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Simple Summary: Sinonasal cancers are rare types of cancer that are often detected at a late stage,
making them difficult to treat. To monitor these cancers closely, advanced imaging techniques are
used. One such technique is called “Whole-body 18F-FDG PET/CT”, which is an excellent tool in
detecting and staging these cancers. For certain types of tumors, other imaging tracers like 11C-choline
and 68Ga-DOTATATE/DOTATOC are helpful for planning treatment and monitoring progress. In
this review, we talk about how PET/CT can aid in the diagnosing, determining the extent of the
disease, treatment planning, and evaluating the treatment response for different types of sinonasal
tumors. The review also discusses some newer radiotracers used for PET scanning, that are proving
useful in diagnosing and staging sinonasal cancers.

Abstract: Sinonasal cancers are uncommon malignancies with a generally unfavorable prognosis,
often presenting at an advanced stage. Their high rate of recurrence supports close imaging surveil-
lance and the utilization of functional imaging techniques. Whole-body 18F-FDG PET/CT has very
high sensitivity for the diagnosis of sinonasal malignancies and can also be used as a “metabolic
biopsy” in the characterization of some of the more common subgroups of these tumors, though due
to overlap in uptake, histological confirmation is still needed. For certain tumor types, radiotracers,
such as 11C-choline, and radiolabeled somatostatin analogs, including 68Ga-DOTATATE/DOTATOC,
have proven useful in treatment planning and surveillance. Although serial scans for posttreatment
surveillance allow the detection of subclinical lesions, the optimal schedule and efficacy in terms of
survival are yet to be determined. Pitfalls of 18F-FDG, such as post-surgical and post-radiotherapy
crusting and inflammation, may cause false-positive hypermetabolism in the absence of relapse.

Keywords: sinonasal malignancy; PET/CT; FDG; somatostatin analogs

1. Introduction

Sinonasal malignancies are rare diseases, accounting for 3% to 5% of all head and neck
malignant neoplasms [1]. They contain several histological subtypes with different clinical
behaviors. Although the stage at presentation is highly predictive of survival, none of the
existing staging systems are ideal. The fact that local, regional, or distant recurrences can
be seen despite maximum treatment further increases the importance of accurate staging
and close imaging follow-up [2]. The rarity and histological and clinical diversity of these
tumors present a diagnostic challenge.

Imaging has an essential role in evaluating the response to treatment and detecting
recurrences, in addition to initial primary staging. Ultrasound (US), computed tomography
(CT), and magnetic resonance imaging (MRI) are routinely used modalities for morphologi-
cal evaluation and differentiation of neoplastic from inflammatory processes and benign
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and malignant tumors in the sinonasal region. Whole-body positron emission tomography
(PET) combined with either CT or MRI provides functional information throughout the
entire body in one session [3].

Depending on the tumor type, PET provides accurate staging of the primary tumor,
nodal involvement, and distant metastasis of head and neck malignancies, including
sinonasal cancers [4–6]. PET/CT contributes not only to the determination of initial staging,
but also to the planning of treatment and surveillance. Chemoradiotherapy is commonly
applied as the main treatment strategy for sinonasal malignancies, and PET/CT has a
crucial role in monitoring the treatment response and detecting recurrences that may be
missed by conventional anatomical imaging modalities and endoscopy [5,7].

The well-established workhorse of nuclear oncology is 2-[fluorine 18]fluoro-2-deoxy-d-
glucose (18F-FDG), which assesses glucose metabolism [5,8,9]. Other important radiopharmaceu-
ticals used in nuclear oncology for imaging sinonasal malignancies include somatostatin analogs,
such as 68Ga-dodecanetetraacetic acid-Tyr3-octreotate (DOTATATE)/dodecanetetraacetic acid-
D-Phe1-Tyr3-octreotate (DOTATOC), as well as 11C-choline [10–16].

In this review, the role of 18F-FDG PET/CT in diagnosis, initial staging, treatment
planning, and assessment of the treatment response in various sinonasal tumors will be
discussed along with demonstrative case examples. Additionally, radiotracers other than
FDG and their utility in sinonasal malignancies will be covered.

In this review, our main aim was to discuss the role of PET/CT in diagnosis, initial
staging, treatment planning, and assessment of the treatment response in various sinonasal
tumors with demonstrative case examples. Additionally, recently used radiotracers other
than FDG and their utility in sinonasal malignancies were covered. As we best know,
there is no such detailed review of sinonasal tumors and their PET applications in the
medical literature that emphasizes their unique diagnostic features, their importance in
initial staging, their power in treatment planning, and their high accuracy in terms of
treatment response.

2. 18F-FDG PET/CT Applications in Sinonasal Neoplasms
2.1. Malignant Lesions
2.1.1. Sinonasal Squamous Cell Carcinoma

Squamous cell carcinoma (SCC) of the sinonasal tract is a malignant epithelial neoplasm
arising from the surface epithelium lining the nasal cavity and paranasal sinuses. It is the most
common malignancy of the sinonasal region and constitutes 40–60% of cases [17–20].

Risk factors for sinonasal SCC mainly reflect those valid for all head and neck subsites.
These include tobacco use, alcohol consumption, and infection with human papillomavirus
(HPV) [20–22]. Malignant degeneration of an inverted papilloma is also a well-established
etiology of sinonasal SCC, with a reported transformation rate ranging from 1 to 10% [23–25].

The maxillary sinus is the most common site for sinonasal SCCs (≈60%), followed by
the nasal cavity and ethmoid air cells, and rarely the frontal or sphenoid sinuses [26,27].
Tumors originating from the nasal cavity and paranasal sinuses each account for approxi-
mately half of the cases [28].

Depending on the location and stage of the disease, multimodality therapy is the
mainstay of treatment of sinonasal SCCs [29]. Complete surgical resection, either with
endoscopic endonasal or combined cranioendoscopic approaches, followed by adjuvant
postoperative radiotherapy or concurrent chemoradiotherapy, is the standard treatment for
SCC of the sinonasal tract. In advanced-stage disease, neoadjuvant chemotherapy has been
advocated to provide better tumor control and orbital preservation [30].

By virtue of SCC’s origin in midline structures, such as the nasal septum, contralat-
eral or bilateral lymphadenopathy may be observed [31]. The incidence of lymph node
metastasis at presentation is approximately 15%, while simultaneous distant metastasis is
rare. Even with a successful combination therapy, the overall clinical outcome is poor, with
a 5- and 10-year overall survival rate of 30% and 21%, respectively [26]. In addition to the
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poor prognosis, patients older than 50, particularly African American patients and/or those
who present with an advanced disease stage, have particularly unfavorable outcomes [26].

CT is the imaging modality of choice in terms of demonstrating structural bone
changes, such as thinning or destruction, owing to its high spatial resolution and capability
of detecting bone density alterations [32–34]. A sinonasal soft tissue mass with bone
destruction is a classical scenario of SCC that may be seen on CT. On the other hand,
SCCs also have nonspecific MRI features consisting of an isointense signal in T1-weighted
imaging, a hypo-to-intermediate signal in T2-weighted imaging (compared to fluid), and
variable enhancement on contrast-enhanced images. The enhancement of the SCCs is often
less than that of the adjacent sinus mucosa. Smaller lesions are typically homogeneous
in signal intensity, while the larger ones are commonly more heterogeneous with areas
of necrosis and hemorrhage. In particular, inverted papillomas and lymphomas may
show similar MRI findings, such as skull base invasion and destruction. In addition,
spreading into the anterior and middle cranial fossae with or without dural involvement
is common [35]. Contrast-enhanced MRI is the imaging modality of choice for structural
imaging and is crucial in identifying the soft tissue involvement, both at the sinonasal region
boundaries [36–38] and in adjacent regions, such as the brain, orbital contents, cavernous
sinus, and internal carotid artery [39–41]. It has also been shown that sinonasal SCCs have
higher apparent diffusion coefficient (ADC) values compared to sinonasal lymphoma [42].
In addition, perineural involvement is also a common feature of sinonasal SCC, and
evaluation of the entire course of the cranial nerves is strongly advised to detect skip
lesions. As mentioned above, sinonasal SCCs may sometimes originate from an inverted
papilloma, constituting an additional dilemma for differential diagnosis. From this point
of view, MRI plays an invaluable role in differentiating benign inverted papillomas from
SCC [43,44]. Convoluted cerebriform patterns and lower ADC values [44,45], especially
when associated with an increased maximum standard uptake value (SUVmax) on 18F-FDG-
PET/CT, are associated with a higher probability of malignancy [43,46]. Yilmaz et al. [46]
found a statistically significant difference in terms of SUVmax levels between nasal polyps,
inverted papillomas, and SCC in their study, which included 27 patients with mean SUVmax
values of 2.9, 7.8, and 17.8, respectively. However, these results could not be validated in
some of the other studies [47,48].

Since it allows simultaneous acquisition of anatomical and metabolic data from pri-
mary tumors, provides an accurate diagnosis of regional neck metastases, and enables the
identification of distant metastases in a single session, 18F-FDG PET/CT is a principal tool
for the initial staging of advanced head and neck SCCs, including sinonasal SCCs [49].
SCCs mostly demonstrate moderate-to-intense uptake on 18F-FDG PET/CT imaging [50]
(Figure 1). Ozturk et al. [51] reported the SUVmax, SUVmean, and SUVratio-mediastinum
of the sinonasal SCCs as 17.9 ± 8.1 (±SD), 8.6 ± 3 (±SD), and 7.6 ± 3.2 (±SD), respectively.
They concluded that, despite overlaps in some of the rare subtypes, SUV levels may be
used as a “metabolic biopsy” for differentiating the various histopathologic subtypes of the
sinonasal malignancies because they may help in the characterization of some of the more
common ones [51]. As with other head and neck SCCs, the interval decrease or resolution
of uptake at the first post-treatment scan is a strong predictor of better overall survival [51].
The intensity of uptake of 18F-FDG allows appraisal of tumor aggressiveness, which is a
predictor of prognosis. Higher SUV values in head and neck SCC are associated with a
worse prognosis [52].

It is important to distinguish SCC from other common histological types of sinonasal
malignancies. Kim et al. [53] reported on features of sinonasal non-Hodgkin lymphoma
(SN-NHL) and SCC, showing that, in contrast to SCC, SN-NHL lesions tend to present a
bulky lesion with bone destruction, a homogeneous signal on T2-weighted and postcontrast
images, and low ADC values without adjacent bone destruction. Both tumor types showed
a high degree of enhancement. However, the study showed no statistically significant
difference between cervical lymphadenopathy, Waldeyer’s ring involvement, or 18F-FDG-
PET/CT SUVmax between these two tumors. Regarding other sinonasal malignancies,
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differentiation can be difficult, such as with sinonasal adenocarcinoma, which is essentially
indistinguishable from SCC by imaging features on CT, MRI, or 18F-FDG-PET/CT [41].
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Figure 1. Sinonasal squamous cell carcinoma. A 49-year-old female with a history of nasal obstruction
and occasional nose bleeds for a few months. The axial unenhanced CT image (a) demonstrates
a left anterior nasal mass (white arrow). On corresponding coronal MRI images (b–d), the mass
that is isointense relative to muscles on T1w (b) is heterogeneously hyperintense relative to muscles
on fat-saturated T2w images (c), showing homogeneous enhancement on postcontrast T1w fat-
saturated (d) images (white arrow). Attenuation-corrected axial (e), sagittal (f) PET, and axial (g) and
coronal (h) fused PET/CT images demonstrate high FDG metabolism of the lesion (white arrow). On
image (f), a surgically proven second squamous cell carcinoma focus on the left posterior nasal cavity
is seen (black arrow).

2.1.2. Sinonasal Lymphoma

Sinonasal NHL (SN-NHL) is the second most common sinonasal malignancy after
SCC [54]. The two most frequent subtypes are diffuse large B-cell lymphoma (the most
common) and natural killer (NK)/T-cell lymphoma [55]. Diffuse large B-cell lymphoma
(DLBCL) has a predilection for the sinuses, particularly the maxillary sinuses, followed by
the nasal cavity [56]. The treatment of sinonasal lymphoma is nonsurgical, with chemother-
apy being the mainstay of treatment for most patients and radiation mainly used for
invasive or refractory lesions and, increasingly, in NK/T-cell lymphoma [55].

Staging is used to determine pretreatment risk stratification and the selection of
therapy. CT is often the initial examination method for sinonasal masses, but MRI is
more sensitive than CT for the detection of lymphoma, which usually presents as a tumor
or mass with soft tissue attenuation [57]. Using conventional MRI, sinonasal NK/T cell
lymphoma is more often located in the nasal cavity, has ill-defined margins, and shows
heterogeneous signal intensity, internal necrosis, and marked enhancement [58]. On the
other hand, DLBCL was more often located in the paranasal sinuses with intracranial or
orbital involvement, with homogenous intensity and mild enhancement [58]. The tumor
usually demonstrates intermediate signal intensity on T1-weighted images and variable
signal intensity on T2-weighted images without fat saturation [59]. T2-weighted images
have been shown to be useful in differentiating tumors from normal mucosa, a significant
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advantage over CT. The tumors typically show a restricted diffusion pattern with high
signal intensity on diffusion-weighted imaging (DWI) and low signal on ADC [60,61]. The
ADC value can be used to differentiate between lymphoma and SCC with an accuracy
of 98% [62].

Since the 1990s, 18F-FDG has played an important role in the management of lym-
phoma. Most SN-NHLs have a high glucose metabolism, so 18F-FDG PET/CT is an accu-
rate method for diagnosis, staging, and therapeutic monitoring [63–67] (Figure 2). Thus,
a PET-CT scan indicating bone or marrow involvement is usually sufficient to designate
advanced-stage disease, and a bone marrow biopsy is not required [68].
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Figure 2. Sinonasal involvement by lymphoma. An 84-year-old female patient with a past medical
history of rheumatoid arthritis presenting with an ulcerative scalp lesion. The biopsy of the scalp
lesion was consistent with EBV (+) DLBCL. Paranasal sinus CT (a) shows a right nasal cavity lesion
expanding the right ostiomeatal unit and extending into the right maxillary sinus. Post-obstructive
frothy secretions in the right maxillary sinus are noted. Fat-saturated coronal T2w (b) and non-fat-
saturated coronal T1w (c) images better depict the primary lesion as mildly T2w hyperintense areas,
whereas mucosal disease is more T2w bright. 18F-FDG PET/CT images (d) demonstrate the intense
avidity of the right nasal cavity lesion as well as the scalp lesion (arrow) and two FDG-avid right
pulmonary lesions.

Regarding NK/T-cell lymphoma specifically, 18F-FDG-PET/CT data are sparse. In a
study conducted on 15 patients diagnosed with NK/T-cell lymphoma, the uptake of 18F-
FDG was found to be similar between patients in stages 1 and 3. Two of the 15 patients were
found to have an indeterminate diagnosis, for which 18F-FDG-PET/CT was used to guide a
biopsy. In the remaining 13 patients with a definite diagnosis, the use of 18F-FDG-PET/CT
changed the staging in 6 patients, downstaging 2 patients and upstaging 4 patients [69].
In another larger study on 52 patients with NK/T-cell lymphoma, the detection rate for
nodal and extranodal lesions was compared between 18F-FDG PET/CT and CT and MRI
(PET: 58% and 69%; CT and MRI: 44% and 61%). Furthermore, 18F-FDG PET/CT scans
were generally more accurate than the other conventional imaging modalities in staging
those patients [70].

2.1.3. Sinonasal Adenocarcinoma

Adenocarcinoma accounts for 10–20% of all sinonasal cancers [1,71,72] and represents
the most common mucosal epithelial malignancy in Europe [1]. The ethmoid sinuses are
the most common region for sinonasal adenocarcinomas, followed by the nasal cavity,
maxillary antrum, and olfactory region [73–75]. There are certain predisposing risk factors,
especially for intestinal-type adenocarcinomas, including chronic occupational exposure to
hardwood dust, formaldehyde, chrome pigment, clothing dyes, and leather dust, which
explains the male predilection of the disease [21,76]. This fact is also a reason for the
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multifocality of the tumor detected in different mucosal areas of the nasal cavities, even
those that are distant from each other.

About two-thirds of naso-ethmoidal adenocarcinoma recurrences develop in field,
and nodal and distant metastases account for 20% and 10%, respectively. The risk of
local recurrence for adenocarcinomas is statistically related to pathologic T (pT) stage and
dural invasion. Leptomeningeal metastases in intestinal-type adenocarcinomas have been
reported at diagnosis or during follow-up [77–79].

Standard management for intestinal-type adenocarcinoma is surgery followed by
radiation therapy. Single-modality treatment with surgery alone is recommended for early-
stage (pT1) and low-grade adenocarcinomas [80]. Considering the possibility of tumor
spreading to the leptomeninges at the time of diagnosis or late in follow-up, prophylactic
brain irradiation may be considered in high-grade lesions with intracranial invasion [81].
Since the risk of regional metastasis is low (7%) in sinonasal adenocarcinoma, elective
treatment of neck lymph nodes is not routinely undertaken [1].

Although the general imaging features of adenocarcinomas may overlap with those
of other sinonasal tumors, especially squamous cell carcinoma, the location of the tumor
is one of the most helpful distinguishing features. Adenocarcinomas prefer the ethmoid
sinuses, while squamous cell carcinomas arise in the maxillary antrum and nasal cavity. CT
and MRI can provide information regarding tumor size, extent, and depth of invasion into
adjacent anatomical structures, which is crucial for surgical and therapeutic planning. CT
is the modality of choice for evaluating the adjacent bone structures. The pattern of bone
invasion may help predict tumor aggressiveness. Benign lesions and low-grade malignan-
cies may show smooth osseous expansion secondary to their slow and expansile growth
patterns. On the other hand, high-grade malignancies mostly cause bone destruction [72].
Sinonasal adenocarcinomas are mostly seen as a soft tissue mass, occasionally with intrale-
sional calcifications on CT images. Bulging of the nasal septum towards the midline and
widening of the olfactory cleft can be seen in unilateral olfactory cleft adenocarcinomas [82].
Potential extension to the skull base and frontal lobes is generally observed in ethmoid
sinus adenocarcinomas [83].

MRI with gadolinium is the modality of choice for the assessment of sinonasal tumors
due to its superior soft tissue resolution. Sinonasal adenocarcinomas usually demonstrate
an isointense signal on T1-weighted MR images, while T2-weighted signal intensity varies
depending on cellularity and mucin content. On T2-weighted imaging, paucicellular tu-
mors can be hyperintense, whereas cellular tumors may show moderate signal intensity.
The higher mucin production is related to the high signal intensity on T2-weighted imag-
ing, whereas adenocarcinomas with no or limited mucin production tend to be iso-to
hypointense on T2-weighted imaging [72]. Hyperintense areas within the tumor on T1-
weighted images most likely represent hemorrhage, melanin, lipid, protein, or mineral
elements [72]. Adenocarcinomas tend to develop more avid enhancement and have bet-
ter defined borders than squamous cell carcinomas on postcontrast images [84,85]. An
irregular signal void of the osseous cortex is often an indicator of invasion by the tumor.
Fat-suppression techniques have been developed to define intracranial extension and dif-
ferentiate between cystic and solid lesions. MRI is crucial to the identification of perineural
spread. DWI with ADC measurement is a helpful technique to distinguish benign and
malignant sinonasal tumors [72,86–88].

18F-FDG PET/CT provides information about tumor cell viability and tumor behavior.
Whole-body 18F-FDG PET/CT is superior to conventional imaging with MRI or CT in
evaluating primary tumors, regional lymph nodes, distant metastases, and potential second
primary tumors all within a single examination [89]. 18F-FDG PET/CT can sometimes
detect hypermetabolic metastatic foci that cannot be seen on conventional imaging [90].
The sensitivity of 18F-FDG PET/CT to detect disease at the primary site ranges from
94–100% [8,9]. 18F-FDG PET/CT is also an important tool for tumor staging and surveil-
lance following definitive treatment, particularly to distinguish local recurrence from
postoperative changes [5,8,9,85,91,92].
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Sinonasal adenocarcinomas may demonstrate moderately high metabolic activity,
similar to other common sinonasal malignant tumors [51] (Figure 3). Ozturk et al. [51]
analyzed a variety of sinonasal primary tumors in 97 patients using several semiquanti-
tative measures of uptake on 18F-FDG PET/CT [51]. The measures were SUVmax, mean
standardized uptake value (SUVmean), and the ratio of the SUVmax of the primary tu-
mor to the SUVmean of the mediastinal blood pool (SUVratio-mediastinum). For pri-
mary sinonasal adenocarcinoma, SUVmax, SUVmean, and SUVratio-mediastinum were
9.8 ± 6 (±SD), 4.8 ± 2.3 (±SD), and 3.3 ± 1.6 (±SD), respectively [51]. These values were
significantly lower than for squamous cell carcinoma, which showed SUVmax, SUVmean,
and SUVratio-mediastinum values of 17.9 ± 8.1 (±SD), 8.6 ± 3 (±SD), and 7.6 ± 3.2 (±SD),
respectively [51]. Felix-Ravelo et al. [93] evaluated 18F-FDG uptake in six types of sinonasal
malignancies, most commonly adenocarcinoma, in the studied population. This study
found that sinonasal undifferentiated carcinoma (SNUC) had the highest mean SUVmax of
14.2, followed by adenocarcinoma with a mean SUVmax of 9.9 [93].
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Figure 3. Sinonasal adenocarcinoma. A 62-year-old man with a history of chronic sinus disease
presenting with right-sided epistaxis. Initial CT (a–c) shows an expansile right nasal cavity mass
centered in the superior/supreme meatus as well as involving the right middle turbinate. Right
extraconal extension through lamina papyracea dehiscence is present. There is also dehiscence along
the cribriform plate (arrow, (b)). Axial (d) and coronal (e) fused 18F-FDG PET/CT images demon-
strate a hypermetabolic right ethmoid sinus mass with no evidence of lymphadenopathy or distant
metastatic disease. Coronal T1w (f), T2w (g), and post-contrast T1w (h) show a heterogeneously
enhanced right ethmoid sinus lesion with extraconal extension. The more anterior post-contrast T1w
(i) image does not demonstrate abnormal leptomeningeal enhancement despite the underlying bone
dehiscence. Subsequent pathology showed an intestinal type of adenocarcinoma with a mucinous
growth pattern.

