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Simple Summary: Tumors of the nasal cavity and paranasal sinus are rare. Most are discovered at a
locally advanced stage and require multimodal treatment consisting of surgery and radiotherapy
with concomitant chemotherapy. Tumor localization between the eyes and near the brain makes
treatment planning difficult due to the necessary consideration of both critical normal tissue with
high protection priority and the curative aim of the best radiotherapy dose deposit. Thus, it is
noteworthy how tumor volumes impact the five-year survival outcome. Therefore, we investigated
initial tumor volumes before any therapy. Patients with larger mean initial tumor volumes of more
than 75 cm3 had worse outcomes. There was no additional benefit of upfront surgery. Especially for
patients with large tumor burdens of the nasal cavity or paranasal sinus, an interdisciplinary case
discussion with the patient is essential in the process of shared decision-making.

Abstract: Purpose: We report the outcome of a mono-institutional retrospective study of sinonasal
carcinoma with the primary focus on GTV (gross tumor volume) and the effect of radiotherapy.
Methods: 53 patients with sinonasal carcinoma and that of the nasal cavity, paranasal sinus or
both except lymphoma were included. All patients were treated between 1999 and 2017. For
tumor volume delineation, all pre-therapeutic images were fused to the planning CT (computed
tomography). Results: The median follow-up was 17 months [0.3–60], the median age 60 years,
35 males and 18 females were included. Squamous cell carcinoma (SCC) (60.4%) was the predominant
histology, followed by adenocarcinoma (15.1%). The mean composite OS (overall survival) time
was 33.3 ± 3.5 months. There was no significant difference in the 5 y composite OS between tumor
localization or radiotherapy setting. The simultaneous integrated boost concept showed a trend
towards improving five-year composite OS compared to the sequential boost concept. The only factor
with a significant impact on the 5 y composite OS rate was the pre-therapeutic GTV (cutoff 75 cm3;
p = 0.033). The GTV ≥ 100 cm3 has no effect on the 5 y composite OS rate for SCC. Conclusions: The
pre-therapeutic GTV is a prognostic factor for five-year composite OS for the entire group of patients
with sinonasal tumors, influencing the outcome after completion of all treatment strategies. The GTV
seems to not influence five-year composite OS in SCC. For this rare tumor entity, an intensive,
multidisciplinary discussion is essential to finding the best treatment option for the patient.

Keywords: sinonasal tumors; tomotherapy; IMRT; simultaneous integrated boost (SIB), radiochemother-
apy; gross tumor volume (GTV)
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1. Introduction

Sinonasal malignancies are very rare tumors, with an incidence of approximately
0.6 per 100,000 people. Only approximately 3% of all head and neck tumors are located
in the paranasal sinuses or nasal cavity [1,2] and comprise only 0.2–0.3% of all cancers [3].
They are more common among males [2,4] and are most frequently found in the maxillary
sinus and nasal cavity [2]. The prognosis of patients with sinonasal carcinomas, despite
progress in therapy modalities and regimes, remains poor. Tumor histology, T and N stage,
and age are factors that influence therapy outcome [5,6]. Five-year overall survival ranges
from 30–80% [2]. The median OS time is given with 27.6–98.6 months [6–9].

Sinonasal tumors have very heterogeneous histology and are partly occupation-
attributed cancer, for instance, after years of working with wood as a carpenter or in
the leather manufacturing industry. Squamous cell carcinoma (SCC) (up to 70%) and
adenocarcinoma (AC) are predominant, followed by adenoid cystic carcinoma (ACC),
mucoepidermoid carcinoma (MC), sinonasal neuroendocrine carcinoma (SNEC), sinonasal
undifferentiated carcinoma (SNUC), and esthesioneuroblastoma [4,10]. The discrepancy
observed in the survival outcome could be explained by the vast heterogeneities in histo-
logical characteristics of sinonasal tumors. Surgery before radiotherapy (RT) is the standard
of care for sinonasal tumors [4,11]. There are different surgical approaches for resection
of sinonasal tumors, e.g., endoscopic surgery or craniofacial resection, depending on the
localization of the primary. The invasion of the orbita and its structures is classified into
three grades (I—destruction medial orbital wall; II—periorbital fat invasion, without inva-
sion of the cone, III—infiltration of the medial rectus muscle, optic nerve, bulb or eyelid).
One aim of surgery is the conservation of the eye. Thus only upon grade III invasion is an
exenteration bulbi performed [12]. Especially after bulbus conserving surgery, the close
proximity of organs at risk (OAR) of the optical system renders it difficult to deliver an
appropriate radiation dose to the tumor site while minimizing the dose to the OAR to
reduce the risk for late radiation toxicity. Over the last two decades, intensity-modulated
radiotherapy (IMRT) has become the standard of care for head and neck cancer. Several
clinical monocentric studies reported that IMRT reaches optimal dose-volume distribution
in postoperative as well as in the definitive treatment of sinonasal tumors [13,14]. IMRT
is applied via different radiotherapy machines, with special features depending on the
used IMRT technique. One application form is IMRT via linear accelerator, in a special
way as volumetric modulated arc therapy (VMAT) or via a tomotherapy machine. Some
specialized facilities use protons or heavy ions and can reduce doses to OAR in a better
way. Over the years, different boost RT techniques have been developed: the sequential
(SEQ) and the simultaneous integrated boost (SIB) technique. The current RT strategy is to
apply 70 Gy to the macroscopic tumor for definitive RT and 60 to 66 Gy to the resection
bed after surgery for adjuvant RT. Especially teams treating patients with proton or heavy
ions have pushed the border for steep dose gradients to surrounding normal tissue and for
local tumor control. In addition, higher radiation doses compared to 3D-conformal RT can
be applied by IMRT or VMAT with synchronous sparing of OAR. Many studies reported
low radiation-induced toxicity after introducing IMRT to treat sinonasal tumors [13,15–20].

There are no randomized prospective trials to treat sinonasal cancer in general avail-
able. Surgery alone or in combination with radiotherapy is still the preferred treatment in
most cases, depending on the tumor stage. Chemotherapy is always a particular point of
discussion in the multidisciplinary concept.

The histological type was shown to predict a better outcome for low-grade AC com-
pared to high-grade AC. Yet, the addition of RT significantly improved the outcome of
patients with high-grade AC [21]. First-line surgery is the method of choice for ACC.
Surgery plus RT improved local control for advanced ACC [22]. Nevertheless, the main
prognostic markers in this study were the presence of distant metastasis and an advanced
tumor stage.

