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Abstract
Objective

This study aimed to determine clinicopathologic characteristics of primary frontal sinus malignancies (FSMs) and provide long-
term survival results.

Materials and methods

A retrospective study of six cases of primary FSMs at our center from 2006 to 2016 was performed. The demographics
characteristics, tumor characteristics, treatment modalities and survival outcomes were recorded.

Results

In this series, the median age was 48 years (30—53 years) and all patients were male. There were five cases with squamous cell
carcinoma, and one with osteosarcoma. All cases presented with locally advanced disease without regional lymphatic metastasis,
including 5 cases of stage § and one of stage ll. The two most common pathways of tumor invasion were as follows: local tumor
broke posteriorly through bone wall and invaded dura mater, followed by frontal lobe; local tumor infiltrated downward through the
floor of frontal sinus into ethmoid sinus, thereafter invaded laterally orbit and orbital contents. All patients received surgery
followed by postoperative radiotherapy at the total doses of 50Gy to 75.95Gy. Among them, only one patient underwent RO
resection, the rest of patients underwent R1/R2 resection. With a median survival time of 56 months (32 to 76 months), two
patients receiving R1/R2 resection developed treatment failure and died within 5 years, including one case with local recurrence,
and one with local recurrence thereafter distant metastasis.

Conclusion

The majority of FSMs presented with peripherally invasive progression lesions, which led to a high ratio of R1/R2 resection.
Surgery combined with postoperative radiotherapy might result in satisfactory efficacy.

Introduction

Primary frontal sinus malignancies (FSMs) accounted for approximately 1% of all sinonasal tumors with an incidence of 0.011
per 100,000 population [1, 2]. There are diverse histological types for FSMs, with squamous cell carcinoma (SCC) as the main
pathological type which represented 40%-48% of cases, followed by Non-Hodgkin's lymphoma (17%-21%), non-specific epithelial
neoplasm (10%-14%), adenocarcinoma (10%-12%) and neuroepithelial neoplasm (4%-6%) [1, 2]. The frontal sinuses are paired
asymmetric air-filled cavities separated by interfrontal septum, between the inner and outer bone plates in the forehead [3]. As a
result of the complex anatomical structure of frontal sinus, most patients at diagnosis present with extensive invasion of adjacent
structures including ethmoid sinus, nasal cavity, orbit, dura mater and even frontal lobe. However, the specific pattern and
frequency of tumor invasion has not been sufficiently explored in FSMs. On the other hand, the extensive invasion of lesions
makes it difficult to achieve complete resection with negative margins for FSMs, which often leads to high local failure rates of
31%-60% [4—15]. Given disease rarity, histological diversity, late presentation, invasion of neighboring structures, seldom obtained
negative margins, primary frontal sinus malignancies presented enormous challenges to physicians.

Since Abernethy first reported FSMs in 1829 [16], many case reports with heterogeneity had been describing this disease. As an
extremely rare entity, there was a lack of large case series to date. To our knowledge, there were only two slightly larger single-
center case series to be reported before 2000, one including six cases of SCC and the other including five cases of epithelial
carcinoma [4, 17]. Owing to the earlier era, the radiation technique applied Cobalt-60 and electron beam at that time, and surgical
technique was also behind the present, therefore it could not represent the current level of treatment. Since 2000, there was only
one population-based analysis from SEER database including 171 FSMs [1], while other studies integrated FSMs into sinonasal
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tumors for analysis. Unfortunately, population-based study was difficult to ensure correct diagnosis and lack of information on the
extent of invasion. In addition, a review of the Chinese-/English-language literature excluding lymphoma in the same period

(Table 1) only identified thirteen cases of primary FSMs in ten case reports and one case series. Under the premise, although our
retrospective analysis merely included six primary FSMs from Asia, it was still one of the largest single-center case series at
present. Our study aimed to determine clinicopathologic characteristics of primary FSMs and provide long-term survival results.
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Table 1

The Chinese-/English-language case reports/case series retrieved on Pubmed in the same period (from 2006 to 2016)

