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Abstract: (1) Background: The authors present the first results of active raster-scanned carbon
ion radiotherapy (CIRT) for radioresistant laryngeal malignancies regarding efficacy and toxicity.
(2) Methods: 15 patients with laryngeal adenoid cystic carcinoma (ACC; n = 8; 53.3%) or
chondrosarcoma (CS; n = 7; 46.7%) who underwent radiotherapy with carbon ions (C12) at the
Heidelberg Ion Beam Therapy Center (HIT) between 2013 and 2018 were identified retrospectively
and analyzed for local control (LC), overall survival (OS), and distant progression-free survival
using the Kaplan—-Meier method. CIRT was applied either alone (n = 7, 46.7%) or in combination
with intensity modulated radiotherapy (IMRT) (1 = 8, 53.3%). The toxicity was assessed according
to the Common Toxicity Terminology Criteria for Adverse Events (CTCAE) v4.03. (3). Results:
the median follow-up was 24 months (range 5-61 months). Overall, the therapy was tolerated very
well. No grade >3 acute and chronic toxicity could be identified. The most reported acute grade 3 side
effects were acute dysphagia (n = 2; 13%) and acute odynophagia (n = 3; 20%), making supportive
nutrition via gastric tube (n = 2; 13.3%) and via high caloric drinks (1 = 1; 6.7%) necessary due to
swallowing problems (n = 4; 27%). Overall, chronic grade 3 toxicity in the form of chronic hoarseness
occurred in 7% of the patients (n = 1; 7%). At the last follow-up, all the patients were alive. No local
or locoregional recurrence could be identified. Only one patient with laryngeal ACC developed lung
metastases three years after the first diagnosis. (4) Conclusions: the accelerated hypofractionated
active raster-scanned carbon ion radiotherapy for radioresistant laryngeal malignancies is feasible in
practice with excellent local control rates and moderate acute and late toxicity. Further follow-ups are
necessary to evaluate the long-term clinical outcome.
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1. Introduction

In recent years, more aggressive therapy regimes in the treatment of head and neck cancers (HNC)
were established to achieve improved tumor control and prolonged survival, with the consequence of high
toxicity rates due to the close proximity of organs at risk and increased doses applied [1-3]. Thus, a great
number of HNC patients suffer from impaired functional outcome and quality of life after therapy [4-9].
Contrary to other tumors of the head and neck region, for laryngeal tumors, dose escalations, even
with modern radiotherapy techniques—e.g., adapted intensity-modulated radiotherapy (IMRT)—seem
to be limited by various critical structures and, consequently, the results in severe acute and chronic
toxicity concerning airway obstruction, swallowing difficulties, and hoarseness [10-12]. To achieve
an accurate dose escalation and, at the same time, a sufficient preservation of the organs at risk to
minimize the treatment-related side effects, the use of carbon ions (C12) in the treatment of HNC
represents a valuable alternative. Especially for mucosal melanoma, chordoma, chondrosarcoma,
and adenoid cystic carcinoma of the head and neck, as well as for tumors with the skull base infiltration,
e.g., advanced nasopharyngeal or sinonasal malignancies. Carbon ion radiotherapy (CIRT) shows
promising results with improved local control rates and less toxicity compared to other modern
radiotherapy techniques [9,13-20]. Prospective studies and long-term results for CIRT already exist for
multiple entities [15,21]. However, the data for laryngeal carcinoma are missing to date. The aim of this
analysis is to demonstrate the first results of CIRT alone or in combination with intensity modulated
radiotherapy (IMRT) in a primary or postoperative setting as a further therapy option in the cancer
treatment of the head and neck region, regarding the efficacy and toxicity for laryngeal malignancies.

2. Results

2.1. Survival Analysis

The median follow-up was 24 months (range: 5-61 months). At the last follow-up, all patients
were still alive (n = 15, 100%). No local or locoregional recurrence could be identified. The total
laryngectomy was applied in one patient before radiotherapy (6.7%). Thus, in all other patients,
we could provide organ-sparing (1 = 14/15, 93%). Complete remission (CR) could be detected in three
patients (20%), partial remission (PR) in five patients (33.3%), and stable disease (SD) in seven patients
(46.7%). Before radiotherapy, the tracheostomy was obligatory for severe airway obstruction in 33.3%
of the cases (n = 5). At the follow-up, these patients were no longer dependent on a tracheostoma due
to a good tumor response. Lung metastases occurred three years after the first diagnosis (DC at last
follow-up of 93%) in only one patient (with laryngeal adenoid cystic carcinoma (ACC)), who received
bimodal radiotherapy (RT.)