For unresectable advanced sinonasal carcinomas, especially ACC or SCC, reports
showed that definitive radiochemotherapy (RCT) applied by IMRT is a reliable treatment
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option [14]. Superior results can also be yielded by a combined RT of photon and protons
or carbon ions in specialized centers [23]. Thus, ACC and AC have a better 5 year OS of up
to 60–80%, while SNEC and mucosal melanoma have only 30–35% [2,5,22]. SCC has an
intermediate 5 year OS rate of approximately 60% [24].

Adjuvant RT improves survival and locoregional control (LRC) for patients with ACC
with an R1 or R2 resection status, but RT provided no further benefit after R0 resection [25].
The opposite effect was seen for mucoepidermoid carcinoma. Interestingly, Auger et al.
reported no predictive impact of positive margins for the survival of mucoepidermoid
carcinoma treated with adjuvant RT [26]. Contradictorily, survival benefit was demon-
strated for adjuvant RT after R0-resection only. Hence, this study did not investigate the
association between low and high-grade tumors and survival independent of RT. Surgery
remains the treatment of choice for mucoepidermoid carcinoma as well as for mucosal
melanoma [26]. Promising immunotherapy treatment results for mucosal melanoma could
lead to a change [27]. For SNUC, the therapy outcome remains poor [28]. It was described
that conduction of neo-adjuvant RT followed by surgery or induction chemotherapy fol-
lowed by concurrent RCT in SNUC patients allows for an increase of the 2 year OS rate of
up to 64% in both treatment regimens [29].

Xerostomia and dysgeusia are the most frequent late radiation side effects than changes
in the sense of smell and dry nose after RT [30]. Chronic side effects influence the quality of
life (QoL) of long-term survivors [30]. Before treatment decisions are made, all cases should
be discussed within a multidisciplinary team to ascertain the best treatment option for the
individual patient. The patient requires all information concerning treatment options and
multimodal concepts as well as potential side effects of possible therapeutic approaches for
the process of shared decision-making. Published data shows the multifactorial influence
on the outcome after various therapy regimens. Through the present retrospective study,
the outcome of patients with sinonasal tumors treated with varying radiooncological
concepts was investigated at our center. Specific focus was placed on how the initial
macroscopic tumor volume correlated with the composite overall survival as an effect of
definitive or adjuvant radiotherapy.

2. Methods
2.1. Patient Characteristics

This study is a retrospective single institutional investigation. Patient data were
retrieved from patient charts, the internal radiooncology database, interdisciplinary tumor
conferences, and the Munich tumor registry. In total, we were able to identify 53 patients
who were treated at the Department of Radiooncology between 1999 and 12/2017. TNM
classification was done according to the 7th edition of UICC, 2010. The project was granted
ethical approval by the ethics committee of the Medical Faculty of Technical University of
Munich (No. 112/15 and 116/15).

2.2. Treatment Characteristics

Radiotherapy was delivered by 3D-conformal technique (1999–2007) and as of 2007,
by IMRT using helical tomotherapy (HT) or IMRT with step and shot or sliding window
and later volumetric modulated arc (VMAT) therapy as RapidArcTM (RA) using a linear
accelerator (Rapid ArcTM, Varian Medical Systems, Inc. Palo Alto, CA, USA; HI-ART
TomoTherapy, Accuray, Madison, WI, USA). Patient immobilization was performed using
a thermoplastic head and shoulder mask. The contrast-enhanced CT with a slice thickness
of 3 mm portrayed the entire head, including the brain to the aortic arch and the middle of
the mediastinum. The CT images were reconstructed with 512 × 512 pixels matrices. Every
patient received a planning magnetic resonance imaging (MRI) of the head and neck, which
was coregistered to the planning CT. Target delineation after coregistration of all available
images was done using iPlan® software (Brainlab AG, Munich, Germany). All available
pre-therapeutic images (especially before surgery) were also coregistered. For calculation
of pre-therapeutic GTV, in all cases, the initial images (MRI or CT) were coregistered using
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iPlan® software (Brainlab AG, Munich, Germany). The GTV was delineated on axial,
coronal, and sagittal MRI images (T1, T2 sequence without and with contrast enhancement)
and CT images and calculated in cm3 via software.

2.3. Helical Tomotherapy

Treatment planning was done with the TomoTherapy planning station (Accuray),
version 2 to 4.2.3. The tomotherapy plans were all helical IMRT plans with field widths of 1
or 2.5 cm and calculation grid size set to fine.

2.4. VMAT and IMRT

Treatment planning for the VMAT and dynamic IMRT plans was performed with the
treatment planning system (TPS) Aria Eclipse, version 8.6 to 13.0 (Varian Medical Systems,
Palo Alto, CA, USA). For dose calculation, the anisotropic analytical algorithm (AAA,
version 10.028) was used with a dose grid size of 2.5 × 2.5 × 2.0 mm3. VMAT and IMRT
planning was performed for treatment using a Varian Clinac Trilogy linear accelerator
equipped with a 120 HD MLC using 6 MV photons. VMAT plans usually consisted of two
to three arcs with 358◦ rotation each. The sliding window IMRT plans were optimized using
a beam set-up of seven or nine coplanar static beam directions with evenly distributed
angular distances.

For definitive RT, gross tumor volume (GTV) was defined on planning MRI and
contrast-enhanced CT. For adjuvant RT planning, the preoperative and the postoperative
images were also coregistered to the planning CT scan. Over the years, two different
boost concepts were applied: sequential boost concept (SEQ) and simultaneous integrated
boost concept (SIB). For adjuvant treatment, after delineation of the pre-surgery GTV, an
isotropic margin of 5 mm for SIB 1 and 10 mm for SIB 2 and 10 mm for SQB by the TPS
was deemed as the clinical target volume (CTV1 or SIB1, respectively) was generated.
Manual correction on each slice fitted the CTV1/SIB1 to anatomical borders (e.g., bone).
For definitive treatment in cases of SIB planning, the SIB2 volume was created by another
5 mm margin around SIB1 (Figure 1). For the planning target volume (PTV) for both
radiation settings, a further 5–10 mm and a set-up error of max. 3 mm was generated and
manually corrected on each slice. The cervical lymph node levels I-III and retropharyngeal
nodes were irradiated only in cases of histologically positive cervical lymph nodes or with
macroscopic evidence in definitive situations.
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Figure 1. Delineation and dose distribution by helical tomotherapy of a left-sided paranasal carci-
noma with orbital involvement. Definitive radiation treatment was performed using a SIB concept
on Hi-Art tomotherapy (A). Delineation of the target volume on both CT and MRI scans (magenta:
GTV; yellow: SIB-1; orange: SIB-2; red: PTV). (B). Dose distribution as a color wash.