Whole-body 18FDG PET/CT is a very useful method as a screening tool for the detection
of distant metastasis and regional lymphatic metastases in sinonasal neoplasms and may be
performed as part of the routine pretreatment evaluation of metastatic workup [8,9,94]. Though
data are limited, the general approach to imaging and staging is similar to that for sinonasal
squamous cell carcinoma [95]. For sinonasal tumors in general, 18FDG-PET/CT has high
sensitivity and specificity for identifying metastatic lymph nodes and distant metastases,
with sensitivity and specificity estimated at 83% and 96%, respectively, for nodes and 81%
and 99%, respectively, for distant metastatic disease [94]. 18FDG-PET/CT is also a useful
tool to detect tumor recurrence [8,96].
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Postsurgical PET/CT findings are highly prognostic in patients with sinonasal ma-
lignancies. Negative findings on the first posttreatment 18FDG-PET/CT scan predict
significantly better overall survival [97]. Abu-Ghanem et al. [97] reported that the overall
5-year survival was statistically significantly lower in the first postsurgical 18FDG-PET/CT-
positive group (35%), compared to the negative group (93%).

Although most sinonasal malignancies appear to be 18F-FDG avid, in cases of low SU-
Vmax, other radiotracers could be considered, such as 18F-Dihydroxyphenylalanine (DOPA)
and 18F-Fibroblast activation protein (FAPI), although they are not widely available or are
investigational at this time [98,99].

2.1.4. Sinonasal Mucosal Malignant Melanoma

Primary sinonasal mucosal malignant melanoma is an uncommon entity, accounting
for 0.3% to 2% of all malignant melanomas and 4% to 10% of melanomas in the head and
neck region. Melanomas constitute 4% to 7% of all sinonasal tumors [100–102].

The head and neck region is the most common place involving mucosal malignant
melanoma, followed by the rectum and the anus, the urinary system, and the female
genitalia [103,104]. In the head and neck, the nasal cavity, especially the nasal sep-
tum, lateral nasal wall, middle and inferior turbinates, oral cavity, and, less frequently,
paranasal sinuses, especially the maxillary antrum and the ethmoid sinuses, are the most
prevalent sites [101,103,105,106].

The most important factor in determining the prognosis and outcome of sinonasal
mucosal malignant melanoma is the metastatic status [101]. Dreno et al. [107] estimated the
3-, 5-, and 15-year overall survival rates of primary sinonasal mucosal melanomas at 50%,
33%, and 14%, respectively. Recurrent disease peaks approximately 1 year after the initial
diagnosis [100,108–114]. In approximately one-third of head and neck mucosal malignant
melanomas, lymph node metastases are usually noted at first presentation, which signifies
a worse prognosis [103,115]. On the other hand, recurrence in the regional lymph nodes
is rare [116–118].

Aggressive surgery for local control of sinonasal mucosal malignant melanoma re-
mains the mainstay of treatment but may be challenging due to the involvement of adjacent
vital structures in the head and neck, anatomical site-related limitations, and lentiginous,
multifocal growth patterns [119–121]. Local recurrence is also commonly observed, even
when the margins are free of tumor [122,123]. Adjuvant radiotherapy has been shown to
improve loco-regional control in various studies, but it has limited or no significant benefit
in terms of survival [124–126]. Although several trials have demonstrated durable response
rates of 30–40%, the exact response rates are unknown for sinonasal mucosal malignant
melanoma to immune checkpoint inhibitors, such as pembrolizumab or nivolumab, which
are classically used to treat cutaneous melanoma [127–129]. Nemvaleukin alfa, which is an
engineered interleukin-2 variant, is also another potential therapeutic agent that has been
actively studied in recent years. Fast Track designation was recently granted by the Food
and Drug Administration (FDA) for the treatment of patients with mucosal melanoma
who had previously been treated with checkpoint inhibitors, based on several responses
observed in an earlier phase I study [130].

CT and MRI are the main imaging modalities for understanding the anatomy and local
tumor involvement [131]. On CT, despite the aggressive biological behavior of the tumor, it
may appear as a well-defined polypoid mass exerting a pressure effect with well-defined
bone remodeling. While a CT examination is usually required to assess potential bone
erosion, MRI often provides better tumor and soft tissue differentiation [132]. Sinonasal
mucosal malignant melanoma is commonly seen as a solid soft tissue mass with local
invasion on MRI at presentation. MRI seems to be the imaging modality of choice for
assessing possible dural or intracranial involvement. MRI must be acquired in addition
to CT whenever orbital or skull base infiltration is suspected [133]. The appearance of
the tumor depends on the amount of melanin in it [100,131,134]. Intratumoral melanin
and hemorrhage may show T1-weighted hyperintensity due to paramagnetic properties.
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Contrast enhancement is variable, and complete characterization is difficult due to the
natural T1 shortening effect of melanin in many of these tumors. Amelanotic sinonasal
melanomas may show low signal intensity on T1- and T2-weighted images [134].

18F-FDG PET/CT is increasingly used for initial staging for head and neck malignan-
cies [135] and is superior to CT alone for staging and evaluation of therapy response in
many oncological diseases, including mucosal malignant melanoma [136–138]. 18F-FDG
PET/CT provides beneficial information in terms of surgical therapy planning, especially if
the tumor is in a challenging location, such as in the nasal cavity or paranasal sinuses and
close to vital structures [133].

Although 18F-FDG PET/CT is well established in the assessment of cutaneous melanoma,
its role in sinonasal mucosal malignant melanoma is recently emerging [133,135,139–143].
Haerle et al. [64] reported 10 patients with sinonasal mucosal malignant melanoma who
underwent CT, MRI, and 18F-FDG PET/CT imaging at staging and follow-up, with 18F-FDG
PET/CT successfully detecting all primary tumors and regional and distant metastases
except for one cerebral metastasis [64]. 18F-FDG PET/CT is important in the surveillance of
mucosal malignant melanoma and the detection of distant recurrence (Figure 4). It should
be performed at least once in the postoperative period or more frequently for distant
metastasis screening, given the tendency for distant metastasis [133]. Differentiating scar
tissue from viable tumors, especially in recurrent tumors, is not possible with CT alone [133].
Roth et al. [105] showed that while local tumor control in sinonasal mucosal malignant
melanomas can be achieved in many cases, the majority of the patients died from distant
metastasis, which supports the use of 18F-FDG PET/CT during the follow-up period.
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Figure 4. Nasal cavity malignant melanoma. Initial non-contrast CT images (a,b) show an expansile,
destructive soft tissue lesion in the right nasal cavity, resulting in destruction of the right turbinates
and ethmoid septae. The right medial maxillary sinus is dehiscent, with opacification of the right
maxillary sinus. The cribriform plate is intact. Coronal fat-saturated T2w and post-contrast T1w
images (c,d) show an enhancing mass primarily in the right nasal cavity without nodular dural
enhancement to suggest intracranial extension. The axial non-contrast T1w image (e) shows focal
areas of hyperintensity (arrow), which may represent mucinous components, melanin, or hemor-
rhagic content. Subsequent 18F-FDG PET/CT ((f)—axial fused, (g)—MIP) shows FDG avidity of the
primary lesion without distant metastasis. A biopsy revealed malignant melanoma. The patient
underwent endoscopic resection, medial maxillectomy, and total ethmoidectomy and completed
radiotherapy. Follow-up CT (h) and 18F-FDG PET/CT ((i)—axial fused, (j)—MIP) show new necrotic
right submandibular lymphadenopathy without sign of local recurrence at the right nasal cavity. The
patient underwent a subsequent selective right neck dissection. Follow-up CT (k,l) and 18F-FDG
PET/CT ((m)—axial fused, (n)—MIP) 6 months after neck dissection revealed lymphadenopathy in
the right neck, including conglomerate lymphadenopathy in the submental, submandibular, and
sublingual spaces and the root of the tongue.
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Quantitation of tumor uptake in 18F-FDG PET/CT imaging can be expressed in var-
ious ways, with SUVmax, SUVmean, and various SUV ratios depending on the organ
of reference (mediastinal blood pool or liver). Haerle et al. showed significant 18F-FDG
uptake (SUVmax > 4) on baseline imaging in 6/10 patients), similar to findings by Sam-
stein et al. [118]. Ozturk et al. [51] reported FDG uptake in untreated sinonasal mucosal
malignant melanoma with SUVmax, SUVmean, and SUVratio-mediastinum 20.8 ± 18.2
(±SD), 8.4 ± 5.1 (±SD), and 6.4 ± 4.9 (±SD), respectively. Mucosal malignant melanomas
had the second highest SUVmax after SNUC. In a similar study with a smaller study group,
Felix-Ravelo et al. [93] found the SUVmax and SUVratio-liver of the sinonasal mucosal
malignant melanoma lesions to be 7.0 ± 3.8 (±SD), and 2.5 ± 1.0 (±SD), respectively.
There was an overlap in degrees of uptake by various tumor types, with similar uptake
noted by sinonasal mucosal malignant melanoma, adenoid cystic carcinoma, and olfactory
neuroblastoma. Inubishi et al. [139], in their study of 13 patients, found a significant rela-
tionship between FDG avidity before carbon ion radiotherapy, and overall survival and
distant metastasis.

The limitations of 18F-FDG PET/CT imaging are as follows: (1) poor detection of brain
metastases due to the high background metabolism; (2) poor detection of small melanoma
metastases due to size below the detection threshold for PET; (3) inability to differentiate
melanotic from amelanotic variants; and (4) poor detection of subtle liver lesions due to
physiologic background tracer [136,144,145]. With modern 18F-FDG-PET/CT scanners, the
theoretical three-dimensional spatial resolution is about 4 mm; however, 6–8 mm is more
realistic due to various factors, such as motion and the tumor-related uptake ratio [146].

18F-FDG PET/CT may be less useful in differentiating complete response from partial
response with residual tumor burden or differentiating residual tumor from inflammation.
An investigational PET radiotracer, 30-deoxy-30-[18F]fluorothymidine (FLT), a nucleoside
analog, has been developed as a marker of cellular proliferation [146]. Shields et al. [146]
showed that 18F-FLT PET/CT imaging was beneficial for predicting the therapeutic outcome
of patients with head and neck mucosal malignant melanoma, and also identified some
prognostic factors among the clinical parameters, although the subjects represented a
particular subpopulation treated with carbon ion radiotherapy.

18F-FDG PET/MRI is the most sophisticated cross-sectional imaging modality for ini-
tial staging and restaging of sinonasal mucosal malignant melanomas because of its ability
to obtain detailed anatomical and metabolic information regarding loco-regional tumor
extent and distant disease, including brain metastases, in one single examination [147].
Meerwein et al. [147] reported that 18F-FDG PET/MRI provided new possibilities in the
radiological evaluation of sinonasal mucosal malignant melanomas and immunotherapy,
resulting in substantial progression-free survival in selected cases. Kuhn et al. [148] showed
in their study comparing 18FDG PET/CT with 18FDG PET/MRI in head and neck cancers
that 18FDG PET/MRI provided superior accuracy in distinguishing the tumor tissue from
entrapped mucus in sinonasal cavities and evaluating the perineural spread. The same
study showed similar accuracy between 18FDG PET/MRI and CT in detecting bony metas-
tases, such as in the skull base. Another study showed that 18FDG PET/MRI may become a
“one-stop-shop whole-body N- and M-staging tool” in high-risk melanoma patients. 18FDG
PET/MRI has some particular advantages compared to the traditional approach, including
separate 18FDG PET/CT and MRI studies, in addition to the lower radiation exposure
owing to the absence of the CT component [149]. A study by Sekine et al. [150] addressing
the initial staging of head and neck tumors provided a high diagnostic accuracy of 18FDG
PET/MRI that was at least equal to 18FDG-PET/CT, with the added advantage of better
soft-tissue contrast, which is of particular importance for the assessment of dural or orbital
involvement. In addition to being a single examination, 18FDG PET/MRI has advantages
over two separate scans in terms of total scan time, patient flow, and potential cost [151].
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2.1.5. Sinonasal Undifferentiated Carcinoma

Sinonasal undifferentiated carcinoma (SNUC) is an uncommon, high-grade, and ag-
gressive tumor that accounts for approximately 3–5% of all sinonasal cancers [20,72,152,153].
SNUC is commonly considered a diagnosis of exclusion [152]. The distinction between
SNUC and olfactory neuroblastoma (ONB) is crucial due to significant differences in clinical
behavior, prognosis, and treatment strategies. While SNUC shows rapid growth with a
poor prognosis, ONB mostly shows slow growth with a better prognosis [154].

This tumor most commonly originates from the superior nasal cavity and the ethmoid
sinus [72,153]. Orbital and intracranial invasion, nodal involvement, and distant metastasis are
common findings [72]. Most patients are diagnosed in advanced stages at presentation, with
a propensity for early metastatic disease [155]. At first presentation, 67–81% of patients have
locally advanced (T4) disease, and 13–21% of them show lymph node metastases [156–158]. The
5-year survival rates are variable, ranging between 6 and 74% [29,159–165]. The recurrence rate
ranges between 42 and 50% [164–166]. The time to recurrence ranges from 3–33 months [165].

Treatment of SNUC remains challenging, with poor survival outcomes [165]. Definitive
surgical resection can be performed in cases without diffuse intracranial involvement and
without distant disease [167]. On the other hand, surgery followed by chemoradiotherapy
or radiotherapy alone may be applied to patients with early-stage disease [168].

There are several significant imaging features that can help differentiate SNUC from
other sinonasal malignancies. These tumors demonstrate more frequent distant or nodal
metastases with more aggressive and invasive features on CT [85,153]. CT typically shows a
noncalcified mass with variable contrast enhancement and a necrotic center [72,85]. SNUCs
frequently result in osteolysis in the adjacent bone, such as SCC, aggressive sarcomas, and
metastatic disease [84]. On MRI, they display a nonspecific imaging appearance [84], are
observed as isointense on T1w and iso- to hyperintense on T2w, and demonstrate hetero-
geneous enhancement on contrast-enhanced T1w imaging [84,85]. As in other sinonasal
tumors, MRI is very helpful in identifying perineural tumor spread (PNS) and extension to
the skull base, orbit, and intracranial areas [84]. It has been shown that SNUC has a lower
ADC value than adenoid cystic carcinoma but a higher FDG than ONB [45,169].

PET/CT is a functional imaging modality that is highly sensitive for detecting primary
and recurrent malignant tumors in the head and neck [170]. This technique is usually
performed during the initial staging work-up of head and neck malignant tumors due to the
high sensitivity of small malignant foci and its high effectiveness in detecting cervical nodal
metastasis [171] (Figure 5). Wu et al. [172] reported that the SUVmax obtained from 18F-
FDG PET/CT studies may help with distinguishing the ONB and SNUC. This pilot study
concluded that the SUVmax of SNUCs is approximately five times higher than the SUVmax
of ONBs. Elkhatib et al. [169] also reported similar results regarding SUVmax of ONB
and SNUC, and they advocated that these two tumors could be differentiated by looking
at SUVmax levels (mean SUVmax: 35.6 and 7.2 in SNUC and ONB, respectively). The
same study also advocated that this SUVmax difference on 18F-FDG PET/CT may reflect
the increased metabolic activity and aggressiveness of SNUCs [169]. In a similar study
regarding the SUVmax of the common sinonasal malignant tumors, Felix-Ravelo et al. [93]
found that the SUVmax and SUVratio (ratio of the SUVmax of the primary tumor and
the SUVliver) of the SNUCs were 14.2 ± 5.8 (±SD) and 5.0 ± 3.0 (±SD), respectively.
These were significantly higher than all other sinonasal malignancies, including SCC,
adenocarcinoma, melanoma, neuroendocrine tumor, adenoid cystic carcinoma, mucosal
malignant melanoma, and ONB.

2.1.6. Sinonasal Adenoid Cystic Carcinoma

Adenoid cystic carcinoma (ACC) is a rare malignancy that most commonly arises
from the salivary glands. It accounts for only 1% of head and neck cancers and 10% of
all salivary gland tumors [173]. Sinonasal ACC has worse outcomes than other head and
neck malignancies due to its advanced stage at diagnosis, involvement of the base of the
skull, and likelihood of an incomplete resection [174]. Unlike other malignancies of the
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head and neck, smoking and alcohol are not associated [173]. Radical surgical resection
for localized disease is the primary treatment modality. Patients who are female, N1-
stage, or older than 79 years without distant metastases postoperatively could benefit from
adjuvant radiotherapy [74].
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Figure 5. Sinonasal undifferentiated carcinoma. A 42-year-old male patient presenting with progres-
sive symptoms of postnasal drainage, nasal congestion, and facial pressure. Initial CT (a) shows
an expansile right nasal cavity lesion with medial bowing of the nasal septum and lateral bowing
of the maxillary sinus wall. There is soft tissue density opacification in the right maxillary sinus;
however, it is not possible to discern whether this represents postobstructive opacification or lesion
extension. Coronal fat-saturated T2w (d) and post-contrast T1w (g) images better delineate the lesion
and postobstructive mucosal opacification. Axial CT image (b) at the level of the vidian canal shows
asymmetric enlargement of the right vidian canal (arrow, (b)) with asymmetric soft tissue intensity on
the non-fat-saturated axial T1w (e) image and asymmetric enhancement on the post-contrast image
(h,i). The 18F-FDG PET/CT image (j) at the same level shows FDG avidity of the primary nasal cavity
lesion without uptake at the right vidian canal. More caudal axial CT (c) shows erosive changes
in the right pterygoid plates with erosion of the greater palatine canal (arrow, (c)). There is loss of
normal fat planes in the right greater palatine canal on the axial T1w image (f), with preservation of
fat in the contralateral palatine canal (arrow, (g)). The postcontrast axial image shows asymmetric
enhancement in the right greater palatine canal (arrow, (h)). 18F-FDG PET/CT image (k) at the same
level shows FDG uptake extending into the right greater palatine canal. Pathology was consistent
with high-grade carcinoma, most consistent with sinonasal undifferentiated carcinoma.

Conventional imaging with CT and MRI is the most frequently used modality for
morphological characterization of ACC, but 18F-FDG PET/CT is also useful for staging
and surveillance [175] (Figure 6). In a retrospective study conducted on 23 patients with
ACC, 18F-FDG PET/CT added significant information to MRI and CT, detecting ACC
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primary sites with 87% sensitivity and upstaging 19% of patients compared to conventional
imaging [176]. In another study of 36 patients with ACC, the addition or combination of
18F-FDG-PET/CT to MRI improved the detection of local tumors and metastatic spread and
was found to be beneficial in restaging [177]. 18F-FDG PET/CT has higher sensitivity and
diagnostic accuracy as compared to MRI for staging loco-regional tumor extension [177]. In
one study, the sensitivity, specificity, and accuracy of detection of local tumors on 18F-FDG
PET/CT versus MRI were reported at 96% versus 89%, 89% versus 89%, and 94% versus
89%, respectively [176].
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Figure 6. Sinonasal adenoid cystic carcinoma. A 46-year-old male presenting with chronic nasal
congestion that had been progressive lately. The patient underwent septoplasty without prior
imaging. During surgery, a large bulk mass filling the septal bone was found. Biopsy results were
consistent with adenoid cystic carcinoma. CT after septoplasty (a–d) shows an expansile, destructive
soft tissue lesion in the nasal cavity, scalloping the hard palate and extending into the bilateral
maxillary sinus through erosive changes in the medial maxillary sinus walls. The more posterior
coronal image (c) at the sphenoid sinus level shows soft tissue thickening in the floor of the sphenoid
sinus with rarefaction of the inferior wall. The axillary slice at the level of the pterygoid plate
(d) shows suspicious soft tissue thickening in the left greater palatine canal (arrow). Axial and
coronal fused 18F-FDG PET/CT images (e–g) show hypermetabolism in the sphenoid floor soft tissue
thickening (e,g) and the nasal cavity lesion extending into the maxillary sinuses (f). Post-contrast
T1w images (h,i) demonstrate homogeneous enhancement of the nasal cavity lesion extending into
the maxillary sinuses (h) and sphenoid floor soft tissue thickening (i). The axial T2w image at the
level of the pterygoid plate (j) confirms the CT findings and demonstrates perineural spread along
the left greater palatine nerve (arrow). The more cranial T2w image at the level of the pterygopalatine
fossa (k) demonstrates normal fat planes without soft tissue thickening, indicating limited perineural
tumor spread radiologically.
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Prostate-specific membrane antigen (PSMA) is a highly expressed transmembrane
protein in prostate cancer cells and is often used for imaging and treatment of patients with
prostate cancer [178]. However, it is also expressed in the neovasculature of many other
solid tumors [179]. In an extensive analysis of 110 consecutive patients with a confirmed
diagnosis of ACC between the years 1990 and 2017, PSMA expression was explored, and
survival was analyzed using multivariate Cox-proportional hazard analysis; PSMA was
found to be expressed in primary, recurrent, and metastatic ACC of both the salivary and
seromucous glands [180]. In a case report of adenoid cystic carcinoma, PSMA PET/CT pro-
vided complementary staging and an initial treatment response assessment [181]. Because
of the elevated level of PSMA expression in adenoid cystic carcinoma, 68Ga-PSMA PET/CT
has a promising future as an imaging modality for this malignancy [182].

2.1.7. Sinonasal Small-Round-Blue-Cell Tumors

The small-round-blue-cell tumors (SRBCT) constitute a heterogeneous group of malig-
nant neoplasms characterized by a monomorphic population of undifferentiated cells with
small-sized nuclei and scant cytoplasm [183].

In an undifferentiated tumor showing a small-round-blue-cell morphology, the series
of tumors that must be considered in the differential diagnosis are melanoma, mesenchymal
chondrosarcoma, rhabdomyosarcoma, SNUC, SCC (including NUT carcinoma), small-
cell osteosarcoma, lymphoma, ONB, Ewing sarcoma/primitive neuroectodermal tumor,
pituitary adenoma, and plasmacytoma [184].

In a study by Ozturk et al. [185], sinonasal SRBCT was shown to have numerous
distinct imaging features on CT, MRI, and 18F-FDG PET/CT that could be useful in differ-
entiating lesions when the histopathologic diagnosis is inconclusive. They also showed
that a combination of 18F-FDG PET/CT and DWI increased the accuracy of sinonasal
SRBCT characterization. While tissue sampling remains the key method for confirming
the presence of tumors, relying solely on immunohistochemical analysis may not always
provide conclusive results due to similarities between different types of tumors.

Rhabdomyosarcoma bears mentioning separately because of its important and dis-
tinct imaging features. They stand out with their highly aggressive behavior, such as
adjacent tissue invasion, bone destruction, and intratumoral necrosis, compared to other
SRBCTs [185] (Figure 7).
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Figure 7. Pediatric sinonasal alveolar rhabdomyosarcoma. A 9-year-old female patient presenting
with persistent left nasal drainage. Initial CT (a–c) shows an infiltrative soft tissue mass originating
from the left maxillary sinus and nasal cavity with erosive changes in maxillary sinus walls and
extension into the left masticator space and left extra/intraconal spaces. Subsequent MRI confirms
the same findings (d–f) and shows increased signal on DWI (f), indicating high cellularity. The
central portion of the lesion is necrotic. 18F-FDG PET/CT (g) again shows the central necrotic
changes and, in addition, shows uptake in multiple lytic axial skeleton lesions. A biopsy revealed
an alveolar rhabdomyosarcoma.
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2.2. Benign Lesions
2.2.1. Juvenile Nasopharyngeal Angiofibroma

Juvenile nasopharyngeal angiofibroma (JNA) is a rare benign fibrovascular, locally ag-
gressive tumor exclusively seen in adolescent males [186]. In a series of five patients with
JNA, all showed avid uptake of the SSTR analog 68Ga-dodecanetetraacetic 1-Nal3-octreotide
(DOTANOC) [187]. Additionally, in postoperative follow-up, 68Ga-DOTANOC PET/CT ap-
peared to be more specific than MRI in the identification of true residual/recurrent tumors [187].
In residual tumors, PET/CT with SSTR analogs may have an advantage over contrast-enhanced
MRI in the diagnosis, decision-making, and planning of stereotactic radiation [187].

PSMA is expressed in the endothelial cells of the tumor-associated neovasculature of
various non-prostatic benign and malignant neoplasms, including JNA. In a pilot study
of 18 postoperative patients with suspicion of recurrence, 68Ga-PSMA-11 PET/CT was
performed alongside conventional contrast-enhanced MRI. The sensitivity, specificity, and
positive and negative predictive values of MRI were 100%, 33.33%, and 75% and 100%,
respectively. The sensitivity, specificity, and positive and negative predictive values of 68Ga-
PSMA-11 PET/CT were 100% for all parameters, suggesting it may play an important role
in diagnosing, decision-making, planning radiation therapy, and surgical treatment [188].

2.2.2. Inverted Papilloma

Inverted papilloma (IP) is an unusual benign epithelial neoplasm of the sinonasal
cavity, accounting for 0.5% to 4.0% of all primary nasal neoplasms [189,190].

In a study of patients with suspected recurrence of IP, 18F-FDG PET/CT detected
recurrence based on increased uptake in the lesion [191]. 18F-FDG PET/CT seems useful
as a diagnostic tool for localization and determination of the extent of disease with the
integration of both morphological and metabolic data [192].

18F-FDG PET/CT imaging has demonstrated high FDG uptake in IP with coexistent
carcinoma [192].

2.2.3. Sinonasal Schwannoma

Schwannomas are slow-growing and benign tumors thought to arise from Schwann
cells, which are responsible for the myelination of nerve fibers. Roughly 25–45% of all
schwannomas occur in the head and neck region, with the most affected location being
the vestibulocochlear nerve [1]. Sinonasal schwannomas account for 4% of all head and
neck schwannomas, with fewer than one hundred reported cases. The high uptake of
18F-FDG PET/CT in schwannomas is related to peritumoral lymphoid cuffs and glucose
transporters [4]. Due to its ability to assess glucose metabolism intensity and tumor
heterogeneity, 18F-FDG PET is widely used for the clinical differentiation of benign and
malignant tumors. However, false-positive and false-negative 18F-FDG PET/CT results
occur based on FDG uptake. The FDG uptake of benign schwannomas varies substantially,
with occasional high uptake [193,194].

2.2.4. Glomangiopericytoma

Sinonasal glomangiopericytoma is a rare mesenchymal neoplasm arising in the nasal
cavity or paranasal sinuses [195,196]. It is considered a borderline low-malignant-potential
soft tissue tumor [195–198].

Conrad et al. presented three cases of histologically proven glomangiopericytoma;
there was relatively prominent uptake of Tc99m-methoxy isobutyl isonitrile (MIBI), 18F-
FDG, and 11C-choline, for which the mechanism is not fully understood. Hypothetical
explanations may include the high concentration of mitochondria in these tumors in the
case of Tc99m-MIBI and the presence of neovasculature in glomangiopercytoma for all
three radiopharmaceuticals [15].

Another case presented 18F-FDG PET/CT findings of glomangiopericytoma in a
53-year-old with nasal congestion and facial pressure symptoms. CT and MRI showed
a nasal mass extending along the sphenoid ridge from the posterior nasal cavity into
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the posterior nasopharynx. PET showed the mass to have a uniformly low-grade FDG
metabolism. Pathologic examination of the surgical specimen showed classic features of
glomangiopericytoma [199]. A case study by Aras et al. also reported that PET/CT images
showed marked hypermetabolism (SUVmax of 20.9) in the primary tumor, which was
reported as a sinonasal-type hemangiopericytoma [200].

2.2.5. Inflammatory Myofibroblastic Tumor

Inflammatory myofibroblastic tumor (IMT) is a rare tumor-like condition with charac-
teristics of invasion, local recurrence, and chromosomal abnormality, although whether it
is a tumor or reactive lesion is debatable [201]. Histologic diversity complicates diagnosis.
This entity is most often seen in the lungs; however, it may also occur in the head and neck
regions, with an incidence of 15% [202,203]. The most involved head and neck areas are
the orbit, oral cavity, pharynx, larynx, and esophagus. The maxillary sinus is very rarely
involved [204]. Bony destruction and invasion of adjacent sites are typical characteristics
that may be misleading on imaging [205]. The CT and MRI findings are nonspecific and not
much different from most other sinonasal malignancies. Moreover, the inflammatory nature
of the tumor is associated with intense 18F-FDG uptake, a false positive for malignancy.

3. PET/CT Applications in Sinonasal Neoplasms Other Than 18F-FDG
3.1. Sinonasal Tumors of Neuroendocrine Differentiation

Sinonasal tumors with neuroendocrine differentiation are rare tumors. They are
divided into two histologic groups of neuroectodermal and epithelial origin. The neu-
roectodermal group consists of olfactory neuroblastoma. The epithelial group consists of
neuroendocrine tumors and neuroendocrine carcinomas [206].

3.1.1. Olfactory Neuroblastoma (Esthesioneuroblastoma)

Olfactory neuroblastoma (ONB), also known as esthesioneuroblastoma, is a rare tumor
arising from neuroectodermal cells in olfactory epithelium. It constitutes approximately
10% of sinonasal malignancies and 3–6% of intranasal malignant tumors [207,208].

The tumor starts insidiously in the upper parts of the nasal cavity, including the
cribriform plate, the superior and middle turbinate, and the upper portion of the nasal
septum, and can grow to involve the anterior cranial fossa, the nasal cavity, paranasal
sinuses (especially ethmoids), and the orbit [209–213].

Regional metastases most commonly involve cervical lymph nodes, and it is well
documented that cervical nodal metastasis is one of the most important prognostic factors
for survival [214]. The most commonly involved cervical lymph nodes are level II lymph
nodes; however, involvement of all cervical nodal levels, especially levels I–IV, and the
retropharyngeal nodes has been reported [215]. Less commonly, metastasis to bone, lung,
and liver may be seen, and this is also often delayed [210–212].

Local and loco-regional recurrence is common and can occur over a long period of
time, necessitating lifelong follow-up. ONBs have a relatively good prognosis, especially
when treated by surgery followed by radiotherapy.

The mainstay treatment of ONB usually consists of radical surgical resection [216];
however, combined modality therapy, including adjuvant radiotherapy, is beneficial in all
stage groups, including the early stage [217]. Compared to surgery alone, postoperative
radiotherapy results in more side effects but superior local control [218]. Institutional pref-
erence guides preoperative versus postoperative radiation for ONB, with both approaches
demonstrating 5-year disease-free survival rates exceeding 85% [219,220]. Current National
Comprehensive Cancer Network (NCCN) clinical guidelines recommend postoperative
radiation therapy for all ONB patients. Observation can be considered in the setting of T1
N0 disease with clear surgical margins (R0) and without high-grade features, perineural
invasion, or involvement of the cribriform plate or medial orbital wall [221].

Imaging plays a critical role in the diagnosis, staging, initial treatment decisions, and
post-treatment management of ONB. CT and MRI are utilized to assess osseous involvement
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and soft tissue extension, respectively. ONBs are typically seen within or arising from the
olfactory cleft, although ectopic lesions have been reported [222]. Calcifications within
the tumor may also be detected by CT [223]. On MRI, ONBs classically have intermediate
signal on T1-weighted images and mildly hyperintense signal on T2-weighted images.
Homogeneous or heterogeneous enhancement can be seen on post-gadolinium images.

Functional whole-body imaging with 18F-FDG PET/CT for detection of tumor glu-
cose metabolism is a useful adjunct to conventional imaging for staging and surveillance
following definitive therapy, as ONBs show high—though not universally so—metabolic
activity [172,224,225]. Additionally, ONBs show high expression of somatostatin receptors
(SSTR), which can be targeted by somatostatin analog imaging agents (Figure 8).
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Figure 8. Olfactory neuroblastoma with metastases. A 71-year-old female presenting with a palpable
left neck mass. CT (a,b) demonstrated a left nasal cavity mass with dehiscence of the cribriform plate
on the left side. MRI images [coronal fat-saturated T2w (c), post-contrast fat-saturated T1w (d,e)]
demonstrate a T2w isointense, enhancing left nasal cavity mass invading the olfactory fossa (arrow,
(d)). The biopsy of the left nasal cavity mass was consistent with grade 2 olfactory neuroblastoma.
Subsequently, 68Ga-DOTATOC PET/CT was performed. The MIP image (f) shows intense uptake in
the left nasal cavity mass, with a small focus of uptake just laterally (arrow, (f)), and uptake in the
left level IB and IIB lymph nodes and thyroid gland. Fused coronal (g) and axial (i) images show
intense FDG uptake in the nasal cavity lesion with a small right paramidline focus of uptake at the
level of the choanae (arrow (h,i)). Retrospectively, this can be identified as an enhancing focus on
MRI (arrow, (e)). There is also another focus of uptake near the left orbital apex in the vicinity of
the left posterior ethmoid air cells (arrow, (j,k)), which can be identified retrospectively as an area of
mucosal thickening on initial CT (arrow, (b)).

Ozturk et al. [51] analyzed 18F-FDG uptake in primary sinonasal neoplasms [51]. For
ONB, SUVmax, SUVmean, and SUVratio-mediastinum were 8.7 ± 3.7 (±SD), 4.9 ± 21.7
(±SD), and 2.9 ± 1.3 (±SD), respectively. Broski et al. [225] showed in their retrospective
study of 18F-FDG-PET/CT in ONB that both primary and metastatic diseases have high
uptake (SUVmax of 8.7 ± 4.8 and 8.6 ± 6.5, respectively) and that 18F-FDG PET/CT is a
helpful adjunct to conventional imaging in staging and restaging by detecting nodal and
distant metastatic disease not demonstrated by conventional imaging and identifying local
recurrence hidden by treatment changes on conventional imaging [225]. Wu et al. showed
18F-FDG uptake without variability in relation to ONB tumor size [172].

A study by Fujioka et al. [224] showed the usefulness of postoperative 18F-FDG
PET/CT in the management of ONB. 18F-FDG PET/CT was able to distinguish local
recurrence from inflammation when compared to MRI. Even for recurrent lesions that
appear benign on MRI, 18F-FDG PET/CT can often be helpful for correctly diagnosing
them as recurrent lesions. Another study by Broski et al. [225] demonstrated the usefulness
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of 18F-FDG PET/CT in the restaging of ONB by identifying local recurrence disguised by
treatment changes on conventional imaging.

Studies show that 18F-FDG intensity within sinonasal tumors helps suggest under-
lying histology, but due to overlap in uptake intensity, biopsy continues to be necessary
for a definitive diagnosis [169,172,225]. Elkhatib et al. [169] in a retrospective review of
13 patients (7 with ONBs and 6 with SNUCs) found a highly statistically significant differ-
ence in uptake between ONB and SNUC (mean SUVmax 7.2, range 4.6–10.7 versus mean
SUVmax 35.6, range 10.8–77.9). However, other authors found a statistically significant
difference in uptake in ONB compared with malignancies such as adenoid cystic carcinoma
and sinonasal mucosal malignant melanoma [51].

ONBs show high expression of SSTR type 2 and variable expression of other somato-
statin receptors. SSTR expression is a diagnostically important marker that can be imaged
with somatostatin analog-labeled radionuclides, which have been described for ONB since
the early 2000s with indium-111 (111In)-pentetreotide for planar and SPECT imaging and
currently 68Ga-DOTATATE and 68Ga-DOTATOC for PET imaging [226,227]. Multiple case
reports and case series have demonstrated SSTR-targeted imaging in ONB due to the greater
specificity and higher target-to-background ratio with high tumor uptake in the absence
of competing metabolic brain activity, which is problematic with 18F-FDG [95,227–230]. In
one such case report, 68Ga-DOTATATE PET/CT was able to detect cervical node metastases
in an ONB patient with suspicious sub-centimeter lymph nodes that were vague based on
CT alone [11]. Moreover, another case report has shown the utility of 68Ga-DOTATATE
PET/CT for the accurate staging of ONB in the sphenoclival region. 68Ga-DOTATATE
PET/CT along with 177Lu-DOTATATE have been used in identifying SSTR-expressing ONB
patients [231,232]. 68Ga-DOTATATE PET/CT has shown usefulness in the identification of
residual tumors after resection and lesions in areas, including brain parenchyma, that did
not show abnormal radiotracer uptake on 18F-FDG PET/CT scans. This finding is consistent
with prior cases demonstrating that 68Ga-DOTATATE is superior to 18F-FDG PET/CT when
it comes to the visualization of brain tissue [233,234]. Moreover, SSTR receptor expression
is a theranostic target that allows for another therapeutic avenue. Sparse but intriguing
data from case reports and a cohort study report successful administration of peptide
receptor radionuclide therapy (PRRT) in patients with ONB [232,235]. 68Ga-DOTATATE
PET/CT has been used to identify SSTR-expressing ONB patients for 177Lu-DOTATATE
therapy [231,232]. Hasan et al. [232] reported a cohort of seven patients undergoing 177Lu-
DOTATATE in unresectable recurrent or metastastic ONB and showed clinical and imaging
responses in most patients. Theranostics offers a promising diagnostic and therapeutic
option for these patients, though larger studies evaluating progression-free survival, overall
survival, and quality of life in the setting of PRRT are needed [227].

3.1.2. Sinonasal Neuroendocrine Tumor and Carcinoma

Neuroendocrine neoplasms (NENs) of epithelial origin consist of a spectrum of tu-
mors ranging from slow-growing neuroendocrine tumors (NETs), including typical and
atypical carcinoids, to highly aggressive neuroendocrine carcinomas (NECs), including
small-cell and large-cell carcinomas of neuroendocrine type [236–238]. These tumors are
rare, accounting for less than 5% of malignancies in the head and neck. They are most often
found in the larynx, followed by the salivary glands and the sinonasal region [238,239].

Imaging is essential for staging. CT and MRI help with the demonstration of the degree
of local invasion and cervical lymphadenopathy. PET/CT assesses regional and distant
metastases. 68Ga-DOTATATE PET/CT is emerging as the superior imaging approach for
detecting and evaluating patients with NETs. While SSTR-based imaging is the functional
imaging of choice in diagnosing and managing NETs [14], in high-grade (Grade 2 and
3) NETs and NECs, 18F-FDG PET/CT is a better choice as these tumors lack or have lost
SSTR expression [240]. A case series by Liu et al. demonstrated that 68Ga-DOTATATE
imaging of the sinonasal region can improve the detection of unknown SSTR-expressing
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lesions and metastatic disease and enhance the accuracy of post-treatment restaging and
tumor surveillance [229].

Survival is poor despite aggressive multimodal therapy [238]. Elective nodal irradia-
tion is recommended for patients with moderate and poorly differentiated NEC [241].

4. PET/CT in the Follow-Up of Sinonasal Malignancies Treated with Radiotherapy

Radiotherapy has been commonly employed as a treatment strategy for sinonasal
malignancies, and the delivery of enough radiation dose to the target is often difficult
due to the critical organs in that area, including the eyes, optic nerves and chiasm, and
brainstem. High-dose irradiation of these organs may cause toxicity, including permanent
injury and late toxicity manifestations [242]. Sinonasal neoplasms have a high rate of
recurrence following treatment, and clinicians utilize a variety of surveillance techniques.
Local recurrence rates are generally estimated at 10–30%, even when surgical margins are
pathologically negative [243–245].

In general, the guidelines for head and neck cancer as a broad category determine surveil-
lance modality and follow-up frequency. However, recent studies [246–249] have demonstrated
that a more tailored approach to follow-up may be necessary. De Visscher et al. [246] accentu-
ated the impact of routine patient follow-up for head and neck cancer, demonstrating that
survival improved significantly when asymptomatic recurrence was detected at routine
visits. Alone, 18F-FDG PET/CT can identify 95% of asymptomatic recurrences in head and
neck tumor patients in the first 24 months after completion of treatment, making it more
sensitive than MRI and CT scans [247–249].

18FDG PET/CT has proven to be useful in recurrence detection in head and neck
cancer, and it is recommended as an imaging modality following treatment by the NCCN
guidelines [250]. Anzai et al. [251] used receiver operator characteristic analysis to com-
pare 18F-FDG PET/CT and CT/MR imaging in patients with head and neck tumors and
symptoms suggesting recurrence and no obvious tumor mass. 18F-FDG PET/CT demon-
strated higher sensitivity and specificity, with a significant difference in the area under
the curve. PET detected twice as many recurrences as physical examination and CT in
routine surveillance of patients previously treated for squamous cell carcinoma of the head
and neck [252].

A study by Ozturk et al. [92] suggested that surveillance 18F-FDG PET/CT should first
be performed after 1 month following the conclusive treatment because, if performed earlier,
the accumulation of 18F-FDG may represent treatment-induced inflammatory changes.
Furthermore, small traces of recurrent tumors may not be seen on 18F-FDG PET/CT
right after treatment but become visible a couple of weeks later. Other studies, including
two systematic reviews with meta-analyses, have identified 10 to 12 weeks posttreatment
as the ideal time-point for improved diagnostic accuracy of 18F-FDG PET/CT in so far as
differentiating persistent viable disease from posttreatment inflammation for deep tissue
sites of the head and neck [253–255].

A retrospective analysis undertaken by Schwartz et al. [256] suggested that 18F-FDG
PET/CT typically demonstrates a prolonged period of hypermetabolism in deep tissue
sites of the head and neck in patients previously treated for sinonasal malignancy. Their
findings suggested reevaluating the previously described 10- to 12-week cutoff point for
initial posttreatment 18F-FDG PET/CT for head and neck squamous cell carcinoma as
applied to sinonasal malignancies.

5. Role of PET/CT in the Management of Sinonasal Malignancies Using Radiotracers
Other Than FDG

18F-FDG is the most widely used PET radiotracer because the glucose metabolism of
many malignant tumors causes them to readily take up the radiotracer that can be identified
on PET/CT anywhere in the body in one session. Limitations of this radiotracer are its
inaccuracy for lesions less than 1 cm because of the partial volume effect, low target-to-
background ratio, difficulties in imaging non-FDG avid tumors, and motion artifact [3,9].
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In addition, local high physiological FDG activity by tissues such as those of the brain and
genitourinary tract can render the signal-to-noise ratio unfavorable for lesion detection and
lead to false-negative results by masking malignant lesions [257]. Furthermore, 18F-FDG
is not an excellent imaging modality for differentiating malignancies from postsurgical
changes, post-radiation changes, and inflammatory processes. Such processes often lead to
increased 18F-FDG activity and can lead to false-positive results [257].

For tumors expressing SSTR and with low 18F-FDG uptake, somatostatin analog
imaging agents, such as 68Ga-DOTATOC/DOTATATE [10] or 18F-DOPA [98,258], can be
used. Even though multiple 68Ga-labeled somatostatin analogs have been introduced
to clinical practice, including 68Ga-DOTANOC, 68Ga-DOTATATE, and 68Ga-DOTATOC,
68Ga-DOTATATE was found to have the highest binding affinity for SSTR2 receptors [7].
68Ga-DOTATATE PET/CT has a higher lesion-to-background contrast compared with the
other imaging modalities, allowing for the detection of sub-centimeter abnormalities that
cannot reliably be identified otherwise [14]. Studies have shown that 68Ga-DOTATATE
PET/CT provides significant information that has a high impact on the management of
patients with NETs, directing patients with identifiable primary tumor sites to curative
surgery, patients with metastatic disease to systemic therapy, and optimizing management
for patients [259–261]. Well-differentiated neuroendocrine tumors present with an elevated
level of expression of SSTR and can, therefore, be studied with 68Ga-DOTA-peptides
(68Ga-DOTANOC, 68Ga-DOTATOC, and 68Ga-DOTATATE) [262].

Since ONBs demonstrate high expression of SSTR-2 and variable expression of other
somatostatin receptors, somatostatin analog-labeled radionuclides, such as 68Ga-DOTATOC
and 68Ga-DOTATATE, are routinely used in routine clinical practice [226,227]. Recent
literature proved that these radiotracers show superior specificity and target-to-background
ratios with high tumor uptake in the absence of competing metabolic brain activity, which
is a significant problem with 18F-FDG [95,227–230]. Another unique advantage of being
able to detect SSTR receptor expression is that it can be used as a theranostic target and can
guide the 177Lu-DOTATATE therapy in ONB patients [231,232].

There are several other radiotracers that are also gaining attention, such as F-DOPA.
The DOPA radiotracer was shown to be effective for the diagnosis of several tumors,
including carcinoid tumors, pheochromocytomas, insulinomas, and glomus tumors [98].
The scientific basis for imaging NETs with 18F-DOPA PET is the unique ability of these
tumors to accumulate and decarboxylate L-DOPA in the catecholamine pathway [263].
In a study of 31 patients, more neuroendocrine tumors were detected using 18F-DOPA
PET compared to when using both CT and MRI. The positive predictive value of the 18F-
DOPA PET was estimated to be 92%, and its negative predictive value is 95% for NET
detection [98]. 18F-DOPA PET is more accurate in the detection of well-differentiated
neuroendocrine tumors than poorly differentiated ones. In a study involving 25 patients
with histologically proven NET, patient-based sensitivities were 96% for 68Ga-DOTATATE
PET and 56% for 18F-DOPA PET. 68Ga-DOTATATE PET showed metastases in 54 of the
55 positive metastatic tumor regions, whereas 18F-DOPA PET showed metastases in only
29 of the 55 tumor regions [264].

One promising imaging modality is 68Ga-FAPI-46. In a single-center exploratory
study comparing the performance of 68Ga-FAPI-46 with the standard 18F-FDG PET/CT,
68Ga-FAPI-46 PET/CT showed a comparable diagnostic performance to 18F-FDG PET/CT
for both the initial staging and recurrence detection in head and neck SCC patients [99].
Biodistribution of 68Ga-FAPI is low as compared to other tracers, including 18F-FDG,
improving the detection of lesions at the brain, liver, head and neck, peritoneum, mesentery,
omen tum, and axial skeleton level [262]. In one case report, 68Ga-FAPI-46 helped in
the diagnosis of malignant melanoma of the nasal cavity [265]. In another case report,
68Ga-FAPI-46 was used in the diagnosis of chondrosarcoma of the nasal cavity [266].

Recent articles showed that PSMA was found to be expressed by primary, recurrent,
and metastatic adenoid cystic carcinoma of salivary and seromucous glands, and 68Ga-
PSMA PET/CT has a promising future for the management of these tumors [180–182].
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Another imaging technique is 11C-choline PET/CT [267]. 11C-choline, a precursor
in the phosphatidyl-choline biosynthesis pathway, has also been shown to be a useful
marker for the detection of malignant tumors with an elevated concentration of phos-
phatidylcholine in the cell membrane. The main utility of 11C-choline PET/CT is to provide
higher-contrast images of head and neck tumors as compared to those provided by 18F-
FDG PET/CT [98]. Unfortunately, little is known about the utility of choline in sinonasal
malignancies [267]. Compared to 18F-FDG PET/CT, 11C-choline PET/CT has not been
shown to be better for the detection of recurrences of head and neck tumors after combined
therapy except for tumor recurrences at or close to the skull base, mainly because of the
confounding uptake of FDG in the adjacent brain [16].

Other radiotracers, such as 11C-methionine, have also been studied. The utility of
11C-methionine has already been documented in several types of malignancies, such as
brain neoplasms, breast cancer, and tumors of the head and neck region [268–270]. In
addition, other less common radiotracers, such as 64Cu-MeCOSar-Tyr3-octreotate (SAR-
TATE) and 68Ga-CXCR4, may provide both new diagnostic and therapeutic options for
NEN patients [262].

Finally, one can predict that either of these radiotracers (11C-choline, 11C-methionine,
or FAPI) can have potentially significant roles in the management of sinonasal malignancies
in the future.

The added clinical impact of PET/CT imaging with various radiotracers has been
shown in Table 1.

Table 1. The added value of PET/CT imaging with various radiotracers in common sinonasal malignancies.

Tumor Type Primary Radiotracer Added Value of PET/CT to Diagnosis

Adenocarcinoma 18F-FDG - Important in the follow-up and detection of the recurrence.

Squamous Cell Carcinoma 18F-FDG

- SUVmax generally shows aggressiveness, but is also
associated with favorable prognosis due to better response
to treatment;

- Important in the follow-up and detection of the recurrence.

Undifferentiated Carcinoma 18F-FDG - Important in the follow-up and detection of the recurrence.

Malignant Melanoma 18F-FDG - Important in the follow-up and detection of the recurrence.

Lymphoma 18F-FDG
- Crucial for determining the proper biopsy site.
- Important in the follow-up and detection of the recurrence.

Adenoid Cystic Carcinoma PSMA
18F-FDG - Important in the follow-up and detection of the recurrence.

Neuroendocrine Tumor Somatostatin Analogs

- Somatostatin receptor-based imaging is the imaging of
choice in diagnosis and management;

- 68Ga-DOTATATE has the highest binding affinity for SSTR2
receptors of the neuroendocrine tumors.

Esthesioneuroblastoma
(Olfactory Neuroblastoma)

Somatostatin Analogs
18F-FDG

- Relatively lower SUVmax and SUVmean compared to
common sinonasal cancers;

- If the DOTATATE receptor is positive, 177-Lu DOTATATE
(Lutathera®) can be used in treatment.

DOTATATE: dodecanetetraacetic acid-Tyr3-octreotate; FDG: fluorodeoxyglucose; SUV: standard uptake value.

6. Conclusions

Sinonasal cancers are a rare group of malignancies with a mostly unfavorable prog-
nosis. Surveillance imaging has a crucial role in management due to their high rate of
recurrence despite optimal treatment and presentation at an advanced stage. In addition to
conventional imaging modalities, such as US, CT, and MRI, 18F-FDG PET/CT has very high
sensitivity for the diagnosis and characterization of sinonasal malignancies. It provides
functional information along with morphology obtained by CT and MRI throughout the
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entire body in one session. 18F-FDG PET/CT not only helps with the accurate staging of the
primary disease at presentation, which is highly predictive in the determination of survival,
but also has an essential role in detecting local, regional, or distant recurrences. 18F-FDG
PET/CT is a reliable modality for determining the treatment response to both chemotherapy
and/or radiotherapy in sinonasal malignancies. SSTR analog PET agents and 11C-choline
were also very helpful in treatment planning, surveillance of some histologic subtypes of
sinonasal malignancies, and determining the treatment response.

Almost all the classical limitations of PET/CT also apply to sinonasal tumor imaging.
The most well-known of these is the difficulty in the identification of brain metastases due
to the high background metabolism and the differentiation of small metastases where the
spatial resolution of PET/CT is not enough [144]. Several other problems can make the
PET interpretation challenging, such as variable physiologic uptake of the radiotracers by
normal tissues, radiotracer uptake due to non-neoplastic processes such as inflammation or
infection, occasional malignant lesions with low avidity (mostly for FDG), unusual tumor
sites, misregistration, and motion artifacts [271].

The SPECT/CT provides several new developments, such as quantification of ra-
diopharmaceutical uptake in absolute units using cadmium zinc telluride detectors and
novel non-parallel hole collimators, and the ability to obtain whole-body SPECT acqui-
sitions with multiple bed positions. These are recently implemented in routine clinical
practice and result in a high-quality attenuation correction and co-registration/fusion of
the metabolic, and anatomical images [272]. Another important development in this regard
is undoubtedly the long axial field-of-view PET/CT scanners, which overcome the limita-
tions of the standard axial field-of-view scanners with suboptimal signal-to-noise ratio and
image quality [273]. These new techniques will also improve whole-body cancer imaging,
including the head and neck region.
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Abbreviations

18F-FDG PET/CT
18-Florine-fluorodeoxyglucose positron emission tomography
integrated with computed tomography

68Ga 68-Galium
ACC Adenoid cystic carcinoma
ADC Apparent diffusion coefficient
AIDS Acquired immunodeficiency syndrome
DLBCL Diffuse large B-cell lymphoma
DOPA Dihydroxyphenylalanine
DOTATATE Dodecanetetraacetic acid-Tyr3-octreotate
DOTATOC Dodecanetetraacetic acid-D-Phe1-Tyr3-octreotate
DOTANOC Dodecanetetraacetic 1-Nal3-octreotide
DTPAOC Diethylenetriaminepentaacetic acid-D-phenylalanine-octreotide
DWI Diffusion-weighted imaging
EBV Epstein–Barr virus
F Florine
FAPI Fibroblast activation protein
FDA Food and Drug Administration
FDG Fluorodeoxyglucose
FLT Fluorothymidine
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HIV Human immunodeficiency virus
HPV Human papillomavirus
IACRT Intra-arterial chemoradiotherapy
IMRT Intensity-modulated radiation therapy
IMT Inflammatory myofibroblastic tumor
IP Inverted papilloma
MIBI Methoxy isobutyl isonitrile
MRI Magnetic resonance imaging
NEC Neuroendocrine carcinoma
NEN Neuroendocrine neoplasm
NET Neuroendocrine tumor
NHL Non-Hodgkin lymphoma
NK Natural killer
NUT Carcinoma Nuclear protein in testis carcinoma
ONB Olfactory neuroblastoma also known as esthesioneuroblastoma
PNTS Perineural tumor spread
PET Positron emission tomography
PSMA Prostate-specific membrane antigen
SARTATE MeCOSar-Tyr3-octreotate
SCC Squamous cell carcinoma
SD Standard deviation
SIADH Syndrome of inappropriate antidiuretic hormone secretion
SMMM Sinonasal mucosal malignant melanoma
SNUC Sinonasal undifferentiated carcinoma
SPECT Single-photon emission computed tomography
SRBCT Small-round-blue-cell tumors
SSTR Somatostatin receptor
SUV Standard uptake value
SUVmax Maximum standard uptake value
SUVmean Mean standard uptake value
T1w T1-weighted
T2w T2-weighted
WHO World Health Organization
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tomography evaluation of sinonasal inverted papilloma and related conditions: A prospective clinical study. Turk. J. Ear Nose
Throat 2015, 25, 9–15. [CrossRef] [PubMed]

47. Yeoh, H.; Lee, J.Y.; Lee, Y.-J.; Park, D.W.; Kim, T.Y.; Ahn, G.Y.; Bae, S.-C.; Kim, Y.S.; Kim, H.Y.; Kim, C.K.; et al. Relationship between
cerebral microbleeds and white matter MR hyperintensities in systemic lupus erythematosus: A retrospective observational study.
Neuroradiology 2018, 61, 265–274. [CrossRef] [PubMed]

48. Zhang, S.-C.; Wei, L.; Zhou, S.-H.; Zhao, K. Inability of PET/CT to identify a primary sinonasal inverted papilloma with squamous
cell carcinoma in a patient with a submandibular lymph node metastasis: A case report. Oncol. Lett. 2015, 10, 749–753. [CrossRef]
[PubMed]

49. Gil, Z.; Even-Sapir, E.; Margalit, N.; Fliss, D.M. Integrated PET/CT system for staging and surveillance of skull base tumors. Head
Neck 2007, 29, 537–545. [CrossRef]

50. Paidpally, V.; Chirindel, A.; Lam, S.; Agrawal, N.; Quon, H.; Subramaniam, R.M. FDG-PET/CT imaging biomarkers in head and
neck squamous cell carcinoma. Imaging Med. 2012, 4, 633–647. [CrossRef] [PubMed]

51. Ozturk, K.; Gencturk, M.; Caicedo-Granados, E.; Li, F.; Cayci, Z. Utility of FDG PET/CT in the Characterization of Sinonasal
Neoplasms: Analysis of Standardized Uptake Value Parameters. Am. J. Roentgenol. 2018, 211, 1354–1360. [CrossRef] [PubMed]

52. Halfpenny, W.; Hain, S.F.; Biassoni, L.; Maisey, M.N.; Sherman, J.A.; McGurk, M. FDG–PET. A possible prognostic factor in head
and neck cancer. Br. J. Cancer 2002, 86, 512–516. [CrossRef]

53. (UICC) UfICC. Tumor Node Metastasis (TNM) Classification of Malignant Tumours; Brierley, J.D.G.M., Wittekind, C., Eds.; Wiley-
Blackwell: Hoboken, NJ, USA, 2016.

54. Aiken, A.H.; Glastonbury, C. Imaging Hodgkin and Non-Hodgkin Lymphoma in the Head and Neck. Radiol. Clin. N. Am. 2008,
46, 363–378. [CrossRef]

55. Saba, N. Sinonasal and Skull Base Malignancies; Saba, N., Lin, D.T., Eds.; Springer: Berlin/Heidelberg, Germany, 2022.
56. Wenig, B.M. Undifferentiated malignant neoplasms of the sinonasal tract. Arch. Pathol. Lab. Med. 2009, 133, 699–712. [CrossRef]

[PubMed]
57. Kim, J.; Kim, E.Y.; Lee, S.-K.; Kim, D.I.; Kim, C.-H.; Kim, S.-H.; Choi, E.C. Extranodal nasal-type NK/T-cell lymphoma: Computed

tomography findings of head and neck involvement. Acta Radiol. 2010, 51, 164–169. [CrossRef] [PubMed]
58. Chen, Y.; Wang, X.; Li, L.; Li, W.; Xian, J. Correction to: Differential diagnosis of sinonasal extranodal NK/T cell lymphoma and

diffuse large B cell lymphoma on MRI. Neuroradiology 2020, 62, 1149–1155. [CrossRef] [PubMed]
59. Ooi, G.C.; Chim, C.S.; Liang, R.; Tsang, K.W.; Kwong, Y.L. Nasal T-cell/natural killer cell lymphoma: CT and MR imaging features

of a new clinicopathologic entity. Am. J. Roentgenol. 2000, 174, 1141–1145. [CrossRef]
60. Bhatt, N.; Gupta, N.; Soni, N.; Hooda, K.; Sapire, J.M.; Kumar, Y. Role of diffusion-weighted imaging in head and neck lesions:

Pictorial review. Neuroradiol. J. 2017, 30, 356–369. [CrossRef]
61. Hoang, J.K.; Choudhury, K.R.; Chang, J.; Craciunescu, O.I.; Yoo, D.S.; Brizel, D.M. Diffusion-Weighted Imaging for Head and

Neck Squamous Cell Carcinoma: Quantifying Repeatability to Understand Early Treatment-Induced Change. Am. J. Roentgenol.
2014, 203, 1104–1108. [CrossRef]

https://doi.org/10.1016/S0030-6665(20)31567-X
https://www.ncbi.nlm.nih.gov/pubmed/8933883
https://doi.org/10.1159/000457923
https://www.ncbi.nlm.nih.gov/pubmed/32731233
https://doi.org/10.1016/S0720-048X(97)01183-2
https://doi.org/10.1016/j.oraloncology.2021.105185
https://doi.org/10.1177/0194599818770621
https://doi.org/10.1186/s40463-020-00420-x
https://doi.org/10.1002/lary.27582
https://doi.org/10.1016/j.clinimag.2019.02.004
https://www.ncbi.nlm.nih.gov/pubmed/30769222
https://doi.org/10.5606/kbbihtisas.2015.45212
https://www.ncbi.nlm.nih.gov/pubmed/25934400
https://doi.org/10.1007/s00234-018-2130-1
https://www.ncbi.nlm.nih.gov/pubmed/30415319
https://doi.org/10.3892/ol.2015.3328
https://www.ncbi.nlm.nih.gov/pubmed/26622564
https://doi.org/10.1002/hed.20545
https://doi.org/10.2217/iim.12.60
https://www.ncbi.nlm.nih.gov/pubmed/23482696
https://doi.org/10.2214/AJR.18.19501
https://www.ncbi.nlm.nih.gov/pubmed/30300005
https://doi.org/10.1038/sj.bjc.6600114
https://doi.org/10.1016/j.rcl.2008.03.001
https://doi.org/10.5858/133.5.699
https://www.ncbi.nlm.nih.gov/pubmed/19415944
https://doi.org/10.3109/02841850903476572
https://www.ncbi.nlm.nih.gov/pubmed/20092373
https://doi.org/10.1007/s00234-020-02488-8
https://www.ncbi.nlm.nih.gov/pubmed/32617604
https://doi.org/10.2214/ajr.174.4.1741141
https://doi.org/10.1177/1971400917708582
https://doi.org/10.2214/AJR.14.12838


Cancers 2023, 15, 3759 26 of 34

62. Maeda, M.; Kato, H.; Sakuma, H.; Maier, S.E.; Takeda, K. Usefulness of the Apparent Diffusion Coefficient in Line Scan Diffusion-
Weighted Imaging for Distinguishing between Squamous Cell Carcinomas and Malignant Lymphomas of the Head and Neck.
Am. J. Neuroradiol. 2005, 26, 1186–1192.