Authors

(Year)

Yoshida. N, et al
(2006) [5]

X. Zhang, et al
(2006) [6]

Gerlinger. |, et al
(2008) [7]
Tsutomu. Ichinose,
et al

(2009) [8]

I\/llichael W. Chu, et
a

(2010) [9]

J. Madana, et al
(2011) [10]
Raman Wadhera,
et al

(2011) [11]

R-g. Wang, et al

(2011) [15]

Seiji Hosokawa, et
al

(2012) [12]

Senja Tomovic, et
alt

(2014) [13]

H.Z. Zhang, et al

Age
/Gender
74/Male

55/Female

60/Male

66/Male

61/Male

48/Female

53/Male

47/Female

59/Male

60/Female

71/Male

21/Female

66/Male

Histology

SCC

Osteosarcoma

Undifferentiated

carcinoma

SCC

Carcinoid tumor

SCC

Adenocarcinoma

SCC

SCC

SCC

SpcC

Angiosarcoma

SCC

Stage

Treatment Modalities

Frontal craniotomy
— RT (50Gy)

Extended lateral rhinotomy
— CT+RT

Frontal craniotomy
— RT

Frontal craniotomy

Endoscopic resection

Frontal craniotomy

— RT (64Gy)
CT— RT

(Refusal of surgery)

Endoscopic + craniotomy

— RT (60Gy)

Endoscopic + craniotomy
— RT (60Gy)
Endoscopic + craniotomy

— RT

Frontal skull base
craniotomy

CT (6 months)

(gemcitabine/ docetaxel)

Frontal craniotomy
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Treatment
Failure

LR (3
months)

No

No

No

No

No

NO

IM (6
months)

—LR+DM

LR (40
days)

—BM (4
months)

LR (14
months)

No

Recurrence

No

Follow-up/
Status
20m/Died of
disease
25m/Alive

with no
disease

12m/Alive

with no
disease

24m/Alive
with no
disease
14m/Alive
with no
disease
12m/Alive

with no
disease
12m/lost to

follow-up

16m/Died of

disease

10m/Died of

disease

21m/Alive

with disease
40m/Alive
with no
disease

12m/Alive

6m/Alive




Authors Age Histology Stage Treatment Modalities Treatment gollow-up/
tatus
(Year) /Gender Failure
(2014) [14] — RT (50Gy/15f) with no
disease

Materials And Methods
Patient selection and staging evaluation

Between March 2006 and October 2016, seven patients diagnosed as primary FSM were treated at Cancer Hospital of Chinese
Academy of Medical Sciences (CAMS) and Peking Union Medical College (PUMC). One patient with recurrence disease who
needed salvage surgery was excluded. A total of 6 patients were included in this retrospective analysis. At present, FSM had not
been included in the American Joint Committee on Cancer (AJCC) staging system. The most common staging system currently
applied to FSM was developed at the University of Florida (Table 2) [18]. All cases were restaged according to The University of
Florida Staging System. The medical records of all patients were reviewed, including medical history, head and neck specialist
examination, endoscope, computed tomography (CT) scan and/or magnetic resonance imaging (MRI) of paranasal sinus, neck
and chest CT scan, and abdomen ultrasound. The demographic features, tumor characteristics, clinical manifestation, surgical
records, radiation data, and detailed follow-up information were available for each patient. The institutional ethics review board
had approved this study.

Table 2
The University of Florida Staging System

Category  Criteria

Stage tumors limited to the site of origin
Stagell extension to adjacent sites (orbit, paranasal sinuses, skin, nasopharynx,
pterygomaxillary fossa)

Stagell base of skull or pterygoid plate destruction and/or intracranial extension

Treatment modalities

In this series, all patients received combined treatment consisting of surgery and postoperative radiotherapy (PORT). The patient 2,
patient 4 and patient 6 were treated with tumor enucleation at other institutions before secondary extended operation due to
misdiagnosis of benign diseases. During secondary extended operation, all patients followed the principle of en bloc resection.
The anterior skull base resection and extended skull base resection were performed in patient 2 and patient 4 respectively, who
simultaneously received orbital contents exenteration, while the patient 6 received extended frontal sinusectomy. Of the three
previously untreated patients, two patients underwent anterior craniofacial resection via coronal scalp incision in line with the
principle of en bloc resection, one was treated with lateral rhinotomy combined with endoscopic technique. The free flap
reconstruction was performed in three cases to repair large defects of frontal skin. None of the patients underwent neck
dissection.