For the SEQ concept, the single dose was 1.8–2.0 Gy to 50 Gy to the PTV, and thereafter,
a cumulative dose of 60–66 Gy (postoperative setting) or 66–70 Gy (definitive setting) was
applied to the boost volume. The SIB concept consisted of two SIBs for definitive and of
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one SIB for adjuvant setting. Definitive SIB1 (GTV plus 5 mm) received a single dose of
2.2 Gy to 70.4 Gy, and an adjuvant SIB (pre-therapeutic GTV plus 10 mm) was irradiated
with 2.14 Gy to 64.2 Gy. Dmean was normalized to SIB1. The definitive SIB2 (GTV plus
10 mm) was 2.0 Gy to 64 Gy. The adjuvant PTV was irradiated with a 1.8 Gy single dose to
54.0 Gy, and the definitive PTV was 1.7 Gy to 54.4 Gy.

For plan optimization, the following OARs were included: brainstem, temporal lobe,
optical nerve, retina, chiasm, lenses, lacrimal gland, parotid gland, submandibular gland,
inner ear, oral cavity, and mandible. In the case of proximity or overlap of an OAR
(e.g., optical nerve or chiasm), an underdosage of the PTV resp. SIB was permissible for the
sake of staying within the OAR limits. Thus, a maximally achievable dose to the PTV/SIB
and the minimally achievable dose to the OAR within the tolerance limits were obtained.

After treatment, all patients underwent regular lifelong tumor aftercare (commencing
6 weeks post-RT) in cooperation with both the Ear, Nose and Throat Department and the
Department of Oral and Maxillofacial Surgery.

2.5. Concurrent Chemotherapy

Chemotherapy was indicated in positive tumor resection margins and/or positive
extracapsular nodal status for adjuvant treatment or in definitive settings. Concurrent
chemotherapy was platinum-based. Dosage was cisplatin 40 mg/m2 or carboplatin AUC
2 weekly, depending on comorbidity. A maximum of 6 cycles was administered. In a few
cases, cisplatin was chosen with 100 mg/m2 d 21 for two cycles. Until 2007, cisplatin was
given in weeks 1 and 5 at 20 mg/m2 d1-5.

2.6. Statistical Methods

All statistical analyses were performed using IBM SPSS statistics software (version 24,
Armonk, NY, USA: IBM Corp.). Time-to-event analysis was performed using the Kaplan–
Meier method. Evaluation of differences in survival curves between various groups was
performed using the log-rank test. The composite event (composite overall survival)
consisted of death or recurrence or progression (whichever occurred first). The 5 year
composite OS values were shown as the cumulative proportion surviving at the time (%)
and the corresponding standard error. The exploratory significance level was set to 5%.

3. Results

Fifty-three patients were analyzed in the present study and treated at the Department
of Radiooncology and Radiotherapy of the Technical University of Munich between 1/1999–
12/2017. Patient characteristics are shown in Table 1. Most patients were diagnosed with
locally advanced tumors of UICC-stages III–IV (83%). Squamous cell carcinoma was
the most frequent tumor type, followed by adenocarcinoma, mostly located within the
paranasal sinus.

Table 1. Patient characteristics (n = 53).

Characteristic Number of
Patients Percentage

Sex

Male 35 66%
Female 18 34%

Age at diagnosis (years)
Median (min–max) 60 (35–86)

Localization
Nasal cavity 11 20.8%

Paranasal sinus 27 50.9%
Both localizations 15 28.3%
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Table 1. Cont.

Characteristic Number of
Patients Percentage

Tumor histology
Squamous cell carcinoma 32 60.4%

Adenocarcinoma 8 15.1%
Adenoid cystic carcinoma 4 7.5%

Mucoepidermoid carcinoma 3 5.7%
Undifferentiated carcinoma (SNUC) 3 5.7%

Esthesioneuroblastoma 2 3.8%
Carcinoma ex pleomorphic adenoma 1 1.9%

Disease stage (AJCC staging system, 2010)
I 0 0%
II 9 17.0%
III 11 20.8%

IVA 23 43.4%
IVB 10 18.9%

30 out of 53 patients were treated after radical tumor resection using postoperative
RT. 19 out of 53 patients underwent definitive RT without surgery. Two patients had an
incomplete tumor resection (R2 status) and, therefore, received definitive RT. One patient
suffered from early recurrence after surgery and was treated by definitive RT. Another
patient had RT in palliative intention for tumor recurrence (Table 2). 23 out of 53 patients
underwent concurrent chemotherapy. The course of RT lasted 43 days on average. The
median follow-up was 17 months [0.3–60]. Since 2008, 49 out of 53 patients have been
treated with IMRT either delivered by LINAC (n = 18) or by HT (n = 31).

Table 2. Patient treatment characteristics (n = 53).

Parameter Number of Each Parameter Percentage

Therapy intention
Adjuvant 30 56.6%
Definitive 19 35.8%

Additive (postop. R+) 2 3.8%
Early recurrence 1 1.9%

Palliative 1 1.9%

Concurrent chemotherapy
None 30 56.6%

Cisplatin 40 mg/m2 qd7 15 28.3%
or Carboplatin AUC 2 qd7

Cisplatin 20 mg/m2 week 1 + 5 5 9.4%
Cisplatin 100 mg/m2 qd21 3 5.7%

RT Technique
2D/3D 4

IMRT/VMAT 18
HT 31

Boost concept
SEQ 25
SIB 27

Both 1
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Table 2. Cont.

Parameter Number of Each Parameter Percentage

Duration of RT (d)
Mean (min–max) 43 (20–53)

Single dose (Gy)
Mean (min–max) 2.0 (1.7–3.0)

Total dose (Gy)
Average (min–max) 64.3 (45–74)

Five-Year Composite Overall Survival

The estimated mean composite OS time for all patients was 33.3 ± 3.5 months. There
was no significant difference in the 5 year composite OS rate pertaining to differing tumor
localizations (nasal cavity: 38.2 ± 16.4%, paranasal sinus: 43.8 ± 10.3%, and both (combined
tumor extension) 38.2 ± 14.9%) (Figure 2).
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Figure 2. Five-year composite overall survival: All patients stratified according to the primary tumor
site, such as the nasal cavity, paranasal sinuses and both localizations. Kaplan–Meier curves were
calculated from the date of diagnosis.

The Kaplan–Meier analysis by tumor histology comparing SCC and “salivary gland
carcinoma” as AC, ACC, and MC (esthesioneuroblastoma and SNUC were excluded from
this analysis) revealed no statistically significant difference for the cumulative event-free
survival.

By the first year after diagnosis, adjuvantly and definitively treated patients reached
comparable composite OS, but the five-year composite OS calculated for different RT
intentions revealed better composite OS for adjuvant RT (Figure 3). Nevertheless, 5 y
composite OS after adjuvant RT was not significantly better when compared to definitive
RT (adjuvant: 50.4 ± 10.4% vs. definitive 36.4 ± 12%). Survival of the remaining patients
(palliative, early recurrence, and additive RT) was poor with less than 10 months.
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Figure 3. Five-year composite overall survival depending on the radiation settings: stratification
for RT intention adjuvant/postoperative; definitive; others: palliative, early recurrence, additive.
Kaplan–Meier curves for each analyzed group were calculated from the date of diagnosis.

There was no impact of the chemotherapy schedule compared to patients without
chemotherapy on five-year composite OS independent of RT intention. Thirty patients
had only RT. Twenty patients received cisplatin 20 mg/m2/d at weeks 1 and 5 for five
days or cisplatin 40 mg/m2 weekly. Three patients were treated with cisplatin 100 mg/m2

qd21 three times over the course of radiotherapy because of very locally advanced or
systemically metastasized sinonasal tumors at the time of diagnosis. The latter showed a
worse outcome (Figure 4).
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5 year composite OS rate for RT alone was 45.8 ± 9.8%, for radiochemotherapy
(cisplatin 20 or 40 mg/m2): 38.5 ± 12.6% (p = 0.62). Of the cisplatin 100 mg/m2 group, no
one survived longer than 12 months.

Data of 52 patients were available for analysis of the boost. One patient had both
boost concepts and was excluded from this analysis. A comparison of the 5 year composite
OS rate stratified for boost concepts showed no significant difference (SEQ: 23.3 ± 11.8%
and SIB: 51.8 ± 10.2%) (Figure 5). Nevertheless, despite no significant result, we observed
a clear trend towards a better composite OS after SIB. The mean composite OS for SIB was
36.9 months ± 5.0 months vs. SEQ 28 months ± 5.0 months.
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For 48 out of 53 patients, the analysis of primary GTV before surgery or RT was
possible. The median GTV of the entire (resected and unresected patients) cohort was
76.6 cm3. To investigate the effect of the median GTV on composite OS, the GTV cutoff was
set at 75 cm3.

The 5 year composite OS difference depending on a GTV with 75 cm3 as a cutoff
was significant (p = 0.033). Five-year composite OS for patients with GTV ≤ 75 cm3 was
60.8 ± 11.9%, and for the group with GTV ≥ 75 cm3, 30.3 ± 9.4%, independent of RT setting
(Figure 6). The mean GTV of all eligible patients was 98 cm3. Thus, GTV at 100 cm3 was set
as a cutoff value for further investigation. Forty-five patients were eligible for this analysis;
3 patients were excluded because of different treatment intentions (neither adjuvant nor
definitive RT). For patients with large initial tumor volumes, GTV ≥ 100 cm3, the 5 year
composite OS was lower for both definitive RT (29.8 ± 13.3%; median composite OS
18.7 months) and adjuvant RT (25 ± 20.4%; median composite OS 9.2 months) compared
to smaller initial tumor volumes, GTV ≤ 100 cm3, for definitive RT (53.3 ± 24.8%; median
composite OS 60 months) or adjuvant RT (60.9 ± 11.9%; median composite OS 60 months).
For adjuvant and definitive RT, the median composite OS time for patients with tumor
volumes smaller than 100 cm3 was 60 months. There was no significant difference in the
five-year composite OS between adjuvant and definitive RT per GTV-cutoff group. The
highest 5 year composite OS was reached for GTV ≤ 100 cm3 after surgery, followed by
adjuvant RT. The worst 5 year composite OS was achieved after surgery, followed by
adjuvant RT for tumors with an initial GTV ≥ 100 cm3 (Figure 7).
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Figure 7. Five-year composite overall survival depending on the GTV and radiation settings: All
patients were stratified according to adjuvant and definitive radiation and GTV. GTV cutoff is 100 cm3.
Kaplan–Meier curves for each analyzed group were calculated from the date of diagnosis.

Histology seems to influence the effect of pre-therapeutic GTV on 5 year composite OS,
but the number of patients with salivary gland histology was only N = 12 compared to SCC
with N = 28. As expected, the survival curve for the salivary gland carcinoma subgroup was
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lower than the one for the SCC subgroup of patients. This difference was not statistically
significant (p = 0.208), but the trend was as expected. Another effect which we saw was
that tumor size did not seem to have an effect on survival in the SCC patients (p = 0.915),
whereas large salivary gland tumors performed much worse concerning survival (p = 0.001)
(Figure 8). The last result is based on 12 patients with 7 events, so it needs confirmation in
a larger trial.
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4. Discussion

In this mono-institutional study, we present the outcome of 53 patients with sinonasal
tumors after treatment between 1999–2017. In point of fact, it was previously shown that
SCC, followed by AC, is the most frequently observed histologies among sinonasal tu-
mors [4,10], just as we found for our cohort. The mean composite OS time for the presented
cohort was 33 months. Tumor location did not significantly influence the five-year compos-
ite OS rate. Treatment setting of RT (adjuvant or definitive) influences five-year composite
OS, while the composite OS rate for adjuvant and definitive RT is comparable in the first
posttreatment year. This differs slightly after five years, favoring the adjuvant group. The
mean and the median pre-therapeutic GTV influence the five-year composite OS.

In a retrospective, mono-institutional study, Duru Birgi et al. investigated 43 patients
with SCC of the nasal cavity or paranasal sinus. There was no difference for SCC concerning
the outcome, neither after adjuvant nor definitive RT after two years. The overall 5 year
OS rate was 71% [31]. Data from the Memorial Sloan Kettering Cancer Center (MSKCC)
showed a difference in outcome for adjuvant and definitive RT. The subgroup of SCC had
a worse 5 year OS of 15% after RT than the 67% after surgery followed by RT [13,15]. As
a significant prognostic factor for outcome (i.e., local progression-free survival and OS),
a biologically equivalent dose ≥ 65 Gy was calculated to treat unresectable disease [13].
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The average total dose of our investigation was 64.3 Gy, reflecting 56.6% adjuvantly treated
cases. The median total dose for adjuvant setting at MSKCC was 63 Gy [15]. The group
of Gabriele et al. prescribed for adjuvant RT 60 Gy median total dose to the PTV and
68 Gy for definitive RT. In all cases, RT application was 3D-conformal, resulting in a 5 year
local control rate of 74% (adjuvant) and 20% (definitive) with a 5 year OS rate of 72% vs.
25% [32]. Approximately two-thirds of MSKCC-patients had CT-based treatment planning
and 3D-conformal or IMRT [15,33]. Only a few cases were treated by 2D-RT.

We did not investigate the role that histological types might play concerning five-year
composite OS because of the small number of histologies other than SCC. Other histological
types were rather rare and could not be expected to lead to statistically powerful analyses.
In turn, we were aware that survival analysis of all tumor histologies in totality could lead
to a decrease concerning five-year composite overall survival. This effect was partially seen
when comparing our data to published data [2,6,16]. We hypothesize the cumulative effect
of different histologies, and therefore, our five-year composite OS observations correlate
with published data.

As is well-known, the diagnosis and therapy of sinonasal tumors is challenging for
the multidisciplinary team in finding the best way to cure the patient while maintaining
the lowest achievable amount of side effects. In addition, in the very early stages, these
tumors produce nonspecific inflammatory-like symptoms [22]. Unfortunately, this leads
to a delay in diagnosis and, subsequently, the presence of advanced stages. We suspect
such delays in the diagnosis of our patients because of the large majority of patients with
advanced tumor stages III—IVB (82% of all cases) we have observed.

In our study, 56.6% of the patients were treated with adjuvant RT. 35.8% of the patients
received definitive RT, in some cases with platinum-based chemotherapy. Almost half of
all patients (43.4%) received RCT. The comparison of RT coupled with RCT did not confirm
a benefit through the addition of chemotherapy but showed a lower 5 year composite OS
rate for RCT (45.8 ± 9.8% vs. 38.5 ± 12.6%, p = 0.62) (Figure 4). This result may be due to
chemotherapy indications. Only patients at high risk with certain tumor hallmarks, such as
a primary tumor in situ, positive resection margins or extracapsular nodal spread, received
concurrent chemotherapy.

Here, we compared two boost concepts of IMRT for sinonasal carcinoma using pho-
tons. The SIB patients reached a 5 year OS of 51.8% compared to 23.3% after SEQ, although
this is only a trend without statistical significance (p = 0.177). We speculate that a “light”
dose escalation using SIB (2.2 Gy to 70.4 Gy for definitive RT and 2.14 Gy to 64.2 Gy for
adjuvant RT) in particular for primary tumors could yield higher biological equivalent
doses (BED) using a higher single dose and a reduction of treatment time, as it was pro-
posed that only a small number of tumor cells have a self-renewal capacity and could be
responsible for tumor relapse [34]. It may also be supposed that eliminating sinonasal
tumors containing such cells would require a local dose escalation. Nevertheless, further
investigations of this issue are needed.

Another promising survival predictor described in the literature was GTV for patients
with oropharyngeal carcinomas (OPC). The DKTK-ROG study showed, among others,
a linear correlation between GTV and a 2-year locoregional control is primarily treated,
locally advanced OPC [35]. GTV as an independent overall prognostic survival factor
was also shown in another study on definitively treated p16-negative OPC [36]. Local
control and GTV were shown to be positively correlated in advanced head and neck
squamous cell carcinoma (HNSCC) as well [37]. Little data exist for the correlation of
pre-therapeutic GTV and the survival of patients with sinonasal tumors. Patients with a
pre-therapeutic GTV smaller than 75 cm3 reached a significantly better five-year composite
OS, independent of the RT setting. We found that a pre-therapeutic GTV larger than 100 cm3

is a predictive factor for worse composite OS for adjuvant and definitive RT. Patients after
surgery and RT with small initial tumor volumes reached the best outcome, followed by
the RT/RCT group with small tumor volumes. Patients with initial tumors larger than
100 cm3 did not benefit from the combination of surgery and RT. Their composite OS was
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comparable to that of the group that only received RT (5 year composite OS adjuvant
25 ± 20.4% vs. definitive 29.8 ± 13.3%). In our research, pre-therapeutic GTV are large
compared to data from literature [35–40]. The reported pre-therapeutic tumor volumes
range between mean GTV 26.6 ± 21.2 cm3 [38] defined by T1 contrast-enhanced MRI,
mean GTV 12.79 ± 24.31 cm3 [39] defined by all MRI sequences, and median GTV-only
tumor 73.4 cm3 [43.0–119.5] [40] defined by MRI and CT. Hennersdorf et al. reported
a significantly better progression-free survival (PFS) of 63 months with tumor volumes
< 25.4 cm3 versus 38.7 months (p = 0.004) [38]. Eley et al. showed a correlation between
tumor volume, OS, and disease-free survival (DFS). This significant difference diminished
after five years [39]. The group of Ferella et al. investigated in detail the GTV of the primary
tumor, the cervical lymph nodes, and the retropharyngeal lymph nodes. Only 34 SCC
were included. In summary, they discovered an influence of GTV-only tumor on the OS
and PFS. If the total GTV, including all macroscopic involved lymph nodes, was larger
than 149.44 cm3, OS and PFS were reduced compared to lower total tumor volumes [40].
The initial pre-surgical macroscopic GTV of our patients was contoured on pre-therapeutic
imaging (MRI or CT or both) for postoperative target delineation in the RT planning system.
In the present study, we clearly show that initial GTV is a prognostic factor for the five-year
composite OS in sinonasal carcinoma, as shown by other investigators. If a patient does
not benefit from combined modality treatment (surgery and RT) due to a large tumor
volume, the treatment strategy should be discussed in detail between the treatment teams
and the patient. The impact of the pre-therapeutic GTV on the composite OS should be
factored into the treatment decision. Surgery could be omitted in such cases by treating the
patient following the best therapeutic ratio by securing the least damage possible by way
of therapy.