63. Yamaguchi, M.; Miyazaki, K. Current treatment approaches for NK/T-cell lymphoma. J. Clin. Exp. Hematop. 2017, 57, 98–108.
[CrossRef]

64. Kwee, T.C.; Kwee, R.M.; Nievelstein, R.A.J. Imaging in staging of malignant lymphoma: A systematic review. Blood 2008,
111, 504–516. [CrossRef]

65. Paes, F.M.; Kalkanis, D.G.; Sideras, P.A.; Serafini, A.N. FDG PET/CT of Extranodal Involvement in Non-Hodgkin Lymphoma
and Hodgkin Disease. Radiographics 2010, 30, 269–291. [CrossRef]

66. Voltin, C.-A.; Mettler, J.; Grosse, J.; Dietlein, M.; Baues, C.; Schmitz, C.; Borchmann, P.; Kobe, C.; Hellwig, D. FDG-PET Imaging
for Hodgkin and Diffuse Large B-Cell Lymphoma—An Updated Overview. Cancers 2020, 12, 601. [CrossRef]

67. Coughlan, M.; Elstrom, R. The use of FDG-PET in diffuse large B cell lymphoma (DLBCL): Predicting outcome following first line
therapy. Cancer Imaging 2014, 14, 34. [CrossRef] [PubMed]

68. Cheson, B.D.; Fisher, R.I.; Barrington, S.F.; Cavalli, F.; Schwartz, L.H.; Zucca, E.; Lister, T.A. Recommendations for initial
evaluation, stag-ing, and response assessment of Hodgkin and non-Hodgkin lymphoma: The Lugano classification. J. Clin. Oncol.
2014, 32, 3059–3068. [CrossRef] [PubMed]

69. Wu, H.-B.; Wang, Q.-S.; Wang, M.-F.; Li, H.-S.; Zhou, W.-L.; Ye, X.-H.; Wang, Q.-Y. Utility of 18F-FDG PET/CT for staging
NK/T-cell lymphomas. Nucl. Med. Commun. 2010, 31, 195–200. [CrossRef] [PubMed]

70. Moon, S.H.; Cho, S.K.; Kim, W.-S.; Kim, S.J.; Ahn, Y.C.; Choe, Y.S.; Lee, K.-H.; Kim, B.-T.; Choi, J.Y. The Role of 18F-FDG PET/CT
for Initial Staging of Nasal Type Natural Killer/T-Cell Lymphoma: A Comparison with Conventional Staging Methods. J. Nucl.
Med. 2013, 54, 1039–1044. [CrossRef]

71. Leivo, I. Sinonasal Adenocarcinoma: Update on Classification, Immunophenotype and Molecular Features. Head Neck Pathol.
2016, 10, 68–74. [CrossRef]

72. Kawaguchi, M.; Kato, H.; Tomita, H.; Mizuta, K.; Aoki, M.; Hara, A.; Matsuo, M. Imaging Characteristics of Malignant Sinonasal
Tumors. J. Clin. Med. 2017, 6, 116. [CrossRef]

73. Cantu, G.; Solero, C.L.; Mariani, L.; Vullo, S.L.; Riccio, S.; Colombo, S.; Pompilio, M.; Perrone, F.; Formillo, P.; Quattrone, P.
Intestinal type adenocarcinoma of the ethmoid sinus in wood and leather workers: A retrospective study of 153 cases. Head Neck
2011, 33, 535–542. [CrossRef]

74. Castelnuovo, P.; Turri-Zanoni, M.; Battaglia, P.; Antognoni, P.; Bossi, P.; Locatelli, D. Sinonasal Malignancies of Anterior Skull
Base: Histology-driven Treatment Strategies. Otolaryngol. Clin. N. Am. 2016, 49, 183–200. [CrossRef]

75. Thompson, L.D. World Health Organization Classification of Tumours: Pathology and Genetics of Head and Neck Tumours. Ear
Nose Throat J. 2006, 85, 74. [CrossRef]

76. Lund, V.J. Malignancy of the nose and sinuses. Epidemiological and aetiological considerations. Rhinology 1991, 29, 57–65.
77. Vellin, J.-F.; Achim, V.; Sinardet, D.; Gabrillargues, J.; Mom, T.; Gilain, L. Rapidly developing leptomeningeal carcinomatosis

following anterior skull base surgery: A case report. Auris Nasus Larynx 2007, 34, 565–567. [CrossRef]
78. Espitalier, F.; Michel, G.; Mourrain-Langlois, E.; Lebouvier, T.; Bord, E.; Ferron, C.; Malard, O. Leptomeningeal carcinomatosis

from ethmoid sinus adenocarcinoma. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2014, 131, 49–51. [CrossRef]
79. Lombardi, G.; Zustovich, F.; Della Puppa, A.; Borgato, L.; Orvieto, E.; Manara, R.; Cecchin, D.; Berti, F.; Farina, P.;

Gardiman, M.P.; et al. Cisplatin and temozolomide combination in the treatment of leptomeningeal carcinomatosis from ethmoid
sinus intestinal-type adenocarcinoma. J. Neuro-Oncol. 2011, 104, 381–386. [CrossRef] [PubMed]

80. Turri-Zanoni, M.; Battaglia, P.; Lambertoni, A.; Giovannardi, M.; Schreiber, A.; Volpi, L.; Bolzoni-Villaret, A.; Lombardi, D.;
Bignami, M.; Magnoli, F.; et al. Treatment strategies for primary early-stage sinonasal adenocarcinoma: A retrospective bi-
institutional case-control study. J. Surg. Oncol. 2015, 112, 561–567. [CrossRef] [PubMed]

81. Nicolai, P.; Schreiber, A.; Villaret, A.B.; Lombardi, D.; Morassi, L.; Raffetti, E.; Donato, F.; Battaglia, P.; Turri-Zanoni, M.;
Bignami, M.; et al. Intestinal type adenocarcinoma of the ethmoid: Outcomes of a treatment regimen based on endoscopic surgery
with or without radiotherapy. Head Neck 2015, 38 (Suppl. 1), E996–E1003. [CrossRef] [PubMed]

82. Georgel, T.; Jankowski, R.; Henrot, P.; Baumann, C.; Kacha, S.; Grignon, B.; Toussaint, B.; Graff, P.; Kaminsky, M.C.;
Geoffrois, L.; et al. CT assessment of woodworkers’ nasal adenocarcinomas confirms the origin in the olfactory cleft. Am. J.
Neuroradiol. 2009, 30, 1440–1444. [CrossRef]

83. Sklar, E.M.L.; Pizarro, J.A. Sinonasal Intestinal-Type Adenocarcinoma Involvement of the Paranasal Sinuses. Am. J. Neuroradiol.
2003, 24, 1152–1155.

84. Raghavan, P.; Phillips, C.D. Magnetic Resonance Imaging of Sinonasal Malignancies. Top. Magn. Reson. Imaging 2007, 18, 259–267.
[CrossRef]

85. Ozturk, K.; Gawande, R.; Gencturk, M.; Boegel, K.; Caicedo-Granados, E.; Cayci, Z. Imaging features of sinonasal tumors on
positron emission tomography and magnetic resonance imaging including diffusion weighted imaging: A pictorial review. Clin.
Imaging 2018, 51, 217–228. [CrossRef]

86. Razek, A.; Sieza, S.; Maha, B. Assessment of nasal and paranasal sinus masses by diffusion-weighted MR imaging. J. Neuroradiol.
2009, 36, 206–211. [CrossRef] [PubMed]

https://doi.org/10.3960/jslrt.17018
https://doi.org/10.1182/blood-2007-07-101899
https://doi.org/10.1148/rg.301095088
https://doi.org/10.3390/cancers12030601
https://doi.org/10.1186/s40644-014-0034-9
https://www.ncbi.nlm.nih.gov/pubmed/25608713
https://doi.org/10.1200/JCO.2013.54.8800
https://www.ncbi.nlm.nih.gov/pubmed/25113753
https://doi.org/10.1097/MNM.0b013e32833310fa
https://www.ncbi.nlm.nih.gov/pubmed/20009963
https://doi.org/10.2967/jnumed.112.113399
https://doi.org/10.1007/s12105-016-0694-9
https://doi.org/10.3390/jcm6120116
https://doi.org/10.1002/hed.21485
https://doi.org/10.1016/j.otc.2015.09.012
https://doi.org/10.1177/014556130608500201
https://doi.org/10.1016/j.anl.2007.03.001
https://doi.org/10.1016/j.anorl.2012.07.004
https://doi.org/10.1007/s11060-010-0484-2
https://www.ncbi.nlm.nih.gov/pubmed/21140282
https://doi.org/10.1002/jso.24038
https://www.ncbi.nlm.nih.gov/pubmed/26346184
https://doi.org/10.1002/hed.24144
https://www.ncbi.nlm.nih.gov/pubmed/26040823
https://doi.org/10.3174/ajnr.A1648
https://doi.org/10.1097/RMR.0b013e31815711b7
https://doi.org/10.1016/j.clinimag.2018.05.018
https://doi.org/10.1016/j.neurad.2009.06.001
https://www.ncbi.nlm.nih.gov/pubmed/19577300


Cancers 2023, 15, 3759 27 of 34

87. Sasaki, M.; Eida, S.; Sumi, M.; Nakamura, T. Apparent Diffusion Coefficient Mapping for Sinonasal Diseases: Differentiation of
Benign and Malignant Lesions. Am. J. Neuroradiol. 2011, 32, 1100–1106. [CrossRef] [PubMed]

88. Wang, X.; Zhang, Z.; Chen, Q.; Li, J.; Xian, J. Effectiveness of 3 T PROPELLER DUO diffusion-weighted MRI in differentiating
sinonasal lymphomas and carcinomas. Clin. Radiol. 2014, 69, 1149–1156. [CrossRef]

89. Xu, G.; Li, J.; Zuo, X.; Li, C. Comparison of whole body positron emission tomography (PET)/PET-computed tomography and
conventional anatomic imaging for detecting distant malignancies in patients with head and neck cancer: A meta-analysis.
Laryngoscope 2012, 122, 1974–1978. [CrossRef]

90. Workman, A.D.; Palmer, J.N.; Adappa, N.D. Posttreatment surveillance for sinonasal malignancy. Curr. Opin. Otolaryngol. Head
Neck Surg. 2017, 25, 86–92. [CrossRef] [PubMed]

91. Maroldi, R.; Ravanelli, M.; Farina, D.; Facchetti, L.; Bertagna, F.; Lombardi, D.; Nicolai, P. Post-treatment Evaluation of Paranasal
Sinuses after Treatment of Sinonasal Neoplasms. Neuroimaging Clin. N. Am. 2015, 25, 667–685. [CrossRef] [PubMed]

92. Ozturk, K.; Gencturk, M.; Caicedo-Granados, E.; Li, F.; Cayci, Z. Performance of whole-body 18F-FDG PET/CT as a posttreatment
surveillance tool for sinonasal malignancies. Eur. Arch. Oto-Rhino-Laryngol. 2019, 276, 847–855. [CrossRef]

93. Felix-Ravelo, M.; Bey, A.; Arous, F.; Paris-Grandpierre, S.; Jankowski, R.; Nguyen, D.T. Relationship between 18FDG-PET and
different types of sinonasal malignancies. Acta Oto-Laryngol. 2017, 137, 191–195. [CrossRef]

94. Ozturk, K.; Gencturk, M.; Rischall, M.; Caicedo-Granados, E.; Li, F.; Cayci, Z. Role of Whole-Body 18F-FDG PET/CT in Screening
for Metastases in Newly Diagnosed Sinonasal Malignancies. Am. J. Roentgenol. 2019, 212, 1327–1334. [CrossRef]

95. Thawani, R.; Kim, M.S.; Arastu, A.; Feng, Z.; West, M.T.; Taflin, N.F.; Thein, K.Z.; Li, R.; Geltzeiler, M.; Lee, N.; et al. The
contemporary management of cancers of the sinonasal tract in adults. CA Cancer J. Clin. 2023, 73, 72–112. [CrossRef]

96. Villar, R.; Ramos, B.; Acosta, M.; Haro, J.J.; Gómez, A. Recurrent adenocarcinoma of the sinonasal tract. Oral Maxillofac. Surg.
2013, 17, 155–158. [CrossRef]

97. Abu-Ghanem, S.; Yafit, D.; Ghanayem, M.; Abergel, A.; Yehuda, M.; Fliss, D.M. Utility of first positron emission tomography-
computed tomography scan as a prognostic tool following treatment of sinonasal and skull base malignancies. Head Neck 2019,
41, 701–706. [CrossRef] [PubMed]

98. Kauhanen, S.; Seppänen, M.; Ovaska, J.; Minn, H.; Bergman, J.; Korsoff, P.; Salmela, P.; Saltevo, J.; Sane, T.; Välimäki, M.; et al. The
clinical value of [18F]fluoro-dihydroxyphenylalanine positron emission tomography in primary diagnosis, staging, and restaging
of neuroendocrine tumors. Endocr. Relat. Cancer 2009, 16, 255–265. [CrossRef] [PubMed]

99. Promteangtrong, C.; Siripongsatian, D.; Jantarato, A.; Kunawudhi, A.; Kiatkittikul, P.; Yaset, S.; Boonkawin, N.; Chotipanich, C.
Head-to-Head Comparison of 68Ga-FAPI-46 and 18F-FDG PET/CT for Evaluation of Head and Neck Squamous Cell Carcinoma:
A Single-Center Exploratory Study. J. Nucl. Med. 2022, 63, 1155–1161. [CrossRef]

100. Bridger, A.G.; Smee, D.; Baldwin, M.A.R.; Kwok, B.; Bridger, G.P. Experience with mucosal melanoma of the nose and paranasal
sinuses. ANZ J. Surg. 2005, 75, 192–197. [CrossRef] [PubMed]

101. Thompson, L.D.R.; Wieneke, J.A.; Miettinen, M. Sinonasal Tract and Nasopharyngeal Melanomas: A Clinicopathologic Study of
115 Cases with a Proposed Staging System. Am. J. Surg. Pathol. 2003, 27, 594–611. [CrossRef]

102. Snyder, M.L.; Paulino, A.F. Melan-A as a useful diagnostic immunohistochemical stain for the diagnosis of primary sinonasal
melanomas. Head Neck 2002, 24, 52–55. [CrossRef]

103. Chang, A.E.; Karnell, L.H.; Menck, H.R. The National Cancer Data Base report on cutaneous and noncutaneous melanoma: A
summary of 84,836 cases from the past decade. The American College of Surgeons Commission on Cancer and the American
Cancer Society. Cancer 1998, 83, 1664–1678. [CrossRef]

104. Andersen, L.J.; Berthelsen, A.; Hansen, H.S. Malignant melanoma of the upper respiratory tract and the oral cavity. J. Otolaryngol.
1992, 21, 180–185.

105. Roth, T.N.; Gengler, C.; Huber, G.F.; Holzmann, D. Outcome of sinonasal melanoma: Clinical experience and review of the
literature. Head Neck 2010, 32, 1385–1392. [CrossRef]

106. Tanzler, E.D.; Morris, C.G.; Orlando, C.A.; Werning, J.W.; Mendenhall, W.M. Management of sinonasal undifferentiated carcinoma.
Head Neck 2008, 30, 595–599. [CrossRef] [PubMed]

107. Dréno, M.; Georges, M.; Espitalier, F.; Ferron, C.; Charnolé, A.; Dréno, B.; Malard, O. Sinonasal mucosal melanoma: A 44-case
study and literature analysis. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2017, 134, 237–242. [CrossRef] [PubMed]

108. Mendenhall, W.M.; Amdur, R.J.; Hinerman, R.W.; Werning, J.W.; Villaret, D.B.; Mendenhall, N. Head and Neck Mucosal
Melanoma. Am. J. Clin. Oncol. 2005, 28, 626–630. [CrossRef] [PubMed]

109. Dauer, E.H.; Lewis, J.E.; Rohlinger, A.L.; Weaver, A.L.; Olsen, K.D. Sinonasal melanoma: A clinicopathologic review of 61 cases.
Otolaryngol. Head Neck Surg. 2008, 138, 347–352. [CrossRef] [PubMed]

110. Thariat, J.; Vérillaud, B.; Vergez, S.; Régis-Ferrand, F.; Digue, L.; Even, C.; Costes, V.; Baujat, B.; de Gabory, L.; Baglin, A.C.; et al.
Diagnosis, prognosis and treatment of sinonasal carcinomas (excluding melanomas, sarcomas and lymphomas). Bull. Cancer
2020, 107, 601–611. [CrossRef]

111. Slevin, F.; Pan, S.; Mistry, H.; Denholm, M.; Shor, D.; Oong, Z.; Price, J.; Jadon, R.; Fleming, J.; Barnett, G.; et al. A Multicentre UK
Study of Outcomes for Locally Advanced Sinonasal Squamous Cell Carcinoma Treated with Adjuvant or Definitive Intensity-
modulated Radiotherapy. Clin. Oncol. 2021, 33, e450–e461. [CrossRef]

112. Arnold, A.; Ziglinas, P.; Ochs, K.; Alter, N.; Geretschläger, A.; Lädrach, K.; Zbären, P.; Caversaccio, M. Therapy options and
long-term results of sinonasal malignancies. Oral Oncol. 2012, 48, 1031–1037. [CrossRef]

https://doi.org/10.3174/ajnr.A2434
https://www.ncbi.nlm.nih.gov/pubmed/21393402
https://doi.org/10.1016/j.crad.2014.07.003
https://doi.org/10.1002/lary.23409
https://doi.org/10.1097/MOO.0000000000000330
https://www.ncbi.nlm.nih.gov/pubmed/27846019
https://doi.org/10.1016/j.nic.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26476385
https://doi.org/10.1007/s00405-018-05272-w
https://doi.org/10.1080/00016489.2016.1219917
https://doi.org/10.2214/AJR.18.20311
https://doi.org/10.3322/caac.21752
https://doi.org/10.1007/s10006-012-0342-9
https://doi.org/10.1002/hed.25416
https://www.ncbi.nlm.nih.gov/pubmed/30521131
https://doi.org/10.1677/ERC-08-0229
https://www.ncbi.nlm.nih.gov/pubmed/19088184
https://doi.org/10.2967/jnumed.121.262831
https://doi.org/10.1111/j.1445-2197.2005.03343.x
https://www.ncbi.nlm.nih.gov/pubmed/15839963
https://doi.org/10.1097/00000478-200305000-00004
https://doi.org/10.1002/hed.10007
https://doi.org/10.1002/(SICI)1097-0142(19981015)83:8&lt;1664::AID-CNCR23&gt;3.0.CO;2-G
https://doi.org/10.1002/hed.21340
https://doi.org/10.1002/hed.20748
https://www.ncbi.nlm.nih.gov/pubmed/18383526
https://doi.org/10.1016/j.anorl.2017.02.003
https://www.ncbi.nlm.nih.gov/pubmed/28442409
https://doi.org/10.1097/01.coc.0000170805.14058.d3
https://www.ncbi.nlm.nih.gov/pubmed/16317276
https://doi.org/10.1016/j.otohns.2007.12.013
https://www.ncbi.nlm.nih.gov/pubmed/18312883
https://doi.org/10.1016/j.bulcan.2020.02.013
https://doi.org/10.1016/j.clon.2021.05.012
https://doi.org/10.1016/j.oraloncology.2012.04.005


Cancers 2023, 15, 3759 28 of 34

113. Ferrari, M.; Orlandi, E.; Bossi, P. Sinonasal cancers treatments: State of the art. Curr. Opin. Oncol. 2021, 33, 196–205. [CrossRef]
114. Hachem, R.A.; Beer-Furlan, A.; Elkhatib, A.; Rangarajan, S.; Prevedello, D.; Blakaj, D.; Bhatt, A.; Carrau, R. Modern Treatment

Outcomes in Sinonasal Malignancies. Curr. Otorhinolaryngol. Rep. 2016, 4, 266–275. [CrossRef]
115. Lengyel, E.; Gilde, K.; Remenár, E.; Ésik, O. Malignant mucosal melanoma of the head and neck—A review. Pathol. Oncol. Res.

2003, 9, 7–12. [CrossRef]
116. Manolidis, S.; Donald, P.J. Malignant mucosal melanoma of the head and neck: Review of the literature and report of 14 patients.

Cancer 1997, 80, 1373–1386. [CrossRef]
117. Lund, V.J.; Howard, D.J.; Harding, L.; Wei, W.I.; Lund, F.V.J.; Frcs, F.D.J.H.; Frcs, L.H.; Wei, F.W.I. Management Options and

Survival in Malignant Melanoma of the Sinonasal Mucosa. Laryngoscope 1999, 109 Pt 1, 208–211. [CrossRef]
118. Samstein, R.M.; Carvajal, R.D.; Postow, M.A.; Callahan, M.K.; Shoushtari, A.N.; Patel, S.G.; Lee, N.Y.; Barker, C.A. Localized

sinonasal mucosal melanoma: Outcomes and associations with stage, radiotherapy, and positron emission tomography response.
Head Neck 2016, 38, 1310–1317. [CrossRef] [PubMed]

119. Temam, S.; Mamelle, G.; Marandas, P.; Wibault, P.; Avril, M.-F.; Janot, F.; Julieron, M.; Schwaab, G.; Luboinski, B. Postoperative
radiotherapy for primary mucosal melanoma of the head and neck. Cancer 2005, 103, 313–319. [CrossRef] [PubMed]

120. Owens, J.M.; Roberts, D.B.; Myers, J.N. The Role of Postoperative Adjuvant Radiation Therapy in the Treatment of Mucosal
Melanomas of the Head and Neck Region. Arch. Otolaryngol. Neck Head Surg. 2003, 129, 864–868. [CrossRef]

121. Jung, S.; Johnson, D.B. Management of Acral and Mucosal Melanoma: Medical Oncology Perspective. Oncologist 2022, 27, 703–710.
[CrossRef] [PubMed]

122. Meleti, M.; Leemans, C.R.; de Bree, R.; Vescovi, P.; Sesenna, E.; van der Waal, I. Head and neck mucosal melanoma: Experience
with 42 patients, with emphasis on the role of postoperative radiotherapy. Head Neck 2008, 30, 1543–1551. [CrossRef]

123. Nilsson, P.J.; Ragnarsson-Olding, B.K. Importance of clear resection margins in anorectal malignant melanoma. Br. J. Surg. 2010,
97, 98–103. [CrossRef]

124. Kelly, P.; Zagars, G.K.; Cormier, J.N.; Ross, M.I.; Guadagnolo, B.A. Sphincter-sparing local excision and hypofractionated radiation
therapy for anorectal melanoma: A 20-year experience. Cancer 2011, 117, 4747–4755. [CrossRef]

125. Moreno, M.A.; Roberts, D.B.; Kupferman, M.E.; DeMonte, F.; El-Naggar, A.K.; Williams, M.; Rosenthal, D.S.; Hanna, E.Y. Mucosal
melanoma of the nose and paranasal sinuses, a contemporary experience from the M. D. Anderson Cancer Center. Cancer 2010,
116, 2215–2223. [CrossRef]

126. Krengli, M.; Jereczek-Fossa, B.A.; Kaanders, J.H.; Masini, L.; Beldi, D.; Orecchia, R. What is the role of radiotherapy in the
treatment of mucosal melanoma of the head and neck? Crit. Rev. Oncol. Hematol. 2008, 65, 121–128. [CrossRef] [PubMed]

127. Ribas, A.; Puzanov, I.; Dummer, R.; Schadendorf, D.; Hamid, O.; Robert, C.; Hodi, F.S.; Schachter, J.; Pavlick, A.C.;
Lewis, K.D.; et al. Pembrolizumab versus investigator-choice chemotherapy for ipilimumab-refractory melanoma (KEYNOTE-
002): A randomised, controlled, phase 2 trial. Lancet Oncol. 2015, 16, 908–918. [CrossRef] [PubMed]

128. Weber, J.S.; D’Angelo, S.P.; Minor, D.; Hodi, F.S.; Gutzmer, R.; Neyns, B.; Hoeller, C.; Khushalani, N.I.; Miller, W.H., Jr.;
Lao, C.D.; et al. Nivolumab versus chemotherapy in patients with advanced melanoma who progressed after anti-CTLA-4
treatment (CheckMate 037): A randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2015, 16, 375–384. [CrossRef]
[PubMed]

129. Klemen, N.D.; Wang, M.; Rubinstein, J.C.; Olino, K.; Clune, J.; Ariyan, S.; Cha, C.; Weiss, S.A.; Kluger, H.M.; Sznol, M. Survival
after checkpoint inhibitors for metastatic acral, mucosal and uveal melanoma. J. Immunother. Cancer 2020, 8, e000341. [CrossRef]
[PubMed]

130. Alkermes Receives FDA Fast Track Designation for Nemvaleukin Alfa for the Treatment of Mucosal Melanoma; Alkermes Plc: Dublin,
Ireland, 2021.

131. Yousem, D.M.; Li, C.; Montone, K.T.; Montgomery, L.; Loevner, L.A.; Rao, V.; Chung, T.S.; Kimura, Y.; Hayden, R.E.; Weinstein, G.S.
Primary malignant melanoma of the sinonasal cavity: MR imaging evaluation. Radio Graph. 1996, 16, 1101–1110. [CrossRef]
[PubMed]

132. Lund, V.J.; Howard, D.J.; Lloyd, G.A.S.; Cheesman, A.D. Magnetic resonance imaging of paranasal sinus tumors for craniofacial
resection. Head Neck 1989, 11, 279–283. [CrossRef]

133. Haerle, S.K.; Soyka, M.B.; Fischer, D.R.; Murer, K.; Strobel, K.; Huber, G.F.; Holzmann, D. The value of (18)F-FDG-PET/CT
imaging for sinonasal malignant melanoma. Eur. Arch. Oto-Rhino-Laryngol. 2012, 269, 127–133. [CrossRef]

134. Yoshioka, H.; Kamada, T.; Kandatsu, S.; Koga, M.; Yoshikawa, K.; Matsuoka, Y.; Mizoe, J.; Itai, Y.; Tsujii, H. MRI of Mucosal
Malignant Melanoma of the Head and Neck. J. Comput. Assist. Tomogr. 1998, 22, 492–497. [CrossRef]

135. Goerres, G.W.; Stoeckli, S.J.; von Schulthess, G.K.; Steinert, H.C. FDG PET for Mucosal Malignant Melanoma of the Head and
Neck. Laryngoscope 2002, 112, 381–385. [CrossRef]

136. Strobel, K.; Dummer, R.; Husarik, D.B.; Lago, M.P.; Hany, T.F.; Steinert, H.C. High-Risk Melanoma: Accuracy of FDG PET/CT
with Added CT Morphologic Information for Detection of Metastases. Radiology 2007, 244, 566–574. [CrossRef]

137. Strobel, K.; Skalsky, J.; Steinert, H.C.; Dummer, R.; Hany, T.F.; Bhure, U.; Seifert, B.; Lago, M.P.; Joller-Jemelka, H.; Kalff, V. S-100B
and FDG-PET/CT in Therapy Response Assessment of Melanoma Patients. Dermatology 2007, 215, 192–201. [CrossRef] [PubMed]

138. Reinhardt, M.J.; Joe, A.Y.; Jaeger, U.; Huber, A.; Matthies, A.; Bucerius, J.; Roedel, R.; Strunk, H.; Bieber, T.; Biersack, H.-J.; et al.
Diagnostic Performance of Whole Body Dual Modality 18F-FDG PET/CT Imaging for N- and M-Staging of Malignant Melanoma:
Experience with 250 Consecutive Patients. J. Clin. Oncol. 2006, 24, 1178–1187. [CrossRef] [PubMed]

https://doi.org/10.1097/CCO.0000000000000726
https://doi.org/10.1007/s40136-016-0133-1
https://doi.org/10.1007/BF03033707
https://doi.org/10.1002/(SICI)1097-0142(19971015)80:8&lt;1373::AID-CNCR3&gt;3.0.CO;2-G
https://doi.org/10.1097/00005537-199902000-00007
https://doi.org/10.1002/hed.24435
https://www.ncbi.nlm.nih.gov/pubmed/27043023
https://doi.org/10.1002/cncr.20775
https://www.ncbi.nlm.nih.gov/pubmed/15578718
https://doi.org/10.1001/archotol.129.8.864
https://doi.org/10.1093/oncolo/oyac091
https://www.ncbi.nlm.nih.gov/pubmed/35640549
https://doi.org/10.1002/hed.20901
https://doi.org/10.1002/bjs.6784
https://doi.org/10.1002/cncr.26088
https://doi.org/10.1002/cncr.24976
https://doi.org/10.1016/j.critrevonc.2007.07.001
https://www.ncbi.nlm.nih.gov/pubmed/17822915
https://doi.org/10.1016/S1470-2045(15)00083-2
https://www.ncbi.nlm.nih.gov/pubmed/26115796
https://doi.org/10.1016/S1470-2045(15)70076-8
https://www.ncbi.nlm.nih.gov/pubmed/25795410
https://doi.org/10.1136/jitc-2019-000341
https://www.ncbi.nlm.nih.gov/pubmed/32209601
https://doi.org/10.1148/radiographics.16.5.8888393
https://www.ncbi.nlm.nih.gov/pubmed/8888393
https://doi.org/10.1002/hed.2880110316
https://doi.org/10.1007/s00405-011-1664-1
https://doi.org/10.1097/00004728-199805000-00024
https://doi.org/10.1097/00005537-200202000-00032
https://doi.org/10.1148/radiol.2442061099
https://doi.org/10.1159/000106575
https://www.ncbi.nlm.nih.gov/pubmed/17823514
https://doi.org/10.1200/JCO.2005.03.5634
https://www.ncbi.nlm.nih.gov/pubmed/16505438


Cancers 2023, 15, 3759 29 of 34

139. Inubushi, M.; Saga, T.; Koizumi, M.; Takagi, R.; Hasegawa, A.; Koto, M.; Wakatuki, M.; Morikawa, T.; Yoshikawa, K.;
Tanimoto, K.; et al. Predictive value of 3′-deoxy-3′-[18F]fluorothymidine positron emission tomography/computed tomog-
raphy for outcome of carbon ion radiotherapy in patients with head and neck mucosal malignant melanoma. Ann. Nucl. Med.
2013, 27, 1–10. [CrossRef]

140. Murphy, G.; Hussey, D.; Metser, U. Non-cutaneous melanoma: Is there a role for (18)F-FDG PET-CT? Br. J. Radiol. 2014,
87, 20140324. [CrossRef]

141. Aydin, A.; Yu, J.Q.; Zhuang, H.; Alavi, A. Detection of Bone Marrow Metastases by FDG-PET and Missed by Bone Scintigraphy in
Widespread Melanoma. Clin. Nucl. Med. 2005, 30, 606–607. [CrossRef] [PubMed]

142. Rinne, D.; Baum, R.P.; Hor, G.; Kaufmann, R. Primary staging and follow-up of high risk melanoma patients with whole-body
18F-fluorodeoxyglucose positron emission tomography: Results of a prospective study of 100 patients. Cancer 1998, 82, 1664–1671.
[CrossRef]

143. Holder, W.D.; White, R.L.; Zuger, J.H.; Easton, E.J.; Greene, F.L. Effectiveness of Positron Emission Tomography for the Detection
of Melanoma Metastases. Ann. Surg. 1998, 227, 764–771, discussion 9–71. [CrossRef]

144. Gulec, S.A.; Faries, M.B.; Lee, C.C.; Kirgan, D.; Glass, C.; Morton, D.L.; Essner, R. The Role of Fluorine-18 Deoxyglucose Positron
Emission Tomography in the Management of Patients with Metastatic Melanoma: Impact on Surgical Decision Making. Clin.
Nucl. Med. 2003, 28, 961–965. [CrossRef]

145. Ghanem, N.; Altehoefer, C.; Högerle, S.; Nitzsche, E.; Lohrmann, C.; Schäfer, O.; Kotter, E.; Langer, M. Detectability of liver
metastases in malignant melanoma: Prospective comparison of magnetic resonance imaging and positron emission tomography.
Eur. J. Radiol. 2005, 54, 264–270. [CrossRef]

146. Shields, A.F.; Grierson, J.R.; Dohmen, B.M.; Machulla, H.J.; Stayanoff, J.C.; Lawhorn-Crews, J.M.; Obradovich, J.E.; Muzik, O.;
Mangner, T.J. Imaging proliferation in vivo with [F-18]FLT and positron emission tomography. Nat. Med. 1998, 4, 1334–1336.
[CrossRef]

147. Meerwein, C.M.; Hüllner, M.; Braun, R.; Soyka, M.B.; Morand, G.B.; Holzmann, D. Current concepts in advanced sinonasal
mucosal melanoma: A single institution experience. Eur. Arch. Oto-Rhino-Laryngol. 2019, 276, 2259–2265. [CrossRef]

148. Kuhn, F.P.; Hullner, M.; Mader, C.E.; Kastrinidis, N.; Huber, G.F.; von Schulthess, G.K.; Veit-Haibach, P. Contrast-enhanced
PET/MR imaging versus contrast-enhanced PET/CT in head and neck cancer: How much MR information is needed? J. Nucl.
Med. 2014, 55, 551–558. [CrossRef]

149. Buchbender, C.; Heusner, T.A.; Lauenstein, T.C.; Bockisch, A.; Antoch, G. Oncologic PET/MRI, part 2: Bone tumors, soft-tissue
tumors, melanoma, and lymphoma. J. Nucl. Med. 2012, 53, 1244–1252. [CrossRef]

150. Sekine, T.; Barbosa, F.d.G.; Kuhn, F.P.; Burger, I.A.; Stolzmann, P.; Huber, G.F.; Kollias, S.S.; von Schulthess, G.K.; Veit-Haibach, P.;
Huellner, M.W. PET+MR versus PET/CT in the initial staging of head and neck cancer, using a trimodality PET/CT+MR system.
Clin. Imaging 2017, 42, 232–239. [CrossRef]

151. Von Schulthess, G.K.; Hany, T.F. Imaging and PET-PET/CT imaging. J. Radiol. 2008, 89 Pt 2, 438–447, quiz 48. [CrossRef] [PubMed]
152. Frierson, H.F.; Mills, S.E.; Fechner, R.E.; Taxy, J.B.; Levine, P.A. Sinonasal undifferentiated carcinoma. An aggressive neoplasm

derived from schneiderian epithelium and distinct from olfactory neuroblastoma. Am. J. Surg. Pathol. 1986, 10, 771–779.
[CrossRef]

153. Saba, N.F.; Lin, D.T. Sinonasal and Skull Base Malignancies, 1st ed.; Springer: Cham, Switzerland, 2022.
154. Cerilli, L.A.; Holst, V.A.; Brandwein, M.S.; Stoler, M.H.; Mills, S.E. Sinonasal undifferentiated carcinoma: Immunohistochemical

profile and lack of EBV association. Am. J. Surg. Pathol. 2001, 25, 156–163. [CrossRef]
155. Silva, E.G.; Butler, J.J.; Mackay, B.; Goepfert, H. Neuroblastomas and neuroendocrine carcinomas of the nasal cavity. A proposed

new classification. Cancer 1982, 50, 2388–2405. [CrossRef]
156. Lin, E.M.; Sparano, A.; Spalding, A.; Eisbruch, A.; Worden, F.P.; Heth, J.; Sullivan, S.; Thompson, B.G.; Marentette, L.J. Sinonasal

Undifferentiated Carcinoma: A 13-Year Experience at a Single Institution. J. Neurol. Surg. Part B Skull Base 2010, 20, 061–067.
[CrossRef] [PubMed]

157. Reiersen, D.A.; Pahilan, M.E.; Devaiah, A.K. Meta-analysis of Treatment Outcomes for Sinonasal Undifferentiated Carcinoma.
Otolaryngol. Head Neck Surg. 2012, 147, 7–14. [CrossRef] [PubMed]

158. Bhasker, S.; Mallick, S.; Benson, R.; Bhanuprasad, V.; Sharma, A.; Thakar, A. A multimodality approach to sinonasal undifferenti-
ated carcinoma: A single institute experience. J. Laryngol. Otol. 2017, 131, 19–25. [CrossRef]

159. McCary, W.S.; A Levine, P. Management of the eye in the treatment of sinonasal cancers. Otolaryngol. Clin. N. Am. 1995,
28, 1231–1238. [CrossRef]

160. Kuan, E.C.; Arshi, A.; Mallen-St Clair, J.; Tajudeen, B.A.; Abemayor, E.; St John, M.A. Significance of Tumor Stage in Sinonasal
Undifferentiated Carcinoma Survival: A Population-Based Analysis. Otolaryngol. Head Neck Surg. 2016, 154, 667–673. [CrossRef]
[PubMed]

161. Bossi, P.; Saba, N.F.; Vermorken, J.B.; Strojan, P.; Pala, L.; de Bree, R.; Rodrigo, J.P.; Lopez, F.; Hanna, E.Y.; Haigentz, M.; et al. The
role of systemic therapy in the management of sinonasal cancer: A critical review. Cancer Treat. Rev. 2015, 41, 836–843. [CrossRef]
[PubMed]

162. Al-Mamgani, A.; van Rooij, P.; Mehilal, R.; Tans, L.; Levendag, P.C. Combined-modality treatment improved outcome in
sinonasal undifferentiated carcinoma: Single-institutional experience of 21 patients and review of the literature. Eur. Arch.
Oto-Rhino-Laryngol. 2013, 270, 293–299. [CrossRef]

https://doi.org/10.1007/s12149-012-0652-x
https://doi.org/10.1259/bjr.20140324
https://doi.org/10.1097/01.rlu.0000174200.67064.28
https://www.ncbi.nlm.nih.gov/pubmed/16100478
https://doi.org/10.1002/(SICI)1097-0142(19980501)82:9&lt;1664::AID-CNCR11&gt;3.0.CO;2-2
https://doi.org/10.1097/00000658-199805000-00017
https://doi.org/10.1097/01.rlu.0000099805.36471.aa
https://doi.org/10.1016/j.ejrad.2004.07.005
https://doi.org/10.1038/3337
https://doi.org/10.1007/s00405-019-05458-w
https://doi.org/10.2967/jnumed.113.125443
https://doi.org/10.2967/jnumed.112.109306
https://doi.org/10.1016/j.clinimag.2017.01.003
https://doi.org/10.1016/S0221-0363(08)89019-1
https://www.ncbi.nlm.nih.gov/pubmed/18408643
https://doi.org/10.1097/00000478-198611000-00004
https://doi.org/10.1097/00000478-200102000-00003
https://doi.org/10.1002/1097-0142(19821201)50:11&lt;2388::AID-CNCR2820501126&gt;3.0.CO;2-K
https://doi.org/10.1055/s-0029-1236165
https://www.ncbi.nlm.nih.gov/pubmed/20808529
https://doi.org/10.1177/0194599812440932
https://www.ncbi.nlm.nih.gov/pubmed/22460731
https://doi.org/10.1017/S0022215116009543
https://doi.org/10.1016/S0030-6665(20)30444-8
https://doi.org/10.1177/0194599816629649
https://www.ncbi.nlm.nih.gov/pubmed/26908559
https://doi.org/10.1016/j.ctrv.2015.07.004
https://www.ncbi.nlm.nih.gov/pubmed/26255226
https://doi.org/10.1007/s00405-012-2008-5


Cancers 2023, 15, 3759 30 of 34

163. Workman, A.D.; Brody, R.M.; Kuan, E.C.; Baranov, E.; Brooks, S.G.; Alonso-Basanta, M.; Newman, J.G.; Rassekh, C.H.;
Chalian, A.A.; Chiu, A.G.; et al. Sinonasal Undifferentiated Carcinoma: A 15-Year Single Institution Experience. J. Neurol.
Surg. Part B Skull Base 2019, 80, 088–095. [CrossRef]

164. Lehmann, A.E.; Remenschneider, A.; Dedmon, M.; Meier, J.; Gray, S.T.; Lin, D.T.; Chambers, K.J. Incidence and Survival Patterns
of Sinonasal Undifferentiated Carcinoma in the United States. J. Neurol. Surg. Part B Skull Base 2015, 76, 094–100. [CrossRef]

165. Xu, C.C.; Dziegielewski, P.T.; McGaw, W.T.; Seikaly, H. Sinonasal Undifferentiated Carcinoma (SNUC): The Alberta experience
and literature review. J. Otolaryngol. Head Neck Surg. 2013, 42, 2–6. [CrossRef]

166. Morand, G.B.; Anderegg, N.; Vital, D.; Ikenberg, K.; Huber, G.F.; Soyka, M.B.; Egger, M.; Holzmann, D. Outcome by treatment
modality in sinonasal undifferentiated carcinoma (SNUC): A case-series, systematic review and meta-analysis. Oral Oncol. 2017,
75, 28–34. [CrossRef] [PubMed]

167. Deutsch, B.D.; Levine, P.A.; Stewart, F.M.; Frierson, H.F.; Cantrell, R.W. Sinonasal Undifferentiated Carcinoma: A Ray of Hope.
Otolaryngol. Head Neck Surg. 1993, 108, 697–700. [CrossRef]

168. Su, S.Y.; Bell, D.; Hanna, E.Y. Esthesioneuroblastoma, Neuroendocrine Carcinoma, and Sinonasal Undifferentiated Carcinoma:
Differentiation in Diagnosis and Treatment. Int. Arch. Otorhinolaryngol. 2014, 18 (Suppl. 2), S149–S156. [CrossRef] [PubMed]

169. Elkhatib, A.H.; Bs, L.S.; Carrau, R.L.; Hachem, R.A.; Ditzel, L.; Campbell, R.; Prevedello, D.M.; Prevedello, L.; Filho, L.F.S.D.
Role of18F-FDG PET/CT differentiating olfactory neuroblastoma from sinonasal undifferentiated carcinoma. Laryngoscope 2017,
127, 321–324. [CrossRef]

170. Rege, S.; Maass, A.; Chaiken, L.; Hoh, C.K.; Choi, Y.; Lufkin, R.; Anzai, Y.; Juillard, G.; Maddahi, J.; Phelps, M.E. Use of positron
emission tomography with fluorodeoxyglucose in patients with extracranial head and neck cancers. Cancer 1994, 73, 3047–3058.
[CrossRef]

171. Yoon, S.; Ryu, K.H.; Baek, H.J.; Kim, T.H.; Moon, J.I.; Choi, B.H.; Park, S.E.; Ha, J.Y.; Song, D.H.; An, H.J.; et al. Cervical Lymph
Nodes Detected by F-18 FDG PET/CT in Oncology Patients: Added Value of Subsequent Ultrasonography for Determining
Nodal Metastasis. Medicina 2019, 56, 16. [CrossRef] [PubMed]

172. Wu, H.-B.; Wang, Q.-S.; Zhong, J.-M.; Zhou, W.-L.; Li, H.-S.; Qiao-Yu, W. Preliminary Study on the Evaluation of Olfactory
Neuroblastoma Using PET/CT. Clin. Nucl. Med. 2011, 36, 894–898. [CrossRef] [PubMed]

173. Chummun, S.; McLean, N.R.; Kelly, C.G.; Dawes, P.J.; Meikle, D.; Fellows, S. Adenoid cystic carcinoma of the head and neck. Br. J.
Plast Surg. 2001, 54, 476–480. [CrossRef]

174. Wang, Y.; Tian, Y.; Lin, J.; Chen, L.; Wang, L.; Hao, P.; Han, R.; Ying, M.; Li, X.; Tang, X. Assessment of p16 expression and HPV
infection in adenoid cystic carcinoma of the lacrimal gland. Mol. Vis. 2018, 24, 143–152.