2.2. Acute Toxicity

Treatment was well tolerated by the patients without any severe treatment-related side effects
(Table 1, Figure 1). No grade 4 and 5 acute toxicity occurred. Grade 3 acute toxicity was reported
in only four patients (26.7%). Acute grade 3 dysphagia could be identified in two cases (13.3%) and
odynophagia in three cases (20%). Overall, 33.3% of the patients suffered from acute grade 1 (1 = 5) and
40% from acute grade 2 toxicity (n = 6). The most identified acute grade 1/2 toxicities were dysphagia
(n =9; 60%), odynophagia (n = 9; 60%), dermatitis (1 = 9; 60%), hoarseness (n = 8; 53.3%), xerostomia
(n = 8; 53.3%), and mucositis (n = 6; 40%). Acute grade 1 alopecia was detected in five cases (33.3%)
and dry cough in two cases (13.3%). Acute toxicity was equally distributed between CIRT alone and
bimodal RT with IMRT and C12 boost. Supportive nutrition via a gastric tube was obligatory in two
patients (13.3%) and via high caloric drinks in one patient (6.7%).
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Table 1. An overview of the acute and chronic toxicities.
Characteristic Acute Toxicity, No. (%) Chronic Toxicity, No. (%)
(1 = 15) C12 Alone IMRT + C12 Total C12 Alone IMRT + C12 Total
"= =7 (n=8) (n =15) n="7) (n =8) (n =15)
overall toxicity
grade 1 3 (43) 2 (25) 5 (33) 2 (29) 3 (38) 5(33)
grade 2 2(29) 4 (50) 6 (40) 2 (29) 1(13) 3(20)
grade 3 2(29) 2 (25) 4(27) 1(14) 0 1(7)
grade 4 0 0 0 0 0 0
dysphagia
grade 1 3 (43) 3(38) 6 (40) 3 (43) 0 n=3(20)
grade 2 1(14) 2 (25) 3 (20) 1(14) 0 n=1(7)
grade 3 1(14) 1(13) 2 (13) 0 0 0
odynophagia
grade 1 4 (57) 3 (38) 7 (53) 0 0 0
grade 2 1(14) 1(13) 2 (13) 0 0 0
grade 3 2(29) 1(13) 3 (20) 0 0 0
mucositis
grade 1 2 (29) 0 2 (13) 0 0 0
grade 2 1(14) 3 (38) 2 (13) 0 0 0
dermatitis
grade 1 3 (43) 338() 6 (40) 0 0 0
grade 2 0 3 (38) 3 (20) 0 0 0
xerostomia
grade 1 3 (43) 4 (50) 7 (53) 5(71) 3(38) 8 (53)
grade 2 1(14) 0 1(7) 0 3(38) 3(20)
hoarseness
grade 1 2(29) 3 (38) 5 (33) 2 (29) 3(38) 5(33)
grade 2 2 (29) 1(13) 3 (20) 2 (29) 1(13) 3(20)
grade 3 0 0 0 1(14) 0 1(7)
fatigue
grade 1 0 2 (25) 2 (13) 2 (29) 1(13) 3(20)
grade 2 4 (57) 0 4(27) 1(14) 0 1(7)
grade 3 0 1(13) 1(7) 0 0 0
dysgeusia
grade 1 0 2 (25) 2 (13) 1(14) 1(13) 2 (13)
grade 2 0 2 (25) 2 (13) 0 0 0
alopecia
grade 1 3 (43) 2 (25) 5 (33) 0 0 0
dry cough
grade 1 1(14) 1(13) 2 (13) 0 0 0

Abbreviations: C12 = carbon ions, IMRT = intensity-modulated RT.
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Figure 1. The distribution of CTCAE (Common Toxicity Criteria for Adverse Events) acute and chronic
toxicity regarding C12 (carbon ions) alone vs. bimodal RT (radiotherapy) vs. overall. No grade >3
acute and late adverse side effects occurred. Overall, the chronic grade 3 toxicity was low (7%).

2.3. Chronic Toxicity

Chronic toxicity was rare. No chronic grade 4 and 5 toxicity could be identified. A chronic
grade 3 toxicity in the form of hoarseness occurred 12 months post RT in only one patient (6.7%) with
chondrosarcoma who received CIRT alone with doses up to 60 Gy (relative biological effectiveness
(RBE))/3 Gy (RBE). Chronic grade 1 toxicity could be observed in 33% (n = 5) and grade 2 toxicity
in 20% (n = 3) of the patients. Chronic grade 1 toxicity in the form of xerostomia (n = 8; 53.3%) and
hoarseness (1 = 5; 33.3%) dominated. Chronic grade 2 hoarseness was reported by three patients
(20%), xerostomia by three patients (20%), and dysphagia by one patient (6.7%). According to the
chronic toxicity, no relevant differences between CIRT alone and bimodal RT could be assessed. At the
last follow-up, acute odynophagia, dermatitis, alopecia, and dry cough resolved in all the patients.
No patient was dependent on supportive nutrition 12 months after therapy.

3. Discussion

The median follow-up was 24 months. At the last follow-up, no cases of local relapse or death
appeared. Thus, the CIRT for laryngeal malignancies seemed to be feasible with excellent local control
(LC) rates and OS despite limitations in the patient number, short follow-ups, and the retrospective
character of the current study. Lung metastases occurred three years after therapy in only one
patient with ACC. Larynx-preservation could be achieved in all patients who had not received prior
laryngectomy before RT.

Treatment was tolerated well without any severe grade 4 or 5 acute and late side effects. Although
a longer follow-up was needed to make a clear statement, late treatment-related side effects remained
low. Thus, only one patient (7%) reported a chronic grade 3 toxicity in the form of hoarseness. We could
not identify the major differences between CIRT alone and bimodal RT in the small study cohort.
Both methods seem equally safe regarding toxicity.
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In a systematic research of the literature including the PubMed, Embase, and Cochrane Library
databases, we could identify only a few retrospective analyses reporting the HNC patients who were
treated with carbon ions [22-27]. Furthermore, we could not identify any cases of CIRT applied in
laryngeal malignancies. Thus, the current study will be the first series reporting on CIRT either in
combination with IMRT or alone for laryngeal malignancies.

Dose-escalated radiotherapy with active raster-scanned carbon ions and intensity-modulated
radiotherapy is an advanced method in the treatment of radioresistant tumors [14,15,28]. Long-term
results regarding the use of bimodal RT with C12 for head and neck cancer show promising results
in the LC and toxicity compared with photon radiotherapy [14,21,29]. Even for patients with head
and neck tumors who received a local re-irradiation with C12, moderate toxicity was observed [22].
According to clinical outcomes, the recent data from the Heidelberg Ion Beam Therapy Center (HIT)
showed a significantly higher local control and OS rate for radioresistant tumors treated with bimodal
RT [15,21,29]. Jensen et al. described superior LC, progression-free survival (PFS), and OS for bimodal
RT compared to IMRT for locally advanced ACC of the head and neck with a 5-year LC, PFS, and OS
of 59.6%, 48.4%, and 76.5% vs. 39.9%, 27%, and 58.7% [14]. Uhl et al. reported about a 5-year LC and
OS of 88% and 96.1% for chondrosarcome (CS) of the skull base treated with bimodal RT [28]. In recent
years, these results could even be strengthened by prospective studies [15,16]. It is known that for
head and neck cancer, the plan quality often suffers from inter-fractional anatomical changes possibly
affecting the clinical outcome. Therefore, a cone beam CT for position correction was conducted
routinely under RT. A re-planning was necessary due to position uncertainty in none of the cases.

Higher prescribed doses to optimize tumor control for laryngeal malignancies are associated with
increased swallowing dysfunction, stricture, and feeding tube dependence. These functional disorders
correlate with the radiotherapy dose and the volume of surrounding irradiated tissue. Thus, an increase
of the irradiated pharyngeal constrictor muscle volume >30% which receive >70 Gy lead to higher
swallowing dysfunction and an irradiated pharyngeal constrictor muscle volume >50%, which receive
more than 65 Gy to a higher aspiration rate [30-32]. Dysphagia especially occurs when the radiation
exposure to the superior and middle pharyngeal constrictors exceeds 55 Gy and increases with every
10 Gy [33]. Carbon ions as heavy particles are known for achieving excellent dose conformity in
deep-seated tumors with higher relative biological effectiveness compared with protons or photons
and a maximum preservation of the surrounding tissue due to its biological and physical advantages.
Therefore, C12 could be a notable strategy for lessening the treatment morbidity in the radiotherapy of
laryngeal malignancies while reducing the dose and volume of normal tissue irradiated.

It is difficult to compare our results with other carbon ion experiences for head and neck cancers
because of the missing data for laryngeal malignancies, different tumor sites, and various dose
calculation models for CIRT reported in the current literature. Nevertheless, several authors describe
similar toxicity rates for CIRT in the head and neck regions with insignificant high-grade acute and
chronic side effects [13-16,18-21,28,29,34]. The long-term results for bimodal RT for the ACC of
the head and neck by Jensen et al. and for the CS of the skull base by Uhl et al. strengthen our
findings with reports of similar side effects for this therapy regime [21,28]. Compared with photon
radiotherapy, CIRT tends to decrease the toxicity [13]. Prospective studies comparing both therapy
alternatives for head and neck cancers are still missing. Data regarding IMRT for the head and neck
cancer showed a superior dose conformity and improved preservation of organs at risk with decreased
toxicity rates compared with 3D-radiotherapy [35-40]. Nevertheless, in the hypopharynx and larynx
region, IMRT can lead to severe acute and chronic side effects due to the proximity of several organs at
risk [11,12,41-43]. In a meta-analysis of three prospective randomized Radiation Therapy Oncology
Group (RTOG) studies, Machtay et al. identified the larynx and hypopharynx as independent negative
prognostic factors for severe late side effects after concurrent chemoradiotherapy with IMRT [12].
The most described late side effects were laryngoesophageal dysfunction with swallowing problems
and aspiration, laryngoesophageal stricture, and dysphagia. Thus, Ward et al. reported on a 5-year
occurrence of severe dysphagia in 27% of the patients who were treated by chemoradiotherapy with
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IMRT for locally advanced stage laryngeal tumors [41]. Caudell et al. and Chen et al. described a
high rate of severe laryngoesophageal dysfunction after chemoradiotherapy for locally advanced
stage hypopharyngeal and laryngeal tumors [42,43]. It is known that concurrent chemotherapy in
combination with radiotherapy led to an increased toxicity compared with radiotherapy alone [11].
Thus, a direct comparison of these studies with the current study (CIRT without concurrent systemic
therapy) is difficult. However, Forastiere et al. showed in an RTOG trial 91-11 the severe toxicity rates
for the larynx and the pharynx/esophagus even after larynx-preserving IMRT without concurrent
chemotherapy, with 49% grade 3, 10% grade 4, and 0.6% grade 5 toxicity for patients who received
radiotherapy alone [11]. In comparison, in the current analysis, no laryngoesophageal dysfunction or
stricture could be identified for CIRT. Although altered fractionation regimes like hypofractionated
IMRT results in significantly higher toxicity rates, accelerated hypofractionated CIRT seems to be a
safe therapy alternative without any severe late effects [43—45]. For further evaluation, long-term
follow-ups are necessary.

4. Materials and Methods

Medical records of fifteen patients who received CIRT either alone or in combination at the
Heidelberg Ion Beam Therapy Center (HIT) and the Department of Radiation and Oncology of the
University Hospital Heidelberg were identified and analyzed retrospectively. The study was conducted
in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of the University Hospital Heidelberg (5-421/2015).

Before radiotherapy;, a clinical examination, the Eastern Cooperative Oncology Group (ECOG)
performance status, as well as preserving symptoms, were assessed in all patients by an
otorhinolaryngologist. Endoscopy, computed tomography (CT), and magnetic resonance imaging
(MRI) were performed to determine the tumor, nodal, and metastasis stage according to the 8th edition
of the Union for International Cancer Control (UICC) TNM classification guidelines.

4.1. Treatment Planning

Treatment planning was performed based on a non-contrast CT scan with a slice thickness of
3 mm in the irradiation position. For immobilization, an individual thermoplastic head mask with a
shoulder fixation was used. Target delineation based on a contrast-enhanced CT or MRI was performed
for image correlation (SyngoVia, VB20, 2017, Siemens, Erlangen, Germany). The gross tumor volume
(GTV) was defined as the delineated primary tumor. CTV1 (clinical target volume 1) involved the
macroscopic tumor with a safety margin of 5 mm including areas of possible microscopic spread for
definite radiotherapy or the whole larynx for postoperative radiotherapy. In case of ACC histology,
CTV2 for the lymphatic drainage was delineated. The planning target volume (PTV) included the CTV
with a safety margin of 3-5 mm. Chondrosarcomas were irradiated with carbon ions only (1 = 7; 47%)
up to 60 Gy (RBE, relative biological effectiveness) in 3 Gy (RBE) single dose fractions. Tumors of
ACC histology (1 = 8; 53%) received bimodal RT with IMRT doses of 50 Gy to 54 Gy in 2 Gy single
dose fractions to the CTV2 and a carbon ion boost to the CTV1 with 18 Gy (RBE) to 24 Gy (RBE) in
3 Gy (RBE) single dose fractions. CTV2 received at least 90% and CTV1 received at least 95% of the
prescription isodose. CIRT was applied in 5-6 fractions per week at the Heidelberg Ion Beam Therapy
Center (HIT) or at the Marburg Ion Beam Therapy Center (MIT) with active raster-scanning and daily
position correction. IMRT was applied in 5 fractions per week with a daily portal image guidance
and weekly performed MV-CT scans for position correction. Dose constraints to the constrictor
muscles and to the esophageal constrictor were defined as low as reasonably available. Doses for
the spinal cord were limited to 45 Gy (EQD2). A treatment plan showing active raster-scanned
radiotherapy alone for a patient with chondrosarcoma of the left vocal cord is depicted in Figure 2.
For improved comparability, the equivalent dose in 2 Gy per fraction was calculated using the formula
EQD2 =D x ((d+ «/P)/(2 + o/ p)) (D = total dose in Gy; d = fraction dose in Gy; ot/ 3 =2).
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Figure 2. The active raster-scanned carbon ion radiotherapy (CIRT) alone in a patient with
chondrosarcoma of the left vocal cord. CIRT was applied with two beams at 60 Gy (relative biological
effectiveness, RBE) in 3 Gy (RBE) per fraction. (A) Axial dose distribution; (B) coronal dose distribution;
(C) sagittal dose distribution; (D) dose-volume histogram: gross tumor volume (GTV) is demonstrated
in green color, clinical target volume (CTV) in orange, CTV including a 5 mm safety margin in blue,
the tracheoesophageal junction in pink, and the submandibular salivary gland in brown color.

4.2. Follow-up

Follow-up was initiated 6 weeks after the completion of radiotherapy, every three months during
the first two years, every six months during the third year and, subsequently, once a year after the
MRI treatment. A clinical examination was performed every six weeks within the first two years after
treatment and then every 3 months. Once a year, a CT scan of the lungs was performed to exclude
distant metastases. The tumor response was captured according to the Response Evaluation Criteria in
Solid Tumors (RECIST) [46]. Complete response (CR) was defined as a disappearance of the tumor in
response to the treatment, partial response (PR) as a decrease of the tumor size by >30% in response
to the treatment, and stable disease (SD) when the tumor size neither decreased nor increased by
>20% after the treatment. Acute and late toxicity was assessed according to the Common Toxicity
Terminology Criteria for Adverse Events (CTCAE) v4.03.

4.3. Analysis

Statistical analyses were performed with IBM SPSS Statistics version 24 (International Business
Machines Corporation, Armonk, NY, USA) using the Kaplan-Meier method for survival analysis.
OS, LC rate, and treatment-related acute (up to 3 months after treatment), as well as chronic toxicity
(>3 months after treatment), were analyzed. Local control was assessed from the day of commencement
of RT to the day of local progressive disease (PD). OS was considered as the time period between the
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first diagnosis and last follow-up or death. DC was assessed from the day of therapy commencement
to distant tumor progression.

4.4. Patient, Disease, and Treatment Characteristics

Fifteen patients with a laryngeal malignancy treated with CIRT at our department were identified
using the National Center for Tumor Disease (NCT) cancer registry. Patient, disease, and treatment
characteristics are shown in Table 2. The primary tumor types were ACC in 53.3% (n = 8) and CS
in 46.7% (n = 7) of the patients. The most common tumor sites were the supraglottic (n = 7; 46.7%)
and the glottic larynx (n = 7; 46.7%). In only one case was the tumor located in the subglottic larynx
(6.7%). Initial symptoms at the time of the first diagnosis were hoarseness (1 = 7; 46.7%), dyspnea
(n =5; 33.3%) and dysphagia (n = 3; 20%). The majority of the tumors were locally advanced with the
T3 stage having been reached by two patients (13.3%), the T4a stage by six patients (40%), and the
T4b stage by two patients (13.3%). At the time of the first diagnosis, no patient showed lymph node
involvement (NO) or distant metastases (M0). According to the grading, three patients could not be
staged for grading (20%), five patients were staged G1 (33.3%), three patients were G2 (20%), and four
patients were G3 (26.7%). According to the patient and disease characteristics, no significant differences
between CIRT alone and bimodal RT could be detected.

Table 2. The patient, disease, and treatment characteristics.

Characteristic C12 Alone, n=7 C12+IMRT, n =8 Total, n =15
No. (%) No. (%) No. (%)
median age 61 years (55-73 years) 58 years (21-68 years) 61 years (21-73 years)
median follow-up 22 months (9-48 months) 24 months (8-61 months) 24 months (8—61 months)
gender
male 3(43) 4 (50) 7 (47)
female 4(57) 4 (50) 8 (53)
WHO performance status
0 4 (57) 450 () 8 (53)
1 3(43) 3 (38) 6 (40)
2 0 1(12) 1(7)
tumor type
ACC 0 8 (100) 8 (53)
CS 7 (100) 0 7 (47)
tumor site
glottic larynx 2 (29) 4 (50) 7 (47)
subglottic larynx 1(14) 0 1(7)
supraglottic larynx 4 (57) 4 (50) 7 (47)
initial T stage
T1 2 (29) 1(12) 3(20)
T2 1(14) 1(12) 2 (13)
T3 2 (29) 0 2 (13)
T4a 1(14) 5 (63) 6 (40)
T4b 1(14) 1(12) 2 (13)
initial N stage
NO 7 (100) 8 (100) 15 (100)
N+ 0 0 0
initial M stage
M1 7 (100) 8 (100) 15 (100)
MO 0 0 0
treatment
RT only 3 (43) 6 (75) 9 (60)
postop. RT 4 (57) 2 (25) 6 (40)
total laryngectomy 0 1(12) 1(7)
laser surgical resection 4 (57) 1(12) 5(33)
concomitant cetuximab 0 1(12) 1(7)
median EQD2 in Gy 75 Gy (75-75 Gy) 76.25 Gy (72.5-80 Gy) 75 Gy (72.5-80 Gy)

Abbreviations: C12 = carbon ions, IMRT = intensity-modulated RT, WHO = World Health Organization,
ACC = adenoid cystic carcinoma, CS = chondrosarcoma, TNM stage = tumor, nodal, metastasis stage,
RT = radiotherapy, postop. = postoperative, EQD2 = equivalent dose to 2 Gy.
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Radiotherapy was applied postoperatively in six cases (40%) and definitely in nine cases (60%).
Overall, one patient received laryngectomy (overall 6.7%) and five patients received a larynx-sparing
laser surgical partial tumor resection (overall 33.3%) before radiotherapy. Negative resection margins
could be achieved in only one patient with a total laryngectomy (6.7%), R1 in another patient (6.7%)
and R2 in four patients (26.7%). Functional neck dissection was applied in three patients (20%).
Only one patient with laryngeal ACC received concomitant cetuximab 75 mg/m? weekly (6.7%);
7 cycles. The majority of the patients who received prior surgery were treated with CIRT alone
(57%; n = 4). Overall, 53.3% of the patients received CIRT in combination with IMRT (n = 8) and 46.7%
received CIRT alone (1 = 7). The prescribed doses were 50 Gy in a 2 Gy single dose fraction for IMRT
and 18 Gy (RBE) (n = 4; 26.7%) or 24 Gy (RBE) (n = 4; 26.7%) in a 3 Gy (RBE) single dose fraction
for the C12 boost and 60 Gy (RBE) in a 3 Gy (RBE) single dose fraction for CIRT alone. The median
EQD2 (equivalent dose to 2 Gy ) was 75 Gy for all patients (range: 72.5-80 Gy). The median PTV
volume prescribed on the primary tumor was 110 cc (range: 59-150 cc) for C12 alone and 500 cc (range:
387-731 cc) for the bimodal RT with a median boost volume of 118 cc (62-138 cc) for the C12 boost.
The median follow-up was 24 months (range: 8-61 months).

5. Conclusions

Accelerated hypofractionated active raster-scanned carbon ions radiotherapy for laryngeal
malignancies seemed to be feasible and safe in practice with excellent local control rates and moderate
side effects. Especially for radioresistant tumors of the head and neck, carbon ions seem to be an
effective method for dose escalation. Further follow-ups are necessary to evaluate the long-term
clinical outcome.

Author Contributions: Conceptualization, S.A. (Sati Akbaba) and S.A. (Sebastian Adeberg); Data curation, S.A.
(Sati Akbaba); Formal analysis, S.A. (Sati Akbaba); Methodology, S.A. (Sati Akbaba) and S.A. (Sebastian Adeberg);
Supervision, S.A. (Sati Akbaba), S.R.,, KH., J.D. and S.A. (Sebastian Adeberg); Writing—original draft, S.A.
(Sati Akbaba); Writing-review & editing, S.A. (Sati Akbaba), K.L., TH., O.C.B.,, MM., M.U,, A].,, PP, SR,
K.H.,, ]J.D. and S.A. (Sebastian Adeberg).

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Budach, W.; Hehr, T.; Budach, V,; Belka, C.; Dietz, K. A meta-analysis of hyperfractionated and accelerated
radiotherapy and combined chemotherapy and radiotherapy regimens in unresected locally advanced
squamous cell carcinoma of the head and neck. BMC Cancer 2006, 6, 28. [CrossRef] [PubMed]

2. Bourhis, J.; Overgaard, J.; Audry, H.; Ang, K K.; Saunders, M.; Bernier, ].; Horiot, ].C.; Le Maitre, A.; Pajak, T.E;
Poulsen, M.G.; et al. Hyperfractionated or accelerated radiotherapy in head and neck cancer: A meta-analysis.
Lancet 2006, 368, 843-854. [CrossRef]

3. Pignon, ].P; Le Maitre, A.; Maillard, E.; Bourhis, J.; Group, M.-N.C. Meta-analysis of chemotherapy in head
and neck cancer (MACH-NC): An update on 93 randomised trials and 17,346 patients. Radiother. Oncol. 2009,
92, 4-14. [CrossRef] [PubMed]

4. Duke, RL.; Campbell, B.H.; Indresano, A.T.; Eaton, D.]J.; Marbella, A.M.; Myers, K.B.; Layde, PM. Dental
status and quality of life in long-term head and neck cancer survivors. Laryngoscope 2005, 115, 678—683.
[CrossRef] [PubMed]

5. Hammerlid, E.; Silander, E.; Hornestam, L.; Sullivan, M. Health-related quality of life three years after
diagnosis of head and neck cancer—A longitudinal study. Head Neck 2001, 23, 113-125. [CrossRef]

6. Jensen, A.B.; Hansen, O.; Jorgensen, K.; Bastholt, L. Influence of late side-effects upon daily life after
radiotherapy for laryngeal and pharyngeal cancer. Acta Oncol. 1994, 33, 487-491. [CrossRef] [PubMed]

7. Langendijk, J.A.; Doornaert, P.; Verdonck-de Leeuw, .M.; Leemans, C.R.; Aaronson, N.K.; Slotman, B.J.
Impact of late treatment-related toxicity on quality of life among patients with head and neck cancer treated
with radiotherapy. J. Clin. Oncol. 2008, 26, 3770-3776. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/1471-2407-6-28
http://www.ncbi.nlm.nih.gov/pubmed/16448551
http://dx.doi.org/10.1016/S0140-6736(06)69121-6
http://dx.doi.org/10.1016/j.radonc.2009.04.014
http://www.ncbi.nlm.nih.gov/pubmed/19446902
http://dx.doi.org/10.1097/01.mlg.0000161354.28073.bc
http://www.ncbi.nlm.nih.gov/pubmed/15805880
http://dx.doi.org/10.1002/1097-0347(200102)23:2&lt;113::AID-HED1006&gt;3.0.CO;2-W
http://dx.doi.org/10.3109/02841869409083923
http://www.ncbi.nlm.nih.gov/pubmed/7917360
http://dx.doi.org/10.1200/JCO.2007.14.6647
http://www.ncbi.nlm.nih.gov/pubmed/18669465

Cancers 2018, 10, 388 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

List, M.A; Bilir, S.P. Functional outcomes in head and neck cancer. Semin. Radiat. Oncol. 2004, 14, 178-189.
[CrossRef] [PubMed]

Durante, M.; Loeffler, ].S. Charged particles in radiation oncology. Nat. Rev. Clin. Oncol. 2010, 7, 37-43.
[CrossRef] [PubMed]

Christianen, MLE.; Langendijk, J.A.; Westerlaan, H.E.; Van de Water, T.A_; Bijl, H.P. Delineation of organs
at risk involved in swallowing for radiotherapy treatment planning. Radiother. Oncol. 2011, 101, 394—402.
[CrossRef] [PubMed]

Forastiere, A.A.; Zhang, Q.; Weber, R.S.; Maor, M.H.; Goepfert, H.; Pajak, T.F.; Morrison, W.; Glisson, B.;
Trotti, A.; Ridge, J.A.; et al. Long-term results of RTOG 91-11: A comparison of three nonsurgical treatment
strategies to preserve the larynx in patients with locally advanced larynx cancer. J. Clin. Oncol. 2013, 31,
845-852. [CrossRef] [PubMed]

Machtay, M.; Moughan, J.; Trotti, A.; Garden, A.S.; Weber, R.S.; Cooper, ].S.; Forastiere, A.; Ang, K.K. Factors
associated with severe late toxicity after concurrent chemoradiation for locally advanced head and neck
cancer: An RTOG analysis. J. Clin. Oncol. 2008, 26, 3582-3589. [CrossRef] [PubMed]

Ramaekers, B.L.; Pijls-Johannesma, M.; Joore, M.A.; Van den Ende, P; Langendijk, J.A.; Lambin, P;
Kessels, A.G.; Grutters, J.P. Systematic review and meta-analysis of radiotherapy in various head and
neck cancers: comparing photons, carbon-ions and protons. Cancer Treat. Rev. 2011, 37, 185-201. [CrossRef]
[PubMed]

Jensen, A.D.; Nikoghosyan, A.V.; Poulakis, M.; Hoss, A.; Haberer, T.; Jakel, O.; Munter, M.W,;
Schulz-Ertner, D.; Huber, PE.; 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] [PubMed]

Jensen, A.D.; Nikoghosyan, A.V.; Lossner, K.; Haberer, T.; Jakel, O.; Munter, 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. ]. Radiat. Oncol.
Biol. Phys. 2015, 93, 37-46. [CrossRef] [PubMed]

Mizoe, ] .E.; Hasegawa, A.; Jingu, K; Takagi, R.; Bessyo, H.; Morikawa, T.; Tonoki, M.; Tsuji, H.; Kamada, T.;
Tsujii, H.; et al. Results of carbon ion radiotherapy for head and neck cancer. Radiother. Oncol. 2012,
103, 32-37. [CrossRef] [PubMed]

Morimoto, K.; Demizu, Y.; Hashimoto, N.; Mima, M.; Terashima, K.; Fujii, O.; Otsuki, N.; Murakami, M.;
Fuwa, N.; Nibu, K. Particle radiotherapy using protons or carbon ions for unresectable locally advanced
head and neck cancers with skull base invasion. Jpn. J. Clin. Oncol. 2014, 44, 428-434. [CrossRef] [PubMed]
Jensen, A.D.; Nikoghosyan, A.V.; Ecker, S.; Ellerbrock, M.; Debus, J.; Munter, M.W. Carbon ion therapy
for advanced sinonasal malignancies: feasibility and acute toxicity. Radiat. Oncol. 2011, 6, 30. [CrossRef]
[PubMed]

Schulz-Ertner, D.; Karger, C.P; Feuerhake, A.; Nikoghosyan, A.; Combs, S.E.; Jakel, O.; Edler, L.; Scholz, M.;
Debus, J. Effectiveness of carbon ion radiotherapy in the treatment of skull-base chordomas. Int. J. Radiat.
Oncol. Biol. Phys. 2007, 68, 449-457. [CrossRef] [PubMed]

Schulz-Ertner, D.; Nikoghosyan, A.; Hof, H.; Didinger, B.; Combs, S.E.; Jakel, O.; Karger, C.P,; Edler, L.;
Debus, J. Carbon ion radiotherapy of skull base chondrosarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2007, 67,
171-177. [CrossRef] [PubMed]

Jensen, A.D.; Poulakis, M.; Nikoghosyan, A.V.; Welzel, T.; Uhl, M.; Federspil, P.A.; Freier, K.; Krauss, J.;
Hoss, 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]
[PubMed]

Jensen, A.D.; Poulakis, M.; Nikoghosyan, A.V.; Chaudhri, N.; Uhl, M.; Munter, M.W.; Herfarth, K.K.; Debus, J.
Re-irradiation of adenoid cystic carcinoma: Analysis and evaluation of outcome in 52 consecutive patients
treated with raster-scanned carbon ion therapy. Radiother. Oncol. 2015, 114, 182-188. [CrossRef] [PubMed]
Uhl, M.; Welzel, T.; Oelmann, J.; Habl, G.; Hauswald, H.; Jensen, A.; Ellerbrock, M.; Debus, J.; Herfarth, K.
Active raster scanning with carbon ions: Reirradiation in patients with recurrent skull base chordomas and
chondrosarcomas. Strahlenther. Onkol. 2014, 190, 686—691. [CrossRef] [PubMed]


http://dx.doi.org/10.1053/j.semradonc.2003.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15095263
http://dx.doi.org/10.1038/nrclinonc.2009.183
http://www.ncbi.nlm.nih.gov/pubmed/19949433
http://dx.doi.org/10.1016/j.radonc.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21664711
http://dx.doi.org/10.1200/JCO.2012.43.6097
http://www.ncbi.nlm.nih.gov/pubmed/23182993
http://dx.doi.org/10.1200/JCO.2007.14.8841
http://www.ncbi.nlm.nih.gov/pubmed/18559875
http://dx.doi.org/10.1016/j.ctrv.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20817407
http://dx.doi.org/10.1002/cncr.29443
http://www.ncbi.nlm.nih.gov/pubmed/26043145
http://dx.doi.org/10.1016/j.ijrobp.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26279022
http://dx.doi.org/10.1016/j.radonc.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22321201
http://dx.doi.org/10.1093/jjco/hyu010
http://www.ncbi.nlm.nih.gov/pubmed/24620027
http://dx.doi.org/10.1186/1748-717X-6-30
http://www.ncbi.nlm.nih.gov/pubmed/21466696
http://dx.doi.org/10.1016/j.ijrobp.2006.12.059
http://www.ncbi.nlm.nih.gov/pubmed/17363188
http://dx.doi.org/10.1016/j.ijrobp.2006.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17056193
http://dx.doi.org/10.1016/j.radonc.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26164774
http://dx.doi.org/10.1016/j.radonc.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25640299
http://dx.doi.org/10.1007/s00066-014-0608-2
http://www.ncbi.nlm.nih.gov/pubmed/24663287

Cancers 2018, 10, 388 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Koto, M.; Demizu, Y.; Saitoh, J.I.; Suefuji, H.; Tsuji, H.; Okimoto, T.; Ohno, T.; Shioyama, Y.; Takagi, R.;
Nemoto, K.; et al. Multicenter Study of Carbon-Ion Radiation Therapy for Mucosal Melanoma of the Head
and Neck: Subanalysis of the Japan Carbon-Ion Radiation Oncology Study Group (J-CROS) Study (1402 HN).
Int. ]. Radiat. Oncol. Biol. Phys. 2017, 97, 1054-1060. [CrossRef] [PubMed]

Saitoh, J.I.; Koto, M.; Demizu, Y.; Suefuji, H.; Ohno, T.; Tsuji, H.; Okimoto, T.; Shioyama, Y.; Nemoto, K;
Nakano, T.; et al. A Multicenter Study of Carbon-Ion Radiation Therapy for Head and Neck Adenocarcinoma.
Int. ]. Radiat. Oncol. Biol. Phys. 2017, 99, 442-449. [CrossRef] [PubMed]

Shirai, K.; Saitoh, J.I; Musha, A.; Abe, T.; Kobayashi, D.; Takahashi, T.; Tamaki, T.; Kawamura, H.;
Takayasu, Y.; Shino, M.; et al. Prospective observational study of carbon-ion radiotherapy for non-squamous
cell carcinoma of the head and neck. Cancer Sci. 2017, 108, 2039-2044. [CrossRef] [PubMed]

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. ]. Radiat. Oncol. Biol. Phys. 2018, 100, 639-646. [CrossRef] [PubMed]

Uhl, M.; Mattke, M.; Welzel, T.; Oelmann, J.; Habl, G.; Jensen, A.D.; Ellerbrock, M.; Haberer, T.; Herfarth, K.K.;
Debus, J. High control rate in patients with chondrosarcoma of the skull base after carbon ion therapy: First
report of long-term results. Cancer 2014, 120, 1579-1585. [CrossRef] [PubMed]

Munter, M.W.; Schulz-Ertner, D.; Hof, H.; Nikoghosyan, A.; Jensen, A.; Nill, S.; Huber, P.; Debus, J.
Inverse planned stereotactic intensity modulated radiotherapy (IMRT) in the treatment of incompletely and
completely resected adenoid cystic carcinomas of the head and neck: Initial clinical results and toxicity of
treatment. Radiat. Oncol. 2006, 1, 17. [CrossRef] [PubMed]

Christianen, M.E.; Schilstra, C.; Beetz, I.; Muijs, C.T.; Chouvalova, O.; Burlage, ER.; Doornaert, P.; Koken, PW.,;
Leemans, C.R.; Rinkel, RN.; et al. Predictive modelling for swallowing dysfunction after primary
(chemo)radiation: Results of a prospective observational study. Radiother. Oncol. 2012, 105, 107-114.
[CrossRef] [PubMed]

Feng, EY,; Kim, HM.; Lyden, T.H.; Haxer, M.].; Worden, EP.; Feng, M.; Moyer, ].S.; Prince, M.E.; Carey, TE.;
Wolf, G.T,; et al. Intensity-modulated chemoradiotherapy aiming to reduce dysphagia in patients with
oropharyngeal cancer: Clinical and functional results. J. Clin. Oncol. 2010, 28, 2732-2738. [CrossRef]
[PubMed]

Levendag, P.C.; Teguh, D.N.; Voet, P.; Van der Est, H.; Noever, I.; De Kruijf, W.]J.; Kolkman-Deurloo, I.K;
Prevost, J.B.; Poll, J.; Schmitz, P.IL; et al. Dysphagia disorders in patients with cancer of the oropharynx
are significantly affected by the radiation therapy dose to the superior and middle constrictor muscle:
A dose-effect relationship. Radiother. Oncol. 2007, 85, 64-73. [CrossRef] [PubMed]

Eisbruch, A.; Schwartz, M.; Rasch, C.; Vineberg, K.; Damen, E.; Van As, C.J.; Marsh, R.; Pameijer, FA;
Balm, A.]J. Dysphagia and aspiration after chemoradiotherapy for head-and-neck cancer: which anatomic
structures are affected and can they be spared by IMRT? Int. ]. Radiat. Oncol. Biol. Phys. 2004, 60, 1425-1439.
[CrossRef] [PubMed]

Jensen, A.D.; Nikoghosyan, A.V.; Ecker, S.; Ellerbrock, M.; Debus, J.; Herfarth, K.K.; Munter, M.W.
Raster-scanned carbon ion therapy for malignant salivary gland tumors: Acute toxicity and initial treatment
response. Radiat. Oncol. 2011, 6, 149. [CrossRef] [PubMed]

Bhide, S.A.; Newbold, K.L.; Harrington, K.J.; Nutting, C.M. Clinical evaluation of intensity-modulated
radiotherapy for head and neck cancers. Br. ]. Radiol. 2012, 85, 487-494. [CrossRef] [PubMed]

Thariat, J.; Bolle, S.; Demizu, Y.; Marcy, P.Y.; Hu, Y.; Santini, J.; Bourhis, J.; Pommier, P. New techniques
in radiation therapy for head and neck cancer: IMRT, CyberKnife, protons, and carbon ions. Improved
effectiveness and safety? Impact on survival? Anticancer Drugs 2011, 22, 596-606. [CrossRef] [PubMed]
Spiotto, M.T.; Weichselbaum, R.R. Comparison of 3D confromal radiotherapy and intensity modulated
radiotherapy with or without simultaneous integrated boost during concurrent chemoradiation for locally
advanced head and neck cancers. PLoS ONE 2014, 9, €94456. [CrossRef] [PubMed]

Pauloski, B.R.; Rademaker, A.W.; Logemann, J.A.; Discekici-Harris, M.; Mittal, B.B. Comparison of
swallowing function after intensity-modulated radiation therapy and conventional radiotherapy for head
and neck cancer. Head Neck 2015, 37, 1575-1582. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ijrobp.2016.12.028
http://www.ncbi.nlm.nih.gov/pubmed/28332989
http://dx.doi.org/10.1016/j.ijrobp.2017.04.032
http://www.ncbi.nlm.nih.gov/pubmed/28871995
http://dx.doi.org/10.1111/cas.13325
http://www.ncbi.nlm.nih.gov/pubmed/28730646
http://dx.doi.org/10.1016/j.ijrobp.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29413278
http://dx.doi.org/10.1002/cncr.28606
http://www.ncbi.nlm.nih.gov/pubmed/24500784
http://dx.doi.org/10.1186/1748-717X-1-17
http://www.ncbi.nlm.nih.gov/pubmed/16756669
http://dx.doi.org/10.1016/j.radonc.2011.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21907437
http://dx.doi.org/10.1200/JCO.2009.24.6199
http://www.ncbi.nlm.nih.gov/pubmed/20421546
http://dx.doi.org/10.1016/j.radonc.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17714815
http://dx.doi.org/10.1016/j.ijrobp.2004.05.050
http://www.ncbi.nlm.nih.gov/pubmed/15590174
http://dx.doi.org/10.1186/1748-717X-6-149
http://www.ncbi.nlm.nih.gov/pubmed/22046954
http://dx.doi.org/10.1259/bjr/85942136
http://www.ncbi.nlm.nih.gov/pubmed/22556403
http://dx.doi.org/10.1097/CAD.0b013e328340fd2b
http://www.ncbi.nlm.nih.gov/pubmed/21051993
http://dx.doi.org/10.1371/journal.pone.0094456
http://www.ncbi.nlm.nih.gov/pubmed/24714187
http://dx.doi.org/10.1002/hed.23796
http://www.ncbi.nlm.nih.gov/pubmed/24909649

Cancers 2018, 10, 388 12 of 12

39.

40.

41.

42.

43.

44.

45.

46.

Batth, S.S.; Caudell, ].J.; Chen, A.M. Practical considerations in reducing swallowing dysfunction following
concurrent chemoradiotherapy with intensity-modulated radiotherapy for head and neck cancer. Head Neck
2014, 36, 291-298. [CrossRef] [PubMed]

Al-Mamgani, A.; Mehilal, R.; Van Rooij, P.H.; Tans, L.; Sewnaik, A.; Levendag, P.C. Toxicity, quality of life,
and functional outcomes of 176 hypopharyngeal cancer patients treated by (chemo)radiation: the impact of
treatment modality and radiation technique. Laryngoscope 2012, 122, 1789-1795. [CrossRef] [PubMed]
Ward, M.C.; Adelstein, D.J.; Bhateja, P.; Nwizu, T.I; Scharpf, J.; Houston, N.; Lamarre, E.D.; Lorenz, R.;
Burkey, B.B.; Greskovich, ].F,; et al. Severe late dysphagia and cause of death after concurrent chemoradiation
for larynx cancer in patients eligible for RTOG 91-11. Oral Oncol. 2016, 57, 21-26. [CrossRef] [PubMed]
Caudell, ].J.; Carroll, W.R.; Spencer, S.A.; Bonner, ].A. Examination of laryngoesophageal dysfunction-free
survival as an endpoint in nonsurgical treatment of squamous cell carcinomas of the larynx and hypopharynx.
Cancer 2011, 117, 4447-4451. [CrossRef] [PubMed]

Chen, A.M.; Hsu, S.; Meshman, J.; Chin, R.; Beron, P.; Abemayor, E.; St John, M. Effect of daily fraction size
on laryngoesophageal dysfunction after chemoradiation for squamous cell carcinomas of the larynx and
hypopharynx. Head Neck 2017, 39, 1322-1326. [CrossRef] [PubMed]

Thames, H.D.,, Jr.; Withers, H.R.; Peters, L.J.; Fletcher, G.H. Changes in early and late radiation responses
with altered dose fractionation: implications for dose-survival relationships. Int. . Radiat. Oncol. Biol. Phys.
1982, 8, 219-226. [CrossRef]

Thames, H.D.; Bentzen, S.M.; Turesson, I.; Overgaard, M.; Van den Bogaert, W. Fractionation parameters for
human tissues and tumors. Int. J. Radiat. Biol. 1989, 56, 701-710. [CrossRef] [PubMed]

Therasse, P.; Arbuck, S.G.; Eisenhauer, E.A.; Wanders, J.; Kaplan, R.S.; Rubinstein, L.; Verweij, J.;
Van Glabbeke, M.; Van Oosterom, A.T.; Christian, M.C.; et al. New guidelines to evaluate the response to
treatment in solid tumors. J. Natl. Cancer Inst. 2000, 92, 205-216. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1002/hed.23246
http://www.ncbi.nlm.nih.gov/pubmed/23508721
http://dx.doi.org/10.1002/lary.23387
http://www.ncbi.nlm.nih.gov/pubmed/22833307
http://dx.doi.org/10.1016/j.oraloncology.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27208840
http://dx.doi.org/10.1002/cncr.26066
http://www.ncbi.nlm.nih.gov/pubmed/21437891
http://dx.doi.org/10.1002/hed.24757
http://www.ncbi.nlm.nih.gov/pubmed/28301066
http://dx.doi.org/10.1016/0360-3016(82)90517-X
http://dx.doi.org/10.1080/09553008914551931
http://www.ncbi.nlm.nih.gov/pubmed/2573666
http://dx.doi.org/10.1093/jnci/92.3.205
http://www.ncbi.nlm.nih.gov/pubmed/10655437
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Survival Analysis 
	Acute Toxicity 
	Chronic Toxicity 

	Discussion 
	Materials and Methods 
	Treatment Planning 
	Follow-up 
	Analysis 
	Patient, Disease, and Treatment Characteristics 

	Conclusions 
	References