As in all other publications in the field of sinonasal carcinoma, we battle with the
limitation of a small retrospective patient cohort and various histologies. A rare tumor
entity with small subgroup numbers is a drawback for clear therapy recommendations,
especially when attempting to assess the impact of pre-therapeutic GTV on the five-year
composite OS while having to consider different histologies. Consequently, statistics are
limited, and results should be interpreted with caution.

5. Conclusions

The pre-therapeutic GTV is a prognostic factor for composite OS in patients with
sinonasal tumors. It influences the outcome after all treatment strategies. Small sinonasal
tumors should be removed and treated adjuvantly by RT to achieve the best composite
OS. Patients with larger tumor volumes do not benefit from surgery combined with RT. In
these particular cases, an intensive, multidisciplinary discussion is necessary to obtain the
best treatment option for the patient and to thereafter communicate these facts honestly
with the patient in the process of shared decision-making. Against the background of the
presented results omitting extensive traumatic surgery, radiooncological treatment alone is
a good alternative to retain the quality of life by the comparable outcome.

The simultaneous integrated boost (SIB) technique seems to improve OS but failed to
reach statistical significance over SEQ while yielding better OAR sparing.

Author Contributions: Formal analysis, V.K.; writing—original draft, O.K. and S.U.P.; writing—
review and editing, A.M.S.B., B.W., K.-D.W., S.E.C. and A.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The project was granted ethical approval by the ethics
committee of the Medical Faculty of Technical University of Munich (No. 112/15 and 116/15).

Informed Consent Statement: This is a retrospective study. Therefore the ethics committee of the
Medical Faculty of the Technical University of Munich gave its approval. In this way, new patient
consent was waived.



Cancers 2021, 13, 2364 14 of 15

Data Availability Statement: The datasets used and/or analyzed during the current study are
available on demand from the authors.

Acknowledgments: The authors wish to thank all patients who participated in the study. We thank
Sabrina Renfro-Kohl for her kind revision of the English manuscript.

Conflicts of Interest: All authors declare having no conflicts of interest concerning the content of
this manuscript.

References
1. Llorente, J.L.; López, F.; Suárez, C.; Hermsen, M.A. Sinonasal Carcinoma: Clinical, Pathological, Genetic and Therapeutic

Advances. Nat. Rev. Clin. Oncol. 2014, 11, 460–472. [CrossRef]
2. Turner, J.H.; Reh, D.D. Incidence and survival in patients with sinonasal cancer: A historical analysis of population-based data.

Head Neck 2012, 34, 877–885. [CrossRef]
3. Curado, M.P.; Edwards, B.; Shin, H.R.; Storm, H.; Ferlay, J.; Heanue, M.; Boyle, P. Cancer Incidence in Five Continents; Iarc Scientific

Publications: Lyon, France, 2007; Volume 160.
4. Hansen, E.K.; Roach Iii, M. Handbook of Evidence-Based Radiation Oncology; Springer International Publishing: Cham, Switzerland,

2018.
5. López, F.; Lund, V.J.; Suárez, C.; Snyderman, C.H.; Saba, N.F.; Robbins, K.T.; Poorten, V.V.; Strojan, P.; Mendenhall, W.M.; Rinaldo,

A.; et al. The Impact of Histologic Phenotype in the Treatment of Sinonasal Cancer. Adv. Ther. 2017, 34, 2181–2198. [CrossRef]
[PubMed]

6. Orlandi, E.; Cavalieri, S.; Granata, R.; Nicolai, P.; Castelnuovo, P.; Piazza, C.; Schreiber, A.; Turri-Zanoni, M.; Quattrone, P.; Miceli,
R.; et al. Locally advanced epithelial sinonasal tumors: The impact of multimodal approach. Laryngoscope 2019, 130, 857–865.
[CrossRef] [PubMed]

7. Robin, T.P.; Jones, B.L.; Ba, O.M.G.; Phan, A.; Abbott, D.; McDermott, J.D.; Goddard, J.A.; Raben, D.; Lanning, R.M.; Karam, S.D. A
comprehensive comparative analysis of treatment modalities for sinonasal malignancies. Cancer 2017, 123, 3040–3049. [CrossRef]

8. Chopra, S.; Kamdar, D.P.; Cohen, D.S.; Heilbrun, L.K.; Smith, D.; Kim, H.; Lin, H.-S.; Jacobs, J.R.; Yoo, G. Outcomes of nonsurgical
management of locally advanced carcinomas of the sinonasal cavity. Laryngoscope 2017, 127, 855–861. [CrossRef]

9. Patel, N.N.; Maina, I.W.; Kuan, E.C.; Triantafillou, V.; Trope, M.A.; Carey, R.M.; Workman, A.D.; Tong, C.C.; Kohanski, M.A.;
Palmer, J.N.; et al. Adenocarcinoma of the Sinonasal Tract: A Review of the National Cancer Database. J. Neurol. Surg. Part B Skull
Base 2020, 81, 701–708. [CrossRef]

10. Youlden, D.R.; Cramb, S.M.; Peters, S.; Porceddu, S.V.; Møller, H.; Fritschi, L.; Baade, P.D. International comparisons of the
incidence and mortality of sinonasal cancer. Cancer Epidemiol. 2013, 37, 770–779. [CrossRef]

11. Network, National Comprehensive Cancer. Ethmoid Sinus Tumors (Version 1.2020); Maxillary Sinus Tumors (Version 1.2020).
Available online: https://www.nccn.org/professionals/physician_gls/pdf/head-and-neck.pdf (accessed on 12 February 2020).

12. Iannetti, G.; Valentini, V.; Rinna, C.; Ventucci, E.; Marianetti, T.M. Ethmoido-Orbital Tumors: Our Experience. J. Craniofac. Surg.
2005, 16, 1085–1091. [CrossRef] [PubMed]

13. Hoppe, B.S.; Wolden, S.L.; Zelefsky, M.J.; Mechalakos, J.G.; Shah, J.P.; Kraus, D.H.; Lee, N. Postoperative intensity-modulated
radiation therapy for cancers of the paranasal sinuses, nasal cavity, and lacrimal glands: Technique, early outcomes, and toxicity.
Head Neck 2008, 30, 925–932. [CrossRef]

14. Askoxylakis, V.; Hegenbarth, P.; Timke, C.; Ebrahimi-Saleh, L.; Debus, J.; Order, F.; Huber, P.E. Intensity Modulated Radi-ation
Therapy (Imrt) for Sinonasal Tumors: A Single Center Long-Term Clinical Analysis. Radiat. Oncol. 2016, 11, 17. [CrossRef]

15. Hoppe, B.S.; Stegman, L.D.; Zelefsky, M.J.; Rosenzweig, K.E.; Wolden, S.L.; Patel, S.G.; Shah, J.P.; Kraus, D.H.; Lee, N.Y. Treatment
of nasal cavity and paranasal sinus cancer with modern radiotherapy techniques in the postoperative setting—The MSKCC
experience. Int. J. Radiat. Oncol. 2007, 67, 691–702. [CrossRef]

16. Dirix, P.; Nuyts, S.; Vanstraelen, B.; Nulens, A.; Hermans, R.; Jorissen, M.; Poorten, V.V.; Bogaert, W.V.D. Post-operative intensity-
modulated radiotherapy for malignancies of the nasal cavity and paranasal sinuses. Radiother. Oncol. 2007, 85, 385–391. [CrossRef]
[PubMed]

17. Dirix, P.; Vanstraelen, B.; Jorissen, M.; Poorten, V.V.; Nuyts, S. Intensity-Modulated Radiotherapy for Sinonasal Cancer: Improved
Outcome Compared to Conventional Radiotherapy. Int. J. Radiat. Oncol. 2010, 78, 998–1004. [CrossRef]

18. Duprez, F.; Madani, I.; Morbée, L.; Bonte, K.; Deron, P.; Domján, V.; Boterberg, T.; De Gersem, W.; De Neve, W. IMRT for Sinonasal
Tumors Minimizes Severe Late Ocular Toxicity and Preserves Disease Control and Survival. Int. J. Radiat. Oncol. 2012, 83, 252–259.
[CrossRef] [PubMed]

19. Madani, I.; Bonte, K.; Vakaet, L.; Boterberg, T.; De Neve, W. Intensity-Modulated Radiotherapy for Sinonasal Tumors: Ghent
University Hospital Update. Int. J. Radiat. Oncol. 2009, 73, 424–432. [CrossRef]

20. Wiegner, E.A.; Daly, M.E.; Murphy, J.D.; Abelson, J.; Chapman, C.H.; Chung, M.; Yu, Y.; Colevas, A.D.; Kaplan, M.J.; Fishbein,
N.; et al. Intensity-Modulated Radiotherapy for Tumors of the Nasal Cavity and Paranasal Sinuses: Clinical Outcomes and
Patterns of Failure. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 243–251. [CrossRef]

http://doi.org/10.1038/nrclinonc.2014.97
http://doi.org/10.1002/hed.21830
http://doi.org/10.1007/s12325-017-0605-9
http://www.ncbi.nlm.nih.gov/pubmed/28871554
http://doi.org/10.1002/lary.28202
http://www.ncbi.nlm.nih.gov/pubmed/31369156
http://doi.org/10.1002/cncr.30686
http://doi.org/10.1002/lary.26228
http://doi.org/10.1055/s-0039-1696707
http://doi.org/10.1016/j.canep.2013.09.014
https://www.nccn.org/professionals/physician_gls/pdf/head-and-neck.pdf
http://doi.org/10.1097/01.SCS.0000164332.81428.BA
http://www.ncbi.nlm.nih.gov/pubmed/16327559
http://doi.org/10.1002/hed.20800
http://doi.org/10.1186/s13014-016-0595-9
http://doi.org/10.1016/j.ijrobp.2006.09.023
http://doi.org/10.1016/j.radonc.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17963908
http://doi.org/10.1016/j.ijrobp.2009.09.067
http://doi.org/10.1016/j.ijrobp.2011.06.1977
http://www.ncbi.nlm.nih.gov/pubmed/22027259
http://doi.org/10.1016/j.ijrobp.2008.04.037
http://doi.org/10.1016/j.ijrobp.2011.05.044


Cancers 2021, 13, 2364 15 of 15

21. Shay, A.; Ganti, A.; Raman, A.; Ba, H.N.K.; Ba, S.R.A.; Eggerstedt, M.; Patel, T.; Kuan, E.C.; Ba, A.G.; Tajudeen, B.A. Survival
in low-grade and high-grade sinonasal adenocarcinoma: A national cancer database analysis. Laryngoscope 2020, 130, E1–E10.
[CrossRef]

22. Rhee, C.-S.; Won, T.-B.; Lee, C.H.; Min, Y.-G.; Sung, M.-W.; Kim, K.-H.; Shim, W.S.; Kim, Y.M.; Kim, J.-W. Adenoid Cystic
Carcinoma of the Sinonasal Tract: Treatment Results. Laryngoscope 2006, 116, 982–986. [CrossRef]

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

24. Sanghvi, S.; Khan, M.N.; Patel, N.R.; Yeldandi, S.; Baredes, S.; Eloy, J.A. Epidemiology of Sinonasal Squamous Cell Car-cinoma:
A Comprehensive Analysis of 4994 Patients. Laryngoscope 2014, 124, 76–83. [CrossRef]

25. Silverman, D.A.; Carlson, T.P.; Khuntia, D.; Bergstrom, R.T.; Saxton, J.; Esclamado, R.M. Role for Postoperative Radia-tion Therapy
in Adenoid Cystic Carcinoma of the Head and Neck. Laryngoscope 2004, 114, 1194–1199. [CrossRef] [PubMed]

26. Ba, S.R.A.; Patel, T.; Ganti, A.; Raman, A.; Shay, A.; Ba, H.N.K.; Kuan, E.C.; Papagiannopoulos, P.; Ba, A.G.; Tajudeen, B.A. Effect
of margin status and pathological grade in treatment of sinonasal mucoepidermoid carcinoma. Laryngoscope 2020, 130. [CrossRef]

27. Ganti, A.; Raman, A.; Shay, A.; Kuhar, H.N.; Auger, S.R.; Patel, T.; Kuan, E.C.; Diaz, A.Z.; Batra, P.S.; Tajudeen, B.A. Treatment
modalities in sinonasal mucosal melanoma: A national cancer database analysis. Laryngoscope 2020, 130, 275–282. [CrossRef]
[PubMed]

28. Smith, S.R.; Som, P.; Fahmy, A.; Lawson, W.; Sacks, S.; Brandwein, M. A Clinicopathological Study of Sinonasal Neuro-endocrine
Carcinoma and Sinonasal Undifferentiated Carcinoma. Laryngoscope 2000, 110, 1617–1622. [CrossRef]

29. Musy, P.Y.; Reibel, J.F.; Levine, P.A. Sinonasal Undifferentiated Carcinoma: The Search for a Better Outcome. Laryngoscope 2002,
112, 1450–1455. [CrossRef]

30. Tyler, M.A.; Mohamed, A.S.R.; Smith, J.B.; Aymard, J.M.; Fuller, C.D.; Phan, J.; Frank, S.J.; Ferrarotto, R.; Kupferman, M.E.; Hanna,
E.Y.; et al. Long-Term Quality of Life after Definitive Treatment of Sinonasal and Nasopharyngeal Malignancies. Laryngoscope
2020, 130, 86–93. [CrossRef] [PubMed]

31. Duru Birgi, S.; Teo, M.; Dyker, K.E.; Sen, M.; Prestwich, R.J.D. Definitive and Adjuvant Radiotherapy for Sinonasal Squa-mous
Cell Carcinomas: A Single Institutional Experience. Radiat. Oncol. 2015, 10, 190. [CrossRef]

32. Gabriele, A.M.; Airoldi, M.; Garzaro, M.; Zeverino, M.; Amerio, S.; Condello, C.; Trotti, A.B. Stage III-IV Sinonasal and Nasal
Cavity Carcinoma Treated with Three-Dimensional Conformal Radiotherapy. Tumori J. 2008, 94, 320–326. [CrossRef]

33. Hoppe, B.S.; Nelson, C.J.; Gomez, D.R.; Stegman, L.D.; Wu, A.J.; Wolden, S.L.; Pfister, D.G.; Zelefsky, M.J.; Shah, J.P.; Kraus,
D.H.; et al. Unresectable Carcinoma of the Paranasal Sinuses: Outcomes and Toxicities. Int. J. Radiat. Oncol. 2008, 72, 763–769.
[CrossRef]

34. Nguyen, L.V.; Vanner, R.; Dirks, P.B.; Eaves, C.J. Cancer stem cells: An evolving concept. Nat. Rev. Cancer 2012, 12, 133–143.
[CrossRef] [PubMed]

35. Linge, A.; Lohaus, F.; Löck, S.; Nowak, A.; Gudziol, V.; Valentini, C.; von Neubeck, C.; Jütz, M.; Tinhofer, I.; Budach, V.; et al. HPV
status, cancer stem cell marker expression, hypoxia gene signatures and tumour volume identify good prognosis subgroups in
patients with HNSCC after primary radiochemotherapy: A multicentre retrospective study of the German Cancer Consortium
Radiation Oncology Group (DKTK-ROG). Radiother. Oncol. 2016, 121, 364–373. [CrossRef]

36. Carpén, T.; Saarilahti, K.; Haglund, C.; Markkola, A.; Tarkkanen, J.; Hagström, J.; Mattila, P.; Mäkitie, A. Tumor volume as a
prognostic marker in p16-positive and p16-negative oropharyngeal cancer patients treated with definitive intensity-modulated
radiotherapy. Strahlenther. Onkol. 2018, 194, 759–770. [CrossRef]

37. Knegjens, J.L.; Hauptmann, M.; Pameijer, F.A.; Blam, A.J.; Heobers, F.J.; de Bois, J.A.; Kaanders, J.H.; van Herpen, C.A.; Verhoef,
C.G.; Wijers, O.B.; et al. Tumor Volume as Prognostic Factor in Chemoradia-tion for Advanced Head and Neck Cancer. Head Neck
2011, 33, 375–382.

38. Hennersdorf, F.; Mauz, P.-S.; Adam, P.; Welz, S.; Sievert, A.; Ernemann, U.; Bisdas, S. Impact of Tumour Volume on Pre-diction of
Progression-Free Survival in Sinonasal Cancer. Radiol. Oncol. 2015, 49, 286–290. [CrossRef] [PubMed]

39. Eley, K.A.; Watt-Smith, S.R.; Boland, P.; Potter, M.; Golding, S.J. MRI Pre-Treatment Tumour Volume in Maxillary Com-plex
Squamous Cell Carcinoma Treated with Surgical Resection. J. Craniomaxillofac. Surg. 2014, 42, 119–124. [CrossRef] [PubMed]

40. Ferella, L.; Cavallo, A.; Miceli, R.; Iacovelli, N.A.; Giandini, T.; Pignoli, E.; Calareso, G.; Bossi, P.; Resteghini, C.; Gravina, G.L.; et al.
Prognostic role of primary tumor, nodal neck, and retropharyngeal GTVs for unresectable sinonasal cancers treated with IMRT
and chemotherapy. Tumori J. 2020, 106, 39–46. [CrossRef] [PubMed]

http://doi.org/10.1002/lary.28052
http://doi.org/10.1097/01.mlg.0000216900.03188.48
http://doi.org/10.1002/cncr.29443
http://www.ncbi.nlm.nih.gov/pubmed/26043145
http://doi.org/10.1002/lary.24264
http://doi.org/10.1097/00005537-200407000-00012
http://www.ncbi.nlm.nih.gov/pubmed/15235347
http://doi.org/10.1002/lary.28499
http://doi.org/10.1002/lary.27995
http://www.ncbi.nlm.nih.gov/pubmed/31021415
http://doi.org/10.1097/00005537-200010000-00007
http://doi.org/10.1097/00005537-200208000-00023
http://doi.org/10.1002/lary.27849
http://www.ncbi.nlm.nih.gov/pubmed/30706478
http://doi.org/10.1186/s13014-015-0496-3
http://doi.org/10.1177/030089160809400306
http://doi.org/10.1016/j.ijrobp.2008.01.038
http://doi.org/10.1038/nrc3184
http://www.ncbi.nlm.nih.gov/pubmed/22237392
http://doi.org/10.1016/j.radonc.2016.11.008
http://doi.org/10.1007/s00066-018-1309-z
http://doi.org/10.1515/raon-2015-0028
http://www.ncbi.nlm.nih.gov/pubmed/26401135
http://doi.org/10.1016/j.jcms.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23777920
http://doi.org/10.1177/0300891619868006
http://www.ncbi.nlm.nih.gov/pubmed/31451102

	Introduction 
	Methods 
	Patient Characteristics 
	Treatment Characteristics 
	Helical Tomotherapy 
	VMAT and IMRT 
	Concurrent Chemotherapy 
	Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