175. Jung, J.; Lee, S.; Son, S.H.; Kim, C.; Lee, C.; Jeong, J.H.; Jeong, S.Y.; Ahn, B.; Lee, J. Clinical impact of 18 F-FDG positron emission
tomography/CT on adenoid cystic carcinoma of the head and neck. Head Neck 2017, 39, 447–455. [CrossRef]

176. Ruhlmann, V.; Poeppel, T.D.; Veit, J.; Nagarajah, J.; Umutlu, L.; Hoffmann, T.K.; Bockisch, A.; Herrmann, K.; Sauerwein, W.
Diagnostic accuracy of 18F–FDG PET/CT and MR imaging in patients with adenoid cystic carcinoma. BMC Cancer 2017, 17, 887.
[CrossRef]

177. Murtojärvi, S.; Malaspina, S.; Kinnunen, I.; Tuokkola, T.; Honka, M.-J.; Saunavaara, V.; Tolvanen, T.; Schrey, A.; Kemppainen, J.
Diagnostic Accuracy of 18F-FDG-PET/CT and 18F-FDG-PET/MRI in Detecting Locoregional Recurrence of HNSCC 12 Weeks
after the End of Chemoradiotherapy: Single-Center Experience with PET/MRI. Contrast Media Mol. Imaging 2022, 2022, 8676787.
[CrossRef]

178. Sakthivel, P.; Thakar, A.; Prashanth, A.; Bhalla, A.S.; Kakkar, A.; Sikka, K.; Singh, C.A.; Kumar, R.; Sharma, S.C.; Kumar, R.
Prostate-Specific Membrane Antigen Expression in Primary Juvenile Nasal Angiofibroma—A Pilot Study. Clin. Nucl. Med. 2020,
45, 195–199. [CrossRef] [PubMed]

179. Lauri, C.; Chiurchioni, L.; Russo, V.M.; Zannini, L.; Signore, A. PSMA Expression in Solid Tumors beyond the Prostate Gland:
Ready for Theranostic Applications? J. Clin. Med. 2022, 11, 6590. [CrossRef]

180. Klein Nulent, T.J.; Valstar, M.H.; Smit, L.A.; Smeele, L.E.; Zuithoff, N.P.; De Keizer, B.; Willems, S.M. Prostate-specific membrane
antigen (PSMA) expression in adenoid cystic carcinoma of the head and neck. BMC Cancer 2020, 20, 519. [CrossRef]

181. Dhiantravan, N.; Kumar, A.S.R.; Cavanagh, K.; McDowell, L. A role of PSMA PET/CT in multimodality imaging approach in
adenoid cystic carcinoma. J. Med. Imaging Radiat. Oncol. 2021, 65, 213–215. [CrossRef] [PubMed]

182. de Keizer, B.; Krijger, G.C.; Ververs, F.T.; van Es, R.J.J.; de Bree, R.; Willems, S. 68Ga-PSMA PET-CT Imaging of Metastatic Adenoid
Cystic Carcinoma. Nucl. Med. Mol. Imaging 2017, 51, 360–361. [CrossRef]

183. Ashraf, M.J.; Beigomi, L.; Azarpira, N.; Geramizadeh, B.; Khademi, B.; Hakimzadeh, A.; Abedi, E. The Small Round Blue Cell
Tumors of the Sinonasal Area: Histological and Immunohistochemical Findings. Iran. Red Crescent Med. J. 2013, 15, 455–461.
[CrossRef] [PubMed]

184. Thompson, L.D. Small round blue cell tumors of the sinonasal tract: A differential diagnosis approach. Mod. Pathol. 2017,
30, S1–S26. [CrossRef]

185. Ozturk, K.; Gencturk, M.; Caicedo-Granados, E.; Li, F.; Cayci, Z. Positron emission computed tomography and magnetic resonance
imaging features of sinonasal small round blue cell tumors. Neuroradiol. J. 2020, 33, 48–56. [CrossRef] [PubMed]

186. López, F.; Triantafyllou, A.; Snyderman, C.H.; Hunt, J.L.; Suárez, C.; Lund, V.J.; Strojan, P.; Saba, N.F.; Nixon, I.J.;
Devaney, K.O.; et al. Nasal juvenile angiofibroma: Current perspectives with emphasis on management. Head Neck 2017,
39, 1033–1045. [CrossRef]

https://doi.org/10.1055/s-0038-1668537
https://doi.org/10.1055/s-0034-1390016
https://doi.org/10.1186/1916-0216-42-2
https://doi.org/10.1016/j.oraloncology.2017.10.008
https://www.ncbi.nlm.nih.gov/pubmed/29224819
https://doi.org/10.1177/019459989310800611
https://doi.org/10.1055/s-0034-1390014
https://www.ncbi.nlm.nih.gov/pubmed/25992139
https://doi.org/10.1002/lary.26194
https://doi.org/10.1002/1097-0142(19940615)73:12&lt;3047::AID-CNCR2820731225&gt;3.0.CO;2-
https://doi.org/10.3390/medicina56010016
https://www.ncbi.nlm.nih.gov/pubmed/31906183
https://doi.org/10.1097/RLU.0b013e31821a2711
https://www.ncbi.nlm.nih.gov/pubmed/21892040
https://doi.org/10.1054/bjps.2001.3636
https://doi.org/10.1002/hed.24605
https://doi.org/10.1186/s12885-017-3890-4
https://doi.org/10.1155/2022/8676787
https://doi.org/10.1097/RLU.0000000000002928
https://www.ncbi.nlm.nih.gov/pubmed/31977481
https://doi.org/10.3390/jcm11216590
https://doi.org/10.1186/s12885-020-06847-9
https://doi.org/10.1111/1754-9485.13116
https://www.ncbi.nlm.nih.gov/pubmed/33103347
https://doi.org/10.1007/s13139-016-0445-6
https://doi.org/10.5812/ircmj.4735
https://www.ncbi.nlm.nih.gov/pubmed/24349741
https://doi.org/10.1038/modpathol.2016.119
https://doi.org/10.1177/1971400919873895
https://www.ncbi.nlm.nih.gov/pubmed/31460836
https://doi.org/10.1002/hed.24696


Cancers 2023, 15, 3759 31 of 34

187. Thakar, A.; Sakthivel, P.; Arunraj, S.T.; Bhalla, A.S.; Prashanth, A.; Kumar, R.; Sharma, S.C. Clinical utility of Ga68 DOTANOC
PET/CT imaging in juvenile nasal angiofibroma and the PARIS protocol: A preliminary report. Nucl. Med. Commun. 2021,
42, 517–522. [CrossRef]

188. Thakar, A.; Sakthivel, P.; Arunraj, S.T.; Bhalla, A.S.; Kakkar, A.; Kumar, R. Comparison of Prostate-Specific Membrane Antigen
PET/CT and Contrast-Enhanced Magnetic Resonance Imaging in Follow-up Assessment of Juvenile Nasal Angiofibroma—A
Novel Pilot Study. Clin. Nucl. Med. 2020, 45, e498–e504. [CrossRef]

189. Skolnik, E.M.; Loewy, A.; Friedman, J.E. Inverted Papilloma of the Nasal Cavity. Arch. Otolaryngol. 1966, 84, 61–67. [CrossRef]
190. Melroy, C.T.; Senior, B.A. Benign Sinonasal Neoplasms: A Focus on Inverting Papilloma. Otolaryngol. Clin. N. Am. 2006,

39, 601–617. [CrossRef]
191. Allegra, E.; Lombardo, N.; Cascini, G.; La Boria, A.; Garozzo, A.; Tamburrini, O. Possible role of 18FDG-PET/CT for the

surveillance of sinonasal inverted papilloma. Clin. Otolaryngol. 2010, 35, 249–251. [CrossRef] [PubMed]
192. Jeon, T.Y.; Kim, H.-J.; Choi, J.Y.; Lee, I.H.; Kim, S.T.; Jeon, P.; Kim, K.H.; Byun, H.S. 18F-FDG PET/CT findings of sinonasal inverted

papilloma with or without coexistent malignancy: Comparison with MR imaging findings in eight patients. Neuroradiology 2009,
51, 265–271. [CrossRef]

193. Narang, A.; Aggarwal, V.; Jain, R.; Maheshwari, C.; Ramesh, A.; Singh, G. Nasoethmoidal Schwannoma as a Mimicar of
Esthesioneuroblastoma: A Case Report and Literature Review. Neurol. India 2022, 70, 784–787.

194. Miyake, K.K.; Nakamoto, Y.; Kataoka, T.R.; Ueshima, C.; Higashi, T.; Terashima, T.; Nakatani, K.; Saga, T.; Minami, S.; Togashi, K.
Clinical, Morphologic, and Pathologic Features Associated with Increased FDG Uptake in Schwannoma. Am. J. Roentgenol. 2016,
207, 1288–1296. [CrossRef] [PubMed]

195. Kono, M.; Bandoh, N.; Matsuoka, R.; Goto, T.; Akahane, T.; Kato, Y.; Nakano, H.; Yamaguchi, T.; Harabuchi, Y.; Nishihara, H.
Glomangiopericytoma of the Nasal Cavity with CTNNB1 p.S37C Mutation: A Case Report and Literature Review. Head Neck
Pathol. 2019, 13, 298–303. [CrossRef]

196. Dandekar, M.; McHugh, J.B. Sinonasal glomangiopericytoma: Case report with emphasis on the differential diagnosis. Arch.
Pathol. Lab. Med. 2010, 134, 1444–1449. [CrossRef] [PubMed]

197. Park, E.S.; Kim, J.; Jun, S.-Y. Characteristics and prognosis of glomangiopericytomas: A systematic review. Head Neck 2017,
39, 1897–1909. [CrossRef] [PubMed]

198. Suh, C.; Lee, J.; Lee, M.; Cho, S.; Chung, S.; Choi, Y.; Baek, J.H. CT and MRI Findings of Glomangiopericytoma in the Head and
Neck: Case Series Study and Systematic Review. Am. J. Neuroradiol. 2020, 41, 155–159. [CrossRef] [PubMed]

199. Conrad, G.R.; Sinha, P.; Absher, K.J. FDG PET/CT Findings of a Glomangiopericytoma. Clin. Nucl. Med. 2011, 36, 462–464.
[CrossRef] [PubMed]

200. Aras, M.; Dede, F.; Ones, T.; Atasoy, B.M.; Inanir, S.; Erdil, T.Y.; Turoglu, H.T. F-18 FDG PET/CT findings of primary sinonasal
hemangiopericytoma: Rare location in a young adult patient. Clin. Nucl. Med. 2011, 36, 473–474. [CrossRef]

201. Panagiotopoulos, N.; Patrini, D.; Gvinianidze, L.; Woo, W.L.; Borg, E.; Lawrence, D. Inflammatory myofibroblastic tumour of the
lung: A reactive lesion or a true neoplasm? J. Thorac. Dis. 2015, 7, 908–911. [PubMed]

202. Lazaridou, M.; Dimitrakopoulos, I.; Tilaveridis, I.; Iordanidis, F.; Kontos, K. Inflammatory myofibroblastic tumour of the maxillary
sinus and the oral cavity. Oral Maxillofac. Surg. 2014, 18, 111–114. [CrossRef] [PubMed]

203. Karakök, M.; Özer, E.; Sarı, I.; Mumbuç, S.; Aydın, A.; Kanlıkama, M.; Kervancıoglu, R. Inflammatory myofibroblastic tumor
(inflammatory pseudotumor) of the maxillary sinus mimicking malignancy: A case report of an unusual location (is that a true
neoplasm?). Auris Nasus Larynx 2002, 29, 383–386. [CrossRef] [PubMed]

204. Batsakis, J.G.; El-Naggar, A.K.; Luna, M.A.; Goepfert, H. “Inflammatory pseudotumor”: What is it? How does it behave? Ann.
Otol. Rhinol. Laryngol. 1995, 104 Pt 1, 329–331. [CrossRef]

205. Kim, J.S.; Hong, K.H.; Kim, J.S.; Song, J.H. Medical therapy of maxillary sinus inflammatory myofibroblastic tumors. Am. J.
Otolaryngol. 2016, 37, 376–378. [CrossRef]

206. Bell, D. Sinonasal Neuroendocrine Neoplasms: Current Challenges and Advances in Diagnosis and Treatment, with a Focus on
Olfactory Neuroblastoma. Head Neck Pathol. 2018, 12, 22–30. [CrossRef]

207. Robin, T.P.; Jones, B.; 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]

208. Soldatova, L.; Campbell, R.G.; Prevedello, D.M.; Wakely, P.; Otto, B.A.; Filho, L.F.D.; Carrau, R.L. Sinonasal Carcinomas with
Neuroendocrine Features: Histopathological Differentiation and Treatment Outcomes. J. Neurol. Surg. Part B Skull Base 2016,
77, 456–465. [CrossRef] [PubMed]

209. Kuan, E.C.; Nasser, H.B.; Carey, R.M.; Workman, A.D.; Alonso, J.E.; Wang, M.B.; John, M.A.S.; Palmer, J.N.; Adappa, N.D.;
Tajudeen, B.A. A Population-Based Analysis of Nodal Metastases in Esthesioneuroblastomas of the Sinonasal Tract. Laryngoscope
2019, 129, 1025–1029. [CrossRef] [PubMed]

210. Broich, G.; Pagliari, A.; Ottaviani, F. Esthesioneuroblastoma: A general review of the cases published since the discovery of the
tumour in 1924. Anticancer Res. 1997, 17, 2683–2706. [PubMed]

211. Dulguerov, P.; Allal, A.S.; Calcaterra, T.C. Esthesioneuroblastoma: A meta-analysis and review. Lancet Oncol. 2001, 2, 683–690.
[CrossRef]

212. Kadish, S.; Goodman, M.; Wang, C.C. Olfactory neuroblastoma: A clinical analysis of 17 cases. Cancer 1976, 37, 1571–1576.
[CrossRef]

https://doi.org/10.1097/MNM.0000000000001362
https://doi.org/10.1097/RLU.0000000000003311
https://doi.org/10.1001/archotol.1966.00760030063005
https://doi.org/10.1016/j.otc.2006.01.005
https://doi.org/10.1111/j.1749-4486.2010.02131.x
https://www.ncbi.nlm.nih.gov/pubmed/20636761
https://doi.org/10.1007/s00234-009-0510-2
https://doi.org/10.2214/AJR.15.14964
https://www.ncbi.nlm.nih.gov/pubmed/27657364
https://doi.org/10.1007/s12105-018-0961-z
https://doi.org/10.5858/2010-0233-CR.1
https://www.ncbi.nlm.nih.gov/pubmed/20923298
https://doi.org/10.1002/hed.24818
https://www.ncbi.nlm.nih.gov/pubmed/28497509
https://doi.org/10.3174/ajnr.A6336
https://www.ncbi.nlm.nih.gov/pubmed/31806599
https://doi.org/10.1097/RLU.0b013e31820aa253
https://www.ncbi.nlm.nih.gov/pubmed/21552026
https://doi.org/10.1097/RLU.0b013e31820ade57
https://www.ncbi.nlm.nih.gov/pubmed/26101648
https://doi.org/10.1007/s10006-013-0409-2
https://www.ncbi.nlm.nih.gov/pubmed/23592180
https://doi.org/10.1016/S0385-8146(02)00024-X
https://www.ncbi.nlm.nih.gov/pubmed/12393047
https://doi.org/10.1177/000348949510400415
https://doi.org/10.1016/j.amjoto.2016.01.019
https://doi.org/10.1007/s12105-018-0887-5
https://doi.org/10.1002/cncr.30686
https://doi.org/10.1055/s-0036-1582432
https://www.ncbi.nlm.nih.gov/pubmed/27857871
https://doi.org/10.1002/lary.27301
https://www.ncbi.nlm.nih.gov/pubmed/30194694
https://www.ncbi.nlm.nih.gov/pubmed/9252701
https://doi.org/10.1016/S1470-2045(01)00558-7
https://doi.org/10.1002/1097-0142(197603)37:3&lt;1571::AID-CNCR2820370347&gt;3.0.CO;2-L


Cancers 2023, 15, 3759 32 of 34

213. Barnes, L.E.J.; Reichart, P.; Sidransky, D. (Eds.) Neuroendocrine tumors. In World Health Organization Classification of Tumours:
Pathology and Genetics of Head and Neck Tumours; IARC Press: Lyon, France, 2005; pp. 26–27.

214. Jethanamest, D.; Morris, L.G.; Sikora, A.G.; Kutler, D.I. Esthesioneuroblastoma: A population-based analysis of survival and
prognostic factors. Arch. Otolaryngol. Head Neck Surg. 2007, 133, 276–280. [CrossRef]

215. Banuchi, V.E.; Dooley, L.; Lee, N.Y.; Pfister, D.G.; McBride, S.; Riaz, N.; Bilsky, M.H.; Ganly, I.; Shah, J.P.; Kraus, D.H.; et al.
Patterns of regional and distant metastasis in esthesioneuroblastoma. Laryngoscope 2016, 126, 1556–1561. [CrossRef]

216. Castelnuovo, P.; Bignami, M.; Delù, G.; Battaglia, P.; Bignardi, M.; Dallan, I. Endonasal endoscopic resection and radiotherapy in
olfactory neuroblastoma: Our experience. Head Neck 2007, 29, 845–850. [CrossRef]

217. Lechner, M.; Takahashi, Y.; Turri-Zanoni, M.; Liu, J.; Counsell, N.; Hermsen, M.; Kaur, R.P.; Zhao, T.; Ramanathan, M.;
Schartinger, V.H.; et al. Clinical outcomes, Kadish-INSICA staging and therapeutic targeting of somatostatin receptor 2 in
olfactory neuroblastoma. Eur. J. Cancer 2022, 162, 221–236. [CrossRef]

218. Foote, R.L.; Morita, A.; Ebersold, M.J.; Olsen, K.D.; Lewis, J.E.; Quast, L.M.; Ferguson, J.A.; O’Fallon, W.M. Esthesioneuroblastoma:
The role of adjuvant radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 1993, 27, 835–842. [CrossRef]

219. Loy, A.H.; Reibel, J.F.; Read, P.W.; Thomas, C.Y.; Newman, S.A.; Jane, J.A.; Levine, P.A. Esthesioneuroblastoma: Continued
follow-up of a single institution’s experience. Arch. Otolaryngol. Head Neck Surg. 2006, 132, 134–138. [CrossRef]

220. Dias, F.L.; Sá, G.M.; Lima, R.A.; Kligerman, J.; Leôncio, M.P.; Freitas, E.Q.; Soares, J.R.N.; Arcuri, R.A. Patterns of Failure and
Outcome in Esthesioneuroblastoma. Arch. Otolaryngol. Head Neck Surg. 2003, 129, 1186–1192. [CrossRef]

221. National Comprehensive Cancer Network Clinical Guidelines: Head and Neck Cancers, v1 2021. Available online: https:
//nccn.org (accessed on 25 June 2020).

222. Wormald, R.; Lennon, P.; O’dwyer, T.P. Ectopic olfactory neuroblastoma: Report of four cases and a review of the literature. Eur.
Arch. Oto-Rhino-Laryngol. 2011, 268, 555–560. [CrossRef]

223. Agarwal, M.; Policeni, B. Sinonasal Neoplasms. Semin. Roentgenol. 2019, 54, 244–257. [CrossRef]
224. Fujioka, T.; Toriihara, A.; Kubota, K.; Machida, Y.; Nakamura, S.; Kishimoto, S.; Ohashi, I.; Shibuya, H. Long-term follow-up

using 18F-FDG PET/CT for postoperative olfactory neuroblastoma. Nucl. Med. Commun. 2014, 35, 857–863. [CrossRef] [PubMed]
225. Broski, S.M.; Hunt, C.H.; Johnson, G.B.; Subramaniam, R.M.; Peller, P.J. The Added Value of 18F-FDG PET/CT for Evaluation of

Patients with Esthesioneuroblastoma. J. Nucl. Med. 2012, 53, 1200–1206. [CrossRef] [PubMed]
226. Cracolici, V.; Wang, E.W.; Gardner, P.A.; Snyderman, C.; Gargano, S.M.; Chiosea, S.; Singhi, A.D.; Seethala, R.R. SSTR2 Expression

in Olfactory Neuroblastoma: Clinical and Therapeutic Implications. Head Neck Pathol. 2021, 15, 1185–1191. [CrossRef] [PubMed]
227. Roytman, M.; Tassler, A.B.; Kacker, A.; Schwartz, T.H.; Dobri, G.A.; Strauss, S.B.; Capalbo, A.M.; Magge, R.S.; Barbaro, M.;

Lin, E.; et al. [68Ga]-DOTATATE PET/CT and PET/MRI in the diagnosis and management of esthesioneuroblastoma: Illustrative
cases. J. Neurosurg. Case Lessons 2021, 1, CASE2058. [CrossRef]

228. Rostomily, R.C.; Elias, M.; Deng, M.; Elias, P.; Born, D.E.; Muballe, D.; Silbergeld, D.L.; Futran, N.; Weymuller, E.A.;
Mankoff, D.A.; et al. Clinical utility of somatostatin receptor scintigraphic imaging (octreoscan) in esthesioneuroblastoma: A case
study and survey of somatostatin receptor subtype expression. Head Neck 2006, 28, 305–312. [CrossRef]

229. Liu, K.Y.; Goldrich, D.Y.; Ninan, S.J.; Filimonov, A.; Lam, H.; Govindaraj, S.; Iloreta, A.M. The value of (68) Gallium-DOTATATE
PET/CT in sinonasal neuroendocrine tumor management: A case series. Head Neck 2021, 43, E30–E40. [CrossRef] [PubMed]

230. Mzaiti, O.; Hustinx, R.; Jadoul, A. Idiopathic SIADH: 4 years of diagnostic wandering. Eur. J. Nucl. Med. Mol. Imaging 2022,
50, 232–233. [CrossRef]

231. Schneider, J.R.; Shatzkes, D.R.; Scharf, S.C.; Tham, T.M.; Kulason, K.O.; Buteau, F.A. Neuroradiological and Neuropathological
Changes after 177Lu-Octreotate Peptide Receptor Radionuclide Therapy of Refractory Esthesioneuroblastoma. Oper. Neurosurg.
2018, 15, 100–109. [CrossRef] [PubMed]

232. Hasan, O.K.; Kumar, A.S.R.; Kong, G.; Oleinikov, K.; Ben-Haim, S.; Grozinsky-Glasberg, S.; Hicks, R.J. Efficacy of Peptide Receptor
Radionuclide Therapy for Esthesioneuroblastoma. J. Nucl. Med. 2020, 61, 1326–1330. [CrossRef] [PubMed]

233. Sanli, Y.; Garg, I.; Kandathil, A.; Kendi, T.; Zanetti, M.J.B.; Kuyumcu, S.; Subramaniam, R.M. Neuroendocrine Tumor Diagnosis
and Management: 68Ga-DOTATATE PET/CT. Am. J. Roentgenol. 2018, 211, 267–277. [CrossRef] [PubMed]

234. Dadgar, H.; Norouzbeigi, N.; Ahmadzadehfar, H.M.; Assadi, M. 68Ga-DOTATATE and 18F-FDG PET/CT for the Management of
Esthesioneuroblastoma of the Sphenoclival Region. Clin. Nucl. Med. 2020, 45, e363–e364. [CrossRef]

235. Savelli, G.; Bartolomei, M.; Bignardi, M. Somatostatin receptors imaging and therapy in a patient affected by esthesioneuroblas-
toma with meningeal metastases. A classic example of theranostic approach. J. Neuro-Oncol. 2016, 127, 617–619. [CrossRef]

236. El-Naggar, A.K.C.J.; Garndis, J.R.; Takata, T.; Slootweg, P.J. WHO Classification of Head and Neck Tumours, 4th ed.; The International
Agency for Research on Cancer, World Health Organization: Lyon, France, 2017.

237. Uccella, S.; Ottini, G.; Facco, C.; Maragliano, R.; Asioli, S.; Sessa, F.; La Rosa, S. Neuroendocrine neoplasms of the head and neck
and olfactory neuroblastoma. Diagnosis and classification. Pathologica 2017, 109, 14–30.

238. Mitchell, E.H.; Diaz, A.; Yilmaz, T.; Roberts, D.; Levine, N.; DeMonte, F.; Hanna, E.Y.; Kupferman, M.E. Multimodality treatment
for sinonasal neuroendocrine carcinoma. Head Neck 2012, 34, 1372–1376. [CrossRef]

239. Renner, G. Small Cell Carcinoma of the Head and Neck: A Review. Semin. Oncol. 2007, 34, 3–14. [CrossRef]
240. Hope, T.A.; Bergsland, E.K.; Bozkurt, M.F.; Graham, M.; Heaney, A.P.; Herrmann, K.; Howe, J.R.; Kulke, M.H.; Kunz, P.L.;

Mailman, J.; et al. Appropriate Use Criteria for Somatostatin Receptor PET Imaging in Neuroendocrine Tumors. J. Nucl. Med.
2018, 59, 66–74. [CrossRef]

https://doi.org/10.1001/archotol.133.3.276
https://doi.org/10.1002/lary.25862
https://doi.org/10.1002/hed.20610
https://doi.org/10.1016/j.ejca.2021.09.046
https://doi.org/10.1016/0360-3016(93)90457-7
https://doi.org/10.1001/archotol.132.2.134
https://doi.org/10.1001/archotol.129.11.1186
https://nccn.org
https://nccn.org
https://doi.org/10.1007/s00405-010-1423-8
https://doi.org/10.1053/j.ro.2019.03.001
https://doi.org/10.1097/MNM.0000000000000135
https://www.ncbi.nlm.nih.gov/pubmed/24751700
https://doi.org/10.2967/jnumed.112.102897
https://www.ncbi.nlm.nih.gov/pubmed/22728262
https://doi.org/10.1007/s12105-021-01329-1
https://www.ncbi.nlm.nih.gov/pubmed/33929681
https://doi.org/10.3171/CASE2058
https://doi.org/10.1002/hed.20356
https://doi.org/10.1002/hed.26695
https://www.ncbi.nlm.nih.gov/pubmed/33786927
https://doi.org/10.1007/s00259-022-05960-0
https://doi.org/10.1093/ons/opy028
https://www.ncbi.nlm.nih.gov/pubmed/29554305
https://doi.org/10.2967/jnumed.119.237990
https://www.ncbi.nlm.nih.gov/pubmed/32005769
https://doi.org/10.2214/AJR.18.19881
https://www.ncbi.nlm.nih.gov/pubmed/29975116
https://doi.org/10.1097/RLU.0000000000003133
https://doi.org/10.1007/s11060-016-2067-3
https://doi.org/10.1002/hed.21940
https://doi.org/10.1053/j.seminoncol.2006.10.024
https://doi.org/10.2967/jnumed.117.202275


Cancers 2023, 15, 3759 33 of 34

241. Rosenthal, D.I.; Barker, J.L., Jr.; El-Naggar, A.K.; Glisson, B.S.; Kies, M.S.; Diaz, E.M., Jr. Sinonasal malignancies with neu-
roendocrine differentiation: Patterns of failure according to histologic phenotype. Cancer 2004, 101, 2567–2573. [CrossRef]
[PubMed]

242. Sharma, M.B.; Jensen, K.; Urbak, S.F.; Funding, M.; Johansen, J.; Bechtold, D.; Amidi, A.; Eskildsen, S.F.; Jørgensen, J.O.L.; Grau, C.
A multidimensional cohort study of late toxicity after intensity modulated radiotherapy for sinonasal cancer. Radiother. Oncol.
2020, 151, 58–65. [CrossRef]

243. Leemans, C.R.; Tiwari, R.; Nauta, J.J.P.; Van Der Waal, I.; Snow, G.B. Recurrence at the primary site in head and neck cancer and
the significance of neck lymph node metastases as a prognostic factor. Cancer 1994, 73, 187–190. [CrossRef] [PubMed]

244. Mirghani, H.; Mortuaire, G.; Armas, G.L.; Hartl, D.; Aupérin, A.; El Bedoui, S.; Chevalier, D.; Lefebvre, J.L. Sinonasal cancer:
Analysis of oncological failures in 156 consecutive cases. Head Neck 2014, 36, 667–674. [CrossRef]

245. Li, X.-M.; Li, J.; Di, B.; Song, Q.; Shao, Y.-L.; Wu, Y.-Q.; Gao, C.-M.; Shang, Y.-D. Recurrence and surgical salvage of sinonasal
squamous cell carcinoma. Chin. J. Otorhinolaryngol. Head Neck Surg. 2013, 48, 186–190.

246. de Visscher, A.V.M.; Manni, J.J. Routine Long-term Follow-up in Patients Treated with Curative Intent for Squamous Cell
Carcinoma of the Larynx, Pharynx, and Oral Cavity: Does It Make Sense? Arch. Otolaryngol. Head Neck Surg. 1994, 120, 934–939.
[CrossRef]

247. Kubota, K.; Yokoyama, J.; Yamaguchi, K.; Ono, S.; Qureshy, A.; Itoh, M.; Fukuda, H. FDG-PET delayed imaging for the detection
of head and neck cancer recurrence after radio-chemotherapy: Comparison with MRI/CT. Eur. J. Nucl. Med. Mol. Imaging 2004,
31, 590–595. [CrossRef]

248. Lee, J.C.; Kim, J.S.; Lee, J.H.; Nam, S.Y.; Choi, S.-H.; Lee, S.-W.; Kim, S.-B.; Kim, S.Y. F-18 FDG-PET as a routine surveillance tool
for the detection of recurrent head and neck squamous cell carcinoma. Oral Oncol. 2007, 43, 686–692. [CrossRef]

249. Kitagawa, Y.; Nishizawa, S.; Sano, K.; Ogasawara, T.; Nakamura, M.; Sadato, N.; Yoshida, M.; Yonekura, Y. Prospective comparison
of 18F-FDG PET with conventional imaging modalities (MRI, CT, and 67Ga scintigraphy) in assessment of combined intraarterial
chemotherapy and radiotherapy for head and neck carcinoma. J. Nucl. Med. 2003, 44, 198–206.

250. Pfister, D.G.; Spencer, S.; Brizel, D.M.; Burtness, B.; Busse, P.M.; Caudell, J.J. Head and neck cancers, Version 2. Clinical practice
guidelines in oncology. J. Natl. Compr. Canc. Netw. 2014, 12, 1454–1487. [CrossRef]

251. Anzai, Y.; Carroll, W.R.; Quint, D.J.; Bradford, C.R.; Minoshima, S.; Wolf, G.T.; Wahl, R.L. Recurrence of head and neck cancer after
surgery or irradiation: Prospective comparison of 2-deoxy-2-[F-18]fluoro-D-glucose PET and MR imaging diagnoses. Radiology
1996, 200, 135–141. [CrossRef]

252. Fischbein, N.J.; Aassar, O.S.; Caputo, G.R.; Kaplan, M.J.; Singer, M.I.; Price, D.C.; Dillon, W.P.; Hawkins, R.A. Clinical utility of
positron emission tomography with 18F-fluorodeoxyglucose in detecting residual/recurrent squamous cell carcinoma of the
head and neck. Am. J. Neuroradiol. 1998, 19, 1189–1196. [PubMed]

253. Keski-Säntti, H.; Mustonen, T.; Schildt, J.; Saarilahti, K.; Mäkitie, A.A. FDG-PET/CT in the Assessment of Treatment Response
after Oncologic Treatment of Head and Neck Squamous Cell Carcinoma. Clin. Med. Insights Ear Nose Throat 2014, 7, 25–29.
[CrossRef]

254. Isles, M.; McConkey, C.; Mehanna, H. A systematic review and meta-analysis of the role of positron emission tomography in the
follow up of head and neck squamous cell carcinoma following radiotherapy or chemoradiotherapy. Clin. Otolaryngol. 2008,
33, 210–222. [CrossRef] [PubMed]

255. Gupta, T.; Master, Z.; Kannan, S.; Agarwal, J.P.; Ghsoh-Laskar, S.; Rangarajan, V.; Murthy, V.; Budrukkar, A. Diagnostic
performance of post-treatment FDG PET or FDG PET/CT imaging in head and neck cancer: A systematic review and meta-
analysis. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 2083–2095. [CrossRef] [PubMed]

256. Schwartz, J.S.; Brooks, S.G.; Stubbs, V.; Ghosh, A.; Tajudeen, B.A.; Khalili, S.; Palmer, J.N.; Lee, J.Y.; Nabavizadeh, S.A.;
Learned, K.O.; et al. Temporal patterns of18F-fluorodeoxyglucose positron emission tomography/computed tomography
sinonasal uptake after treatment of sinonasal malignancy. Int. Forum Allergy Rhinol. 2016, 6, 1301–1307. [CrossRef]

257. Almuhaideb, A.; Papathanasiou, N.; Bomanji, J. 18F-FDG PET/CT imaging in oncology. Ann. Saudi Med. 2011, 31, 3–13. [CrossRef]
258. Montravers, F.; Grahek, D.; Kerrou, K.; Ruszniewski, P.; de Beco, V.; Aide, N. Can fluorodihydroxyphenylalanine PET replace

somatostatin receptor scintigraphy in patients with digestive endocrine tumors? J. Nucl. Med. 2006, 47, 1455–1462.
259. Prasad, V.; Ambrosini, V.; Hommann, M.; Hoersch, D.; Fanti, S.; Baum, R.P. Detection of unknown primary neuroendocrine

tumours (CUP-NET) using 68Ga-DOTA-NOC receptor PET/CT. Eur. J. Nucl. Med. Mol. Imaging 2009, 37, 67–77. [CrossRef]
260. Skoura, E.; Michopoulou, S.; Mohmaduvesh, M.; Panagiotidis, E.; Al Harbi, M.; Toumpanakis, C.; Almukhailed, O.; Kayani, I.;

Syed, R.; Navalkissoor, S.; et al. The Impact of 68Ga-DOTATATE PET/CT Imaging on Management of Patients with Neu-
roendocrine Tumors: Experience from a National Referral Center in the United Kingdom. J. Nucl. Med. 2016, 57, 34–40.
[CrossRef]

261. Kong, G.M.; Hofman, M.S.M.; Murray, W.K.M.; Wilson, S.B.; Wood, P.M.; Downie, P.M.; Super, L.M.; Hogg, A.B.; Eu, P.B.;
Hicks, R.J.M. Initial Experience With Gallium-68 DOTA-Octreotate PET/CT and Peptide Receptor Radionuclide Therapy for
Pediatric Patients with Refractory Metastatic Neuroblastoma. J. Pediatr. Hematol. Oncol. 2016, 38, 87–96. [CrossRef] [PubMed]

262. Fortunati, E.; Argalia, G.; Zanoni, L.; Fanti, S.; Ambrosini, V. New PET Radiotracers for the Imaging of Neuroendocrine Neoplasms.
Curr. Treat. Options Oncol. 2022, 23, 703–720. [CrossRef] [PubMed]

263. Pearse, A.G.E. The cytochemistry and ultrastructure of polypeptide hormone-producing cells of the apud series and the
embryologic, physiologic and pathologic implications of the concept. J. Histochem. Cytochem. 1969, 17, 303–313. [CrossRef]

https://doi.org/10.1002/cncr.20693
https://www.ncbi.nlm.nih.gov/pubmed/15517582
https://doi.org/10.1016/j.radonc.2020.07.029
https://doi.org/10.1002/1097-0142(19940101)73:1&lt;187::AID-CNCR2820730132&gt;3.0.CO;2-J
https://www.ncbi.nlm.nih.gov/pubmed/8275423
https://doi.org/10.1002/hed.23356
https://doi.org/10.1001/archotol.1994.01880330022005
https://doi.org/10.1007/s00259-003-1408-6
https://doi.org/10.1016/j.oraloncology.2006.08.006
https://doi.org/10.6004/jnccn.2014.0142
https://doi.org/10.1148/radiology.200.1.8657901
https://www.ncbi.nlm.nih.gov/pubmed/9726451
https://doi.org/10.4137/CMENT.S16399
https://doi.org/10.1111/j.1749-4486.2008.01688.x
https://www.ncbi.nlm.nih.gov/pubmed/18559026
https://doi.org/10.1007/s00259-011-1893-y
https://www.ncbi.nlm.nih.gov/pubmed/21853309
https://doi.org/10.1002/alr.21814
https://doi.org/10.4103/0256-4947.75771
https://doi.org/10.1007/s00259-009-1205-y
https://doi.org/10.2967/jnumed.115.166017
https://doi.org/10.1097/MPH.0000000000000411
https://www.ncbi.nlm.nih.gov/pubmed/26296147
https://doi.org/10.1007/s11864-022-00967-z
https://www.ncbi.nlm.nih.gov/pubmed/35325412
https://doi.org/10.1177/17.5.303


Cancers 2023, 15, 3759 34 of 34

264. Haug, A.; Auernhammer, C.J.; Wängler, B.; Tiling, R.; Schmidt, G.; Göke, B.; Bartenstein, P.; Pöpperl, G. Intraindividual
comparison of 68Ga-DOTA-TATE and 18F-DOPA PET in patients with well-differentiated metastatic neuroendocrine tumours.
Eur. J. Nucl. Med. Mol. Imaging 2009, 36, 765–770. [CrossRef]

265. Ou, L.; Yang, X.; Liu, H.; Gong, W.; Zhang, C. Increased 68Ga-FAPI Activity in Malignant Melanoma of the Nasal Cavity. Clin.
Nucl. Med. 2022, 47, 147–148. [CrossRef]

266. Yang, X.; Ou, L.; Xu, D.; Chen, Y.; Liu, H. Increased 68Ga-FAPI Activity in Chondrosarcoma of Nasal Cavity. Clin. Nucl. Med. 2022,
47, 425–426. [CrossRef]

267. Bhattacharyya, N.; Thornton, A.F.; Joseph, M.P.; Goodman, M.L.; Amrein, P.C. Successful Treatment of Esthesioneuroblastoma
and Neuroendocrine Carcinoma with Combined Chemotherapy and Proton Radiation: Results in 9 Cases. Arch. Otolaryngol.
Head Neck Surg. 1997, 123, 34–40. [CrossRef] [PubMed]

268. Derlon, J.M.; Bourdet, C.; Bustany, P.; Chatel, M.; Theron, J.; Darcel, F.; Syrota, A. [11C]L-methionine uptake in gliomas.
Neurosurgery 1989, 25, 720–728. [CrossRef]

269. Leskinen-Kallio, S.; Någren, K.; Lehikoinen, P.; Ruotsalainen, U.; Joensuu, H. Uptake of 11C-methionine in breast cancer studied
by PET. An association with the size of S-phase fraction. Br. J. Cancer 1991, 64, 1121–1124. [CrossRef] [PubMed]

270. Leskinen-Kallio, S.; Någren, K.; Lehikoinen, P.; Ruotsalainen, U.; Teräs, M.; Joensuu, H. Carbon-11-methionine and PET is an
effective method to image head and neck cancer. J. Nucl. Med. 1992, 33, 691–695.

271. Griffeth, L.K. Use of PET/CT scanning in cancer patients: Technical and practical considerations. In Baylor University Medical
Center Proceedings; Taylor & Francis: Abingdon, UK, 2005; Volume 18, pp. 321–330. [CrossRef]

272. Ritt, P. Recent Developments in SPECT/CT. Semin. Nucl. Med. 2022, 52, 276–285. [CrossRef] [PubMed]
273. Filippi, L.; Dimitrakopoulou-Strauss, A.; Evangelista, L.; Schillaci, O. Long axial field-of-view PET/CT devices: Are we ready for

the technological revolution? Expert Rev. Med. Devices 2022, 19, 739–743. [CrossRef] [PubMed]

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

https://doi.org/10.1007/s00259-008-1030-8
https://doi.org/10.1097/RLU.0000000000003882
https://doi.org/10.1097/RLU.0000000000004023
https://doi.org/10.1001/archotol.1997.01900010038005
https://www.ncbi.nlm.nih.gov/pubmed/9006501
https://doi.org/10.1227/00006123-198911000-00006
https://doi.org/10.1038/bjc.1991.475
https://www.ncbi.nlm.nih.gov/pubmed/1662533
https://doi.org/10.1080/08998280.2005.11928089
https://doi.org/10.1053/j.semnuclmed.2022.01.004
https://www.ncbi.nlm.nih.gov/pubmed/35210065
https://doi.org/10.1080/17434440.2022.2141111
https://www.ncbi.nlm.nih.gov/pubmed/36305463

	Introduction 
	18F-FDG PET/CT Applications in Sinonasal Neoplasms 
	Malignant Lesions 
	Sinonasal Squamous Cell Carcinoma 
	Sinonasal Lymphoma 
	Sinonasal Adenocarcinoma 
	Sinonasal Mucosal Malignant Melanoma 
	Sinonasal Undifferentiated Carcinoma 
	Sinonasal Adