohort demonstrated encouraging LC rates, with one-year and two-year LC of
89.8% and 75.8%, respectively. These findings align with previously reported outcomes in
both single- and multicenter trials. Akbaba et al. reported three- and five-year LC rates of
85% and 76%, respectively, in patients with sinonasal ACC treated with IMRT and an active
raster-scanned CIRT boost [25]. Similarly, the Japanese J-CROS 1402HN multicenter study,
which specifically analyzed CIRT in head and neck ACC, found LC rates above 80% at one
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year, supporting the efficacy of this modality [26]. Jensen et al. also demonstrated that the
combination of IMRT and CIRT significantly improved locoregional control (LRC) and OS
in advanced ACC patients, further corroborating our findings [27]. In this context, the term
LRC refers to freedom from recurrence both at the primary site (local) and in the regional
lymph nodes (regional) after treatment. In contrast, LC refers only to control of the disease
at the primary tumor site itself (without considering regional lymph node involvement).

In terms of OS, our study reported one- and three-year OS rates of 97.1% and 81.2%,
respectively, which are comparable to previously published reports that documented
survival rates of approximately 80–85% over similar time intervals (Table 3, [15,25–30]).
These outcomes underline the capacity of CIRT—either alone or in combination with
IMRT—to achieve durable disease control and potentially prolong survival, particularly in
patients with locally advanced or unresectable tumors.

Table 3. Study characteristics of studies with ≥50 patients treated with CIRT alone, IMRT plus CIRT
boost, or proton beam therapy [15,25–31].

Study Details
Patient

Number/Tumor
Burden

Surgery Beam Type OS LC

Evaluation of the safety and
efficacy of carbon ion

radiotherapy for locally advanced
adenoid cystic carcinoma of the

tongue base. Koto et al. 2016 [27]

18 patients, T1–3:
6%, T4: 94%, N0
61%, N1: 33%;

N2b: 6%

NA CIRT 57.6
Gy(RBE)/16 Fx

3-year: 100%,
5-year: 72%

3-year: 100%,
5-year: 92%

Multicenter Study of Carbon-Ion
Radiation Therapy for Adenoid
Cystic Carcinoma of the Head
and Neck: Subanalysis of the
Japan Carbon-Ion Radiation

Oncology Study Group (J-CROS)
Study (1402 HN).

Sulaiman et al. 2018 [26]

289 patients,
T1–3: 29%,

T4: 69%

yes: 19%,
no: 81%

CIRT 64
Gy(RBE)/16 Fx

2-year: 94%,
5-year: 74%

2-year: 88%,
5-year: 68%

Prognostic factors of adenoid
cystic carcinoma of the head and
neck in carbon-ion radiotherapy:

The impact of histological
subtypes. Ikawa et al. 2017 [28]

100 patients,
T1–3: 27%, T4:
61%, N0: 94%,

N1: 5%, N2 1%,
M0: 100%

yes: 15%
no: 85%

CIRT 64 Gy
RBE/16 Fx 5-year: 74.8% 5-year: 68.8%

Impact of Perineural Tumor
Spread in Head and Neck

Adenoid Cystic Carcinoma for
Carbon-Ion Radiotherapy. Musha

et al. 2025 [29]

74 patients,
T1–T3: 31%,

T4; 69%, N0 93%,
N+ 7%, M0: 81%,

M1: 19%

yes: 11%
no: 89%

CIRT 57.6 Gy (RBE)
(28%), 64 Gy (RBE)

(72%)

3-year: 89.4%,
5-year: 79%

3-year: 90.5%,
5-year: 67.6%

Treatment Outcome of
227 Patients with Sinonasal

Adenoid Cystic Carcinoma (ACC)
after Intensity Modulated
Radiotherapy and Active

Raster-Scanning Carbon Ion
Boost: A 10-Year Single-Center

Experience. Cancers (Basel).
Akbaba et al. 2019 [25]

227 patients,
T1–3: 20.7%,

T4: 79.3%, N0
87.7%, N1: 4.4%,

N2: 7.9%, M0:
98.7%, M1: 1.3%

yes: 60%
no: 40%

IMRT 48–56 Gy
(1.8–2 Gy); CIRT
boost 18–24 Gy

(RBE) (3 Gy (RBE))

3-year: 64%
(primary RT),

79%
(postoperative)

3-year: 79%
(primary RT),

82%
(postoperative)
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Table 3. Cont.

Study Details
Patient

Number/Tumor
Burden

Surgery Beam Type OS LC

Combined intensity-modulated
radiotherapy plus raster-scanned

carbon ion boost for advanced
adenoid cystic carcinoma of the

head and neck results in superior
locoregional control and overall
survival. Jensen et al. 2019 [24]

58 patients,
T1–3:10%,

T4 90%, N+: 7%,
M1: 7%; Relapse

therapy 31%,
primary

treatment 69%

yes: 69%
no: 31%

IMRT+CIRT boost;
Prescription 72 Gy

(RBE)

3-year: 89.6%,
5-year: 76.5%

3-year: 83.7%,
5-year: 42.2%

Long-Term Outcomes Following
Definitive or Adjuvant Proton

Radiotherapy for Adenoid Cystic
Carcinoma. Augustin et al.

2024 [30]

56 patients, T1–3:
37.5%, T4: 62.5%

yes: 84%
no: 16%

Proton beam
therapy 72.6 Gy

(RBE), accelerated
hyperfractionated
1.2 Gy (RBE) bid

5-year: 78% 5-year LRC 88%

Proton Therapy for Head/Neck
Adenoid Cystic Carcinoma.

Youssef et al. 2024 [31]

128 patients,
Adjuvant: T1–3:

63%, T4: 37%,
N0: 86%, N+:
19%, M14%

Definitive T1–3:
13%, T4: 87%,
N0: 84%, N+:
16%, M1: 39%

Yes: 28%
no: 72%

Adjuvant 66 Gy
(RBE), Definitive

70 Gy (RBE)

Adjuvant:
2-year: 92%
4-year: 90%

Definitive:
2-year: 87%
4-year: 54%

Adjuvant:
2-year: 96%
4-year: 91%

Definitive:
2-year: 90%
4-year: 82%

Despite these favorable locoregional results, distant metastases continue to represent
the predominant mode of treatment failure. In our cohort, 22% of patients developed new
distant metastases following therapy, with the lungs being the most common site, followed
by the liver and bones. This emphasizes the importance of thoracic CT for follow-up. These
patterns are consistent with those reported by Akbaba et al., Sulaiman et al., and Jensen
et al., who also observed high rates of distant progression despite excellent LC [25,26].
The persistence of distant failure highlights the systemic nature of ACC and underscores
the need for integrated treatment strategies. CIRT effectively addresses locoregional dis-
ease, which is the leading cause of symptoms, while systemic metastases often follow
an indolent course, making initial locoregional treatment essential. However, achieving
locoregional control does not mitigate the risk of hematogenous dissemination, which
remains a significant threat to long-term survival.

Consequently, the potential benefit of combining CIRT with systemic therapies—such
as chemotherapy, targeted agents (e.g., tyrosine kinase inhibitors), or immune checkpoint
inhibitors—warrants further investigation. Recent studies have focused on targeted thera-
pies and immuno-oncologic approaches because of the limited efficacy of chemotherapy
and immune checkpoint inhibitors. However, to date, no standardized treatment has been
established for this rare, slow-growing, yet ultimately fatal disease [32]. In our study, only
11% of patients received systemic therapy after the diagnosis of recurrence, and outcomes in
this subgroup were not analyzed separately due to the small sample size and treatment het-
erogeneity. Nonetheless, integrating CIRT with systemic therapies represents a promising
strategy to mitigate the burden of distant relapse, particularly in high-risk patients.

Our analysis also identified key prognostic factors. Notably, tumor stage significantly
influenced both LC and PFS. Patients with T1–T3 tumors demonstrated superior outcomes
compared to those with T4 tumors (PFS at 1 and 2 years: 84.1% vs. 64.6% and 79.4%
vs. 41.5%, p = 0.0029), consistent with the literature [25,26,33,34]. The same trend was
observed for LC, highlighting the adverse prognostic impact of advanced primary tumor

https://doi.org/10.3390/cancers18050753

https://doi.org/10.3390/cancers18050753


Cancers 2026, 18, 753 13 of 17

extent. These findings reinforce the importance of early diagnosis and timely initiation
of radiotherapy.

Interestingly, resection status did not significantly impact OS in our cohort (p = 0.11).
This observation aligns with the study by Lloyd et al., which analyzed 2286 cases of
surgically treated head and neck ACC and found that complete resection alone did not
significantly improve overall or cause-specific survival [35]. Instead, factors such as tumor
extent (distant metastasis, lymph node involvement, higher T classification) and older age
were more strongly associated with poor outcomes. These data support the role of adjuvant
radiotherapy—even in R0-resected patients—as an integral component of ACC treatment,
particularly when delivered using high-LET radiation.

From a safety perspective, our data confirm the favorable toxicity profile of CIRT.
Acute toxicities, including mucositis and dermatitis, were common but manageable. Severe
late toxicities (CTCAE grade ≥3) were rare, with only 1% of patients experiencing grade
3 dysphagia or xerostomia. The majority of chronic side effects were mild to moderate,
including fatigue, lymphedema, and xerostomia. These findings are in line with previ-
ous studies demonstrating low rates of severe toxicity with raster-scanned carbon ion
therapy [33,34,36]. The high conformality of dose distribution and steep dose gradients
afforded by CIRT likely contribute to the reduction in toxicity, particularly in anatomically
complex regions such as the skull base, orbit, or nasopharynx.

Long-term experiences from centers such as Heidelberg [34] have provided additional
reassurance regarding the safety and durability of CIRT in ACC patients, with consistently
high LC rates and low toxicity over more than 15 years of follow-up [34]. The biological
rationale for using carbon ions—high linear energy transfer (LET), increased RBE, and lower
oxygen enhancement ratio (OER)—further supports their application in radioresistant
tumors like ACC [37]. The combination of IMRT and CIRT represents a rational and
technically feasible strategy to maximize LC while minimizing adverse effects.

Nevertheless, this study has several limitations. First, the retrospective design is
inherently prone to selection and reporting biases. Second, the relatively short median
follow-up (20 months) limits conclusions about long-term survival and late toxicity. Third,
the heterogeneity of the cohort—including variability in surgical status, prior irradiation,
and systemic therapy—may confound the interpretation of clinical outcomes. Fourth,
although the number of patients treated with CIRT is relatively high for this rare tumor, it
may nonetheless be inadequate to statistically discriminate the impact of factors such as
resection margin status. Fifth, due to the limited number of centers capable of delivering
CIRT, this study was conducted at a single institution, which may introduce center-specific
bias and limit the generalizability of the results. Despite these limitations, the present study
contributes important real-world data on the feasibility, safety, and effectiveness of CIRT in
a contemporary cohort of head and neck ACC patients.

Looking ahead, prospective trials are essential to refine patient selection, treatment
protocols, and follow-up strategies. Ongoing trials such as ACCO (evaluating carbon ion
monotherapy) and ETOILE (comparing carbon ion therapy to conventional radiotherapy)
will provide critical evidence to guide future clinical practice [20,21,38]. Moreover, transla-
tional research into molecular predictors of metastasis and response to CIRT could facilitate
personalized treatment strategies. The integration of CIRT with systemic agents—including
novel immunotherapies or targeted treatments—may ultimately improve outcomes for
patients at high risk of systemic progression.
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5. Conclusions
In this retrospective analysis, CIRT administered alone or in combination with pho-

ton-based IMRT was associated with favorable LC and acceptable toxicity in patients with
head and neck adenoid cystic carcinoma, including those with locally advanced, recurrent,
or unresectable disease. The dual-beam approach combining carbon ions with photon
radiotherapy may represent a clinically pragmatic strategy that integrates the biological
properties of carbon ions with established photon-based techniques. However, given the
retrospective design and the absence of comparative and health-economic analyses, no
definitive conclusions regarding relative efficacy or cost-effectiveness can be drawn.

Tumor stage and prior irradiation were identified as significant prognostic factors,
supporting individualized, risk-adapted treatment strategies. Despite satisfactory LC,
dis-tant metastases remain a predominant pattern of failure. Prospective studies are war-
ranted to confirm these findings and to further evaluate long-term outcomes, optimal
therapy sequencing, comparative effectiveness, and economic aspects of carbon ion-based
treatment approaches.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/cancers18050753/s1. Figure S1. Kaplan–Meier estima-
tion of progression-free survival after radiotherapy of 73 patients with ACC irradiated with CIRT
combined with VMAT or IMRT. (A) PFS independent of reirradiation status. (B) PFS depending
on reirradiation status. Figure S2. Kaplan–Meier estimation of local control after radiotherapy of
73 patients with ACC irradiated with CIRT combined with VMAT or IMRT. (A) LC independent of
reirradiation status. (B) LC depending on reirradiation status. Figure S3. Kaplan–Meier estimation
of distant metastasis after radiotherapy of 73 patients with ACC irradiated with CIRT combined
with VMAT or IMRT. Figure S4. Kaplan–Meier estimation of local control depending on T4 status.
Figure S5. Kaplan–Meier estimation of local control depending on resection status.
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Abbreviations

ACC Adenoid cystic carcinoma
C12 Carbon ion
CIRT Carbon ion radiotherapy
CBCT Cone beam computed tomography
CI Confidence interval
CTV Clinical target volume
CTCAE Common terminology criteria for adverse events
CTV-photon Clinical target volume for photon IMRT
CTV-B Clinical target volume for CIRT boost
CTV-SIB Clinical target volume—simultaneous integrated boost
CT Computed tomography
Gy Gray
GTV Gross tumor volume
GTV-LN Gross tumor volume—pathological lymph nodes
GTV-SIB Gross tumor volume—simultaneous integrated boost
GTV-B Gross tumor volume—boost
GTV-A Contrast enhanced primary tumor in MRI
iMAR Iterative metal artifact reduction
LC Local control
MRI Magnetic resonance imaging
OS Overall survival
PEG Percutaneous endoscopic gastrostomy
PTV Planning target volume
PFS Progression-free survival
RBE Relative biological effectiveness
VMAT Volumetric modulated arc therapy

References
1. Coca-Pelaz, A.; Rodrigo, J.P.; Bradley, P.J.; Vander Poorten, V.; Triantafyllou, A.; Hunt, J.L.; Strojan, P.; Rinaldo, A.; Haigentz, M.;

Takes, R.P.; et al. Adenoid cystic carcinoma of the head and neck—An update. Oral Oncol. 2015, 51, 652–661. [CrossRef]
2. Ellington, C.L.; Goodman, M.; Kono, S.A.; Grist, W.; Wadsworth, T.; Chen, A.Y.; Owonikoko, T.; Ramalingam, S.; Shin, D.M.;

Khuri, F.R.; et al. Adenoid cystic carcinoma of the head and neck: Incidence and survival trends based on 1973–2007 Surveillance,
Epidemiology, and End Results data. Cancer 2012, 118, 4444–4451. [CrossRef]

3. Chae, Y.K.; Chung, S.Y.; Davis, A.A.; Carneiro, B.A.; Chandra, S.; Kaplan, J.; Kalyan, A.; Giles, F.J. Adenoid cystic carcinoma:
Current therapy and potential therapeutic advances based on genomic profiling. Oncotarget 2015, 6, 37117–37134. [CrossRef]
[PubMed]

4. Bonaparte, J.P.; Hart, R.; Trites, J.; Taylor, M.S. Incidence of adenoid cystic carcinoma in nova scotia: 30-year population-based
epidemiologic study. J. Otolaryngol. Head. Neck Surg. 2008, 37, 642–648. [PubMed]

5. Nachtsheim, L.; Mayer, M.; Meyer, M.F.; Oesterling, F.; Kajueter, H.; Arolt, C.; Quaas, A.; Klussmann, J.P.; Wolber, P. Incidence and
clinical outcome of primary carcinomas of the major salivary glands: 10-year data from a population-based state cancer registry
in Germany. J. Cancer Res. Clin. Oncol. 2023, 149, 3811–3821. [CrossRef] [PubMed]

6. Dillon, P.M.; Chakraborty, S.; Moskaluk, C.A.; Joshi, P.J.; Thomas, C.Y. Adenoid cystic carcinoma: A review of recent advances,
molecular targets, and clinical trials. Head. Neck 2016, 38, 620–627. [CrossRef]

7. Saleh, E.; Ukwas, A. Adenoid Cystic Carcinoma of Salivary Glands: A Ten-Year Review and an Assessment of the Current
Management, Surgery, Radiotherapy, and Chemotherapy. Int. J. Otolaryngol. 2023, 2023, 7401458. [CrossRef]

8. Atallah, S.; Casiraghi, O.; Fakhry, N.; Wassef, M.; Uro-Coste, E.; Espitalier, F.; Sudaka, A.; Kaminsky, M.C.; Dakpe, S.; Digue, L.;
et al. A prospective multicentre REFCOR study of 470 cases of head and neck Adenoid cystic carcinoma: Epidemiology and
prognostic factors. Eur. J. Cancer 2020, 130, 241–249. [CrossRef]

9. Gasne, C.; Atallah, S.; Dauzier, E.; Thariat, J.; Fakhry, N.; Verillaud, B.; Classe, M.; Vergez, S.; Moya-Plana, A.; Costes-Martineau,
V.; et al. Twelve years after: The french national network on rare head and neck tumours (REFCOR). Oral Oncol. 2024, 151, 106762.
[CrossRef]

10. Spiro, R.H. Distant metastasis in adenoid cystic carcinoma of salivary origin. Am. J. Surg. 1997, 174, 495–498. [CrossRef]

https://doi.org/10.3390/cancers18050753

https://doi.org/10.1016/j.oraloncology.2015.04.005
https://doi.org/10.1002/cncr.27408
https://doi.org/10.18632/oncotarget.5076
https://www.ncbi.nlm.nih.gov/pubmed/26359351
https://www.ncbi.nlm.nih.gov/pubmed/19128670
https://doi.org/10.1007/s00432-022-04278-6
https://www.ncbi.nlm.nih.gov/pubmed/35994118
https://doi.org/10.1002/hed.23925
https://doi.org/10.1155/2023/7401458
https://doi.org/10.1016/j.ejca.2020.01.023
https://doi.org/10.1016/j.oraloncology.2024.106762
https://doi.org/10.1016/S0002-9610(97)00153-0
https://doi.org/10.3390/cancers18050753


Cancers 2026, 18, 753 16 of 17

11. Martínez-Rodríguez, N.; Leco-Berrocal, I.; Rubio-Alonso, L.; Arias-Irimia, O.; Martínez-González, J.-M. Epidemiology and
treatment of adenoid cystic carcinoma of the minor salivary glands: A meta-analytic study. Med. Oral Patol. Oral Cir. Bucal 2011,
16, e884-9. [CrossRef] [PubMed]

12. Atallah, S.; Marc, M.; Schernberg, A.; Huguet, F.; Wagner, I.; Mäkitie, A.; Baujat, B. Beyond Surgical Treatment in Adenoid Cystic
Carcinoma of the Head and Neck: A Literature Review. Cancer Manag. Res. 2022, 14, 1879–1890. [CrossRef] [PubMed]

13. Xiao, R.; Sethi, R.K.V.; Feng, A.L.; Fontanarosa, J.B.; Deschler, D.G. The role of elective neck dissection in patients with adenoid
cystic carcinoma of the head and neck. Laryngoscope 2019, 129, 2094–2104. [CrossRef] [PubMed]

14. Ning, C.; Zhao, T.; Wang, Z.; Li, D.; Kou, Y.; Huang, S. Cervical lymph node metastases in salivary gland adenoid cystic carcinoma:
A systematic review and meta-analysis. Cancer Manag. Res. 2018, 10, 1677–1685. [CrossRef]

15. Rohit, A.; Bates, J.E.; Frank, S.J.; Musha, A.; Ohno, T.; Holtzman, A.; Lester, S.; McGee, L. A systematic review of particle-based
treatment modalities for adenoid cystic carcinomas of the head and neck. Radiother. Oncol. 2025, 212, 111115. [CrossRef]

16. Fokas, E.; Kraft, G.; An, H.; Engenhart-Cabillic, R. Ion beam radiobiology and cancer: Time to update ourselves. Biochim. Biophys.
Acta 2009, 1796, 216–229. [CrossRef]

17. Jensen, A.D. Particle Therapy: Protons and Heavy Ions. Adv. Otorhinolaryngol. 2020, 84, 87–105. [CrossRef]
18. Liu, H.; Chang, J.Y. Proton therapy in clinical practice. Chin. J. Cancer 2011, 30, 315–326. [CrossRef]
19. Bragg, W.H.; Kleeman, R. On the ionization curves of radium. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1904, 8, 726–738. [CrossRef]
20. Lang, K.; Adeberg, S.; Harrabi, S.; Held, T.; Kieser, M.; Debus, J.; Herfarth, K. Adenoid cystic Carcinoma and Carbon ion Only

irradiation (ACCO): Study protocol for a prospective, open, randomized, two-armed, phase II study. BMC Cancer 2021, 21, 812.
[CrossRef]

21. Jensen, A.D.; Nikoghosyan, A.V.; Lossner, K.; Haberer, T.; Jäkel, O.; Münter, M.W.; Debus, J. COSMIC: A Regimen of Intensity
Modulated Radiation Therapy Plus Dose-Escalated, Raster-Scanned Carbon Ion Boost for Malignant Salivary Gland Tumors:
Results of the Prospective Phase 2 Trial. Int. J. Radiat. Oncol. Biol. Phys. 2015, 93, 37–46. [CrossRef] [PubMed]

22. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,
Austria, 2023.

23. Posit team. RStudio: Integrated Development Environment for R; Posit Software; PBC: Boston, MA, USA, 2024.
24. Jensen, A.D.; Debus, J. Cost-effectiveness analysis (CEA) of IMRT plus C12 boost vs IMRT only in adenoid cystic carcinoma

(ACC) of the head and neck. Radiat. Oncol. 2019, 14, 194. [CrossRef] [PubMed]
25. Akbaba, S.; Ahmed, D.; Mock, A.; Held, T.; Bahadir, S.; Lang, K.; Syed, M.; Hoerner-Rieber, J.; Forster, T.; Federspil, P.; et al.

Treatment Outcome of 227 Patients with Sinonasal Adenoid Cystic Carcinoma (ACC) after Intensity Modulated Radiotherapy
and Active Raster-Scanning Carbon Ion Boost: A 10-Year Single-Center Experience. Cancers 2019, 11, 1705. [CrossRef] [PubMed]

26. Sulaiman, N.S.; Demizu, Y.; Koto, M.; Saitoh, J.-I.; Suefuji, H.; Tsuji, H.; Ohno, T.; Shioyama, Y.; Okimoto, T.; Daimon, T.; et al.
Multicenter Study of Carbon-Ion Radiation Therapy for Adenoid Cystic Carcinoma of the Head and Neck: Subanalysis of the
Japan Carbon-Ion Radiation Oncology Study Group (J-CROS) Study (1402 HN). Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 639–646.
[CrossRef]

27. Koto, M.; Hasegawa, A.; Takagi, R.; Ikawa, H.; Naganawa, K.; Mizoe, J.E.; Jingu, K.; Tsujii, H.; Tsuji, H.; Kamada, T.; et al.
Evaluation of the safety and efficacy of carbon ion radiotherapy for locally advanced adenoid cystic carcinoma of the tongue base.
Head Neck 2016, 38, E2122–E2126. [CrossRef]

28. Ikawa, H.; Koto, M.; Takagi, R.; Ebner, D.K.; Hasegawa, A.; Naganawa, K.; Takenouchi, T.; Nagao, T.; Nomura, T.; Shi-bahara, T.;
et al. Prognostic factors of adenoid cystic carcinoma of the head and neck in carbon-ion radiotherapy: The impact of histological
subtypes. Radiother. Oncol. 2017, 123, 387–393. [CrossRef]

29. Musha, A.; Kubo, N.; Kawamura, H.; Okano, N.; Onishi, M.; Ohtaka, T.; Tamura, M.; Nikkuni, O.; Tomidokoro, Y.; Yokoo, S.; et al.
Impact of perineural tumor spread in head and neck adenoid cystic carcinoma for car-bon-ion radiotherapy. Clin. Transl. Radiat.
Oncol. 2025, 52, 100928. [CrossRef]

30. Augustin, E.; Holtzman, A.L.; Dagan, R.; Bryant, C.M.; Indelicato, D.J.; Morris, C.G.; Deraniyagala, R.L.; Fernandes, R.P.;
Bunnell, A.M.; Nedrud, S.M.; et al. Long-Term Outcomes Following Definitive or Adjuvant Proton Radi-otherapy for Adenoid
Cystic Carcinoma. Int. J. Part. Ther. 2024, 11, 100008. [CrossRef]

31. Youssef, D.; Kallini, N.; Mohamed, J.J.; Yoon, K.; Zakeri, A.; Shamseddine, Y.; Yu, L.; Chen, D.; Gelblum, S.; McBride, N.; et al.
Proton Therapy for Head/Neck Adenoid Cystic Carcinoma (ACC). Int. J. Radiat. Oncol. Biol. Phys. 2024, 120, e806. [CrossRef]

32. Galot, R.; Machiels, J.H. State of the art and future directions in the treatment of metastatic adenoid cystic carcinoma. Curr. Opin.
Oncol. 2025, 38, 17–24. [CrossRef]

33. Jensen, A.D.; Nikoghosyan, A.V.; Poulakis, M.; Höss, A.; Haberer, T.; Jäkel, O.; Münter, M.W.; Schulz-Ertner, D.; Huber, P.E.; Debus,
J. Combined intensity-modulated radiotherapy plus raster-scanned carbon ion boost for advanced adenoid cystic carcinoma of
the head and neck results in superior locoregional control and overall survival. Cancer 2015, 121, 3001–3009. [CrossRef]

https://doi.org/10.3390/cancers18050753

https://doi.org/10.4317/medoral.17200
https://www.ncbi.nlm.nih.gov/pubmed/21743416
https://doi.org/10.2147/CMAR.S355663
https://www.ncbi.nlm.nih.gov/pubmed/35693117
https://doi.org/10.1002/lary.27814
https://www.ncbi.nlm.nih.gov/pubmed/30667061
https://doi.org/10.2147/CMAR.S164677
https://doi.org/10.1016/j.radonc.2025.111115
https://doi.org/10.1016/j.bbcan.2009.07.005
https://doi.org/10.1159/000457929
https://doi.org/10.5732/cjc.010.10529
https://doi.org/10.1080/14786440409463246
https://doi.org/10.1186/s12885-021-08473-5
https://doi.org/10.1016/j.ijrobp.2015.05.013
https://www.ncbi.nlm.nih.gov/pubmed/26279022
https://doi.org/10.1186/s13014-019-1395-9
https://www.ncbi.nlm.nih.gov/pubmed/31694720
https://doi.org/10.3390/cancers11111705
https://www.ncbi.nlm.nih.gov/pubmed/31683896
https://doi.org/10.1016/j.ijrobp.2017.11.010
https://doi.org/10.1002/hed.24397
https://doi.org/10.1016/j.radonc.2017.04.026
https://doi.org/10.1016/j.ctro.2025.100928
https://doi.org/10.1016/j.ijpt.2024.100008
https://doi.org/10.1016/j.ijrobp.2024.07.1770
https://doi.org/10.1097/CCO.0000000000001204
https://doi.org/10.1002/cncr.29443
https://doi.org/10.3390/cancers18050753


Cancers 2026, 18, 753 17 of 17

34. Jensen, A.D.; Poulakis, M.; Nikoghosyan, A.V.; Welzel, T.; Uhl, M.; Federspil, P.A.; Freier, K.; Krauss, J.; Höss, A.; Haberer, T.; et al.
High-LET radiotherapy for adenoid cystic carcinoma of the head and neck: 15 years’ experience with raster-scanned carbon ion
therapy. Radiother. Oncol. 2016, 118, 272–280. [CrossRef]

35. Lloyd, S.; Yu, J.B.; Wilson, L.D.; Decker, R.H. Determinants and patterns of survival in adenoid cystic carcinoma of the head and
neck, including an analysis of adjuvant radiation therapy. Am. J. Clin. Oncol. 2011, 34, 76–81. [CrossRef]

36. Loap, P.; Vischioni, B.; Bonora, M.; Ingargiola, R.; Ronchi, S.; Vitolo, V.; Barcellini, A.; Goanta, L.; de Marzi, L.; Dendale, R.; et al.
Biological Rationale and Clinical Evidence of Carbon Ion Radiation Therapy for Adenoid Cystic Carcinoma: A Narrative Review.
Front. Oncol. 2021, 11, 789079. [CrossRef]

37. Debus, J.; Engenhart-Cabillic, R.; Kraft, G.; Wannenmacher, M. The role of high-LET radiotherapy compared to conformal photon
radiotherapy in adenoid cystic carcinoma. Strahlenther. Onkol. 1999, 175, 63–65. [CrossRef]

38. Balosso, J.; Febvey-Combes, O.; Iung, A.; Lozano, H.; Alloh, A.S.; Cornu, C.; Hervé, M.; Akkal, Z.; Lièvre, M.; Plattner, V.; et al.
A randomized controlled phase III study comparing hadrontherapy with carbon ions versus conventional radiotherapy-including
photon and proton therapy-for the treatment of radioresistant tumors: The ETOILE trial. BMC Cancer 2022, 22, 575. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18050753

https://doi.org/10.1016/j.radonc.2015.05.010
https://doi.org/10.1097/COC.0b013e3181d26d45
https://doi.org/10.3389/fonc.2021.789079
https://doi.org/10.1007/BF03038891
https://doi.org/10.1186/s12885-022-09564-7
https://doi.org/10.3390/cancers18050753

	Introduction 
	Methods and Materials 
	Treatment Planning and Simulation 
	Target Volume Definition 
	Treatment 
	Pharmacological Treatment 

	Results 
	Patient Characteristics 
	Treatment Characteristics 
	Survival and Disease Progression 
	Treatment After Disease Progression 
	Prognostic Factors for Survival and Local Control 
	Treatment Safety and Tolerance 

	Discussion 
	Conclusions 
	References