The median interval time between surgery and radiotherapy was 1.9 months (range: 1.0 to 3.6 months). The three patients were
treated with intensity modulated radiation therapy (IMRT), two patients were treated with helical tomotherapy (TOMO), and one
received volumetric modulated arc therapy (VMAT). The median radiation dose of this series was 68Gy (50Gy-75.95Gy) at a daily
dose range of 2.0Gy-2.17Gy to the tumor bed boost, of which the doses of R1 resection subset ranged from 65.22Gy to 75.95Gy,
one patient with R2 resection was delivered a total dose of 69.96Gy, and one with RO resection was delivered a total dose of 50Gy.
The two patients were delivered prophylaxis irradiation of nodal regions at doses of 60.06Gy and 60.20Gy, respectively. Wherein
the radiation region of patient 3 covered bilateral level [, i1, I, ! and retropharyngeal region. The patient 5 were delivered elective
nodal irradiation including unilateral level Ib, [l and retropharyngeal regions. Only the patient with R2 resection received two cycles
of concurrent chemotherapy with cisplatin in 100mg/m? intravenously.
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Statistical analysis

The survival time was measured from the date of radical operation to death of any cause. The failure-free survival time was to
first treatment failure or last follow-up visit. The descriptive statistics was adopted to summarize clinicopathologic characteristics,
treatment outcomes, failure patterns. According to the sequence of symptoms and signs, preoperative MRI and/or CT,
intraoperative findings, and postoperative pathology, the presence or absence of tumor invasion and pathways of tumor invasion
were identified. The degree of surgical resection depended on intraoperative findings, postoperative pathology, and pre-radiation
MRI and/or CT, which was divided into three categories: 1) RO resection: negative resection margins and no residual tumor; 2) R1
resection: microscopic positive resection margins, but no macroscopic residual tumor; 3) R2 resection: macroscopic positive
resection margins or residual tumor.

Results
Clinicopathologic characteristics

The characteristics of the cases were summarized in Table 3. The median age of this series was 48 (30—53) years and all patients
were male. There were five cases with squamous cell carcinoma (SCC), and one with osteosarcoma. The most common
presenting symptoms and signs were proptosis (66.7%) and visual impairment (50.0%), while nasal obstruction was relatively rare,
accounting for only 16.7%. Most patients presented with locally advanced disease, of which five cases were classified as stage [l
(dura mater infiltration) and one was classified as stage Il (invasion of orbit and ethmoid sinus). There was no clear palpable and
radiographic evidence of lymph node metastasis in all patients at initial diagnosis.
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Table 3
The clinical characteristics, treatment factors and outcomes

No. Age/Gender Histology Stage Symptoms ﬁgrgicalh Degree of Radiation  Radiation Follow-up
proac
Resection Technique Dose /Status
1 48/Male SCC 0 Visual lateral R1 IMRT 65.22Gy 47m/Died
impairment, rhinotomy of
proptosis
+Endoscopic disease
2 48/Male SCC 0 Forehead Anterior R1 IMRT 75.95Gy 32m/Died
pain, skull of
numbness
base disease
resection
3 49/Male SCC 0 Nasal Craniofacial  R2 TOMO 69.96Gy 65m/Alive
obstruction, with
visual resection
impairment, no
disease
proptosis,
diplopia
4 53/Male SCC 0 Forehead Extended RO IMRT 50.0Gy 76m/Alive
swelling skull with
base no
resection disease
5 45/Male SCC 0 Visual Craniofacial R1 VMAT 70.0Gy 67m/Alive
impairment, with
proptosis, resection no
headache disease
6 30/Male Osteo- 0 Forehead Extended R1 TOMO 66.0Gy 37m/Alive
swelling, with
sarcoma proptosis, sinusectomy no
numbness disease
Abbreviation: RO: negative resection margins and no residual tumor; R1: microscopic positive resection margins, but no
macroscopic residual tumor; R2: macroscopic positive resection margins or residual tumor; IMRT: Intensity Modulated
Radiation Therapy; VMAT: Volumetric Modulated Arc Therapy; TOMO: Helical Tomotherapy.

The pathways of tumor invasion

Based on the patterns of tumor invasion, four infiltration pathways were identified (Fig. 1). The two most common routes were as
follows: 1) local tumor broke posteriorly through bone wall and invaded dura mater, followed by frontal lobe; 2) local tumor
infiltrated downward through the floor of frontal sinus into ethmoid sinus, thereafter invaded laterally orbit and orbital contents.
Among the 5 patients with ethmoid sinus involvement, all cases had invasion of the orbital bone wall, finally only one case
infringed on the orbital contents. In addition, there was also one case anteriorly and inferiorly spreading to nasal cavity at the
same time. The least common pathway was local lesions penetrating laterally and downward into the orbit, followed by
intraorbital infiltration.

Treatment outcomes

In terms of resection status, only one case received RO resection, four cases underwent R1 resection, and the remaining one
underwent R2 resection who had complete tumor regression after PORT (Table 3). After the long-term follow-up, the overall median
survival time was 56 months (32 to 76 months). During the follow-up, patient 1 and patient 2 receiving R1 resection developed
treatment failure and died within 5 years. Of the two patients, the failure-free survival time was 21 months and 3 months,
respectively. By the end of the last follow-up, among the other 4 patients who did not experience treatment failure, three patients
survived more than 5 years and one survived over 3 years.

Page 7/13




Failure patterns

As stated previously, two cases (33.3%) developed treatment failure. Of the two patients, one case developed the skull base
recurrence and intracranial progression in 21 months as well as 34 months after surgery, respectively. Another case developed
local recurrences of the orbit for three times in 3 months, 14 months, and 18 months after surgery. Additionally, the patient also
developed lung metastasis in 9 months after surgery. Although both patients received salvage therapy including surgery alone or
surgery combined with radiation and chemotherapy, they still died of the progression of local lesions. By the end of the last follow-
up, there was no regional lymph node failure in this series.

Treatment complications and toxicities

After primary surgery, two patients experienced surgical complications including one case with postoperative infection of residual
cavity and the other one with intermediate hemoglobin reduction as well as epiphora. In addition, postoperative radiotherapy was

postponed in the two patients due to infection and hemoglobin reduction. The interval time was 2.8 months in one patient and 3.6
months in the other.

In terms of radiation toxicities, among the four long-term surviving patients, only patient 3 developed asymptomatic radiation
necrosis of frontal lobe, intermediate vision loss and mild hearing loss during the follow-up.

Discussion

This is a large single-center retrospective cohort study with consistent treatment modality including surgery and radiotherapy,
which has achieved good survival results. The majority of frontal sinus malignancies present with peripherally invasive
progression lesions without regional lymph node metastasis. And most of them fail to achieve complete resection with negative
margins, suggesting the importance of postoperative radiotherapy and the potential role of neoadjuvant therapy. Local recurrence
is still the predominant failure pattern, and no regional lymph node failure has been found. In addition, this is also the first study to
identify the tumor invasion pathways of primary frontal sinus malignancies.

Regarding the characteristics of entire cohort, our series included only six males, aging from 30 to 53 years, which was similar to
the male predominance of sinonasal tumors, but different from the peak incidence in the 5th and 6th decades of life [2, 19]. The
most possible reason was the selection bias because of small sample sizes. Basically consistent with the incidence of 90%
reported in the previous literatures [20], SCC occupied an absolute superiority (83.3%) in our series, which was higher than the
proportion of SCC ranging 42-54% in sinonasal tumors [2, 21]. However, the contradictory results were that two large population-
based studies showed that SCC accounted for 40% -48% of frontal sinus tumors [1, 2]. On one hand, it might be due to the bias
caused by small sample size in our study. On the other hand, it should not be ignored that the population-based study was difficult
to ensure the correct diagnosis and lymphoma was usually included for analysis. Considering tumor characteristics, both six
cases from our cohort and 13 cases summarized in Table 1 were stage Il or lll at diagnosis. Consistent with this, the population-
based analysis including 171 FSMs showed localized diseases (no tumor invasion) represented only 11% [1]. In comparison to
FSMs, many studies reported that locally advanced lesions (T3 or T4) accounted for 60% -75% of overall sinonasal tumors [2, 21,
22], demonstrating FSMs were more prone to present with extensive invasion of adjacent sites than other paranasal sinus tumors.
Although many studies reported that overall lymphatic metastasis of sinonasal tumors at diagnosis usually occured in 10-20% of
patients [21, 23], which could be as high as 30% in squamous cell or poorly differentiated carcinoma of maxillary sinus [24], the
incidence of lymphatic metastasis for FSMs was seldom reported. According to our experience, regional lymphatic metastasis
rarely occurred in FSMs with the exception of lymphoma. Neither our series nor the 13 cases listed in Table 1 found regional
lymphatic metastasis at initial diagnosis, which was also in support of this theme.

Our study also described four specific pathways of tumor invasion, which deepened the understanding of the clinicopathological
characteristics of FSMs. Anatomically, the floor of the frontal sinus was the thinnest and easily invaded by tumor, which explained
why frontal sinus lesions were more likely to invade downward the ethmoid sinus. And commonly lateral invasion from the
ethmoid sinus to the orbit was owing to the thin lamina papyracea. On the other hand, the inner plate of frontal bone was thinner
than the outer plate, which could lead to another common route with posteriorly invading the dura mater. Given the extensive
infiltration of FSMs, we hypothesized that clinical target volume (CTV) should routinely include these high-risk areas. In addition,
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the unique tumor invasion pattern of primary FSMs made its symptoms and signs different from other sinonasal tumors. To our
knowledge, the most common described symptoms at initial diagnosis included nasal obstruction, nasal discharge, epistaxis,
mass in the nose, and facial pain [24]. However, our data demonstrated that nasal obstruction occurred in only one patient, and
ocular symptoms including proptosis as well as visual impairment were the most common, consistent with the high orbital
invasion rate of our cohort.

The multimodality treatment consisting of surgery and radiotherapy had been shown to improve clinical outcomes of advanced-
stage sinonasal tumors, compared with single-modality therapy [21, 25, 26]. Our study also adopted the unified treatment modality
of surgery and adjuvant radiotherapy. Transfacial or craniofacial approach could provide a wide range of potential en bloc
resection for anterior skull base tumors involving the dura mater [27]. Whereas, craniofacial approach provided greater exposure to
the ventral skull base, especially when the frontal lobe was invaded [27]. In our study, three cases were treated with transfacial
approach, one received endoscopic combined with transfacial approach, and other cases with invasion of frontal lobe underwent
craniofacial resection. Even if the principle of en bloc resection was followed, the RO resection rate was still extremely low, only
16.7%. In comparison to our analysis, previous two studies included only locally advanced (T3/T4) sinonasal tumors, and nearly
15% of cases in the first study underwent endoscopic surgery, with RO resection rates as high as 60% [28, 29]. In this condition, the
treatment strategy of surgery and adjuvant radiotherapy obtained good clinical efficacy with the median survival time of 56
months, illustrating the importance of adjuvant radiotherapy and the value of comprehensive treatment. In an early single-center
case study, Frew retrospectively analyzed six cases of frontal sinus SCC receiving radiotherapy alone, with a median survival time
of only 13 months [17].

At present, the overall prognosis for FSMs was still poor compared with other paranasal sinus tumors. A population-based
analysis from SEER database summarized the 5- and 10-year disease-specific survival (DSS) of each specific site, showing the 5-
and 10-year DSS of FSMs were only 41.5% and 23.3% respectively, whereas nasal cavity tumors possessed the best prognosis
(67.1% and 51.9%) [2]. The possible reasons were the high proportion of advanced lesions and low RO resection rate for FSMs.
Many studies evaluated the role of degree of surgical resection and its relationship to prognosis [28, 30]. In our previous study,
both the univariate and multivariate analysis demonstrated non-complete resection was an adverse prognostic factor for overall
survival (OS) of locally advanced sinonasal SCC [28]. Resto et al also retrospectively analyzed 102 patients of locally advanced
sinonasal tumors, showing complete resection subset had significantly higher DFS (90% vs 49% vs 39%, p = 0.009) and 0S (90%
vs 53% vs 49%, p = 0.02), compared with partial resection and biopsy subsets [30]. Therefore, regardless of the modalities chosen,
treatment strategies for FSMs should focus on improving the rate of complete resection and local control in the future. Our
previous study compared preoperative radiotherapy (Pre-RT) followed by surgery and surgery followed by PORT for stage III-IVB of
sinonasal SCC. The results showed that Pre-RT significantly improved the rate of complete resection (93.3% vs 38%). Although no
significant difference in OS between the two groups, survival benefits could be offset by higher proportion of adverse prognostic
factors in Pre-RT group [28]. Therefore, neoadjuvant radiotherapy followed by surgery might be an available treatment option,
certainly more evidence was needed.

The existing literatures described that the overall treatment failure rates of sinonasal tumors ranged from 41-67% [22, 31, 32], and
local recurrence was the predominant failure pattern. Likewise, our study yielded the similar results with a slightly lower treatment
failure rate. Additionally, in the condition of only 2 cases receiving cervical prophylaxis irradiation, there was no regional lymph
node failure in our cohort during the follow-up. Brownson et al also reported the regional lymphatic metastases rate of FSMs was
less than 10% [4]. Due to extremely rare regional lymph node metastases and failure, cervical prophylaxis irradiation might be not
necessary for primary FSMs, which could help reduce treatment toxicities. In terms of surgical complications, although PORT was
postponed in the two patients due to complications, it did not affect the clinical efficacy. As for radiation toxicities, although
patient 3 experienced frontal necrosis and hearing loss, the patient received R2 resection with avoiding removal of orbital contents,
thereby preserved part of the vision and developed no treatment failure, indicating that the organ-sparing surgery plus adjuvant
radiotherapy might result in satisfactory outcomes. Overall, the complications and toxicities were tolerable for our cohort.

Despite our study provided long-term survival results of surgery combined with PORT for primary FSMs, there were still many
limitations due to small sample size. Firstly, the case selection bias from retrospective analysis was particularly magnified in
small sample studies, such as the distribution of pathologic type, age, and gender discussed previously. Thereafter, although all
cases in this study adopted combined treatment modality of surgery and adjuvant radiotherapy, the surgical approach were not
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uniform, which affected inductive analysis of case series to a certain extent. Lastly, our experience was based on an inductive
analysis of limited cases, therefore it was far from extrapolating conclusions in optimal treatment of primary frontal sinus
malignancies.

Conclusion

Primary frontal sinus malignancies are more common in male, squamous cell carcinoma is the main histologic type, and the
majority present with peripherally invasive progression lesions. The two most common pathways of tumor invasion are as
follows: local tumor breaks posteriorly through bone wall and invades dura mater, followed by frontal lobe; local tumor infiltrates
downward through the floor of frontal sinus into ethmoid sinus, thereafter invades laterally orbit and orbital contents. Compared
with other paranasal sinus tumors, surgery usually leads to a high ratio of R1/2 resection for frontal sinus malignancies. But
surgery combined with radiotherapy achieves long-term survival results and local recurrence is still the predominant failure
pattern. Regional lymph node metastasis and failure are extremely rare, illustrating cervical prophylaxis irradiation might be not
necessary. The treatment strategies should focus on improving complete resection rate and local control in the future,
neoadjuvant therapy might be an available treatment option.
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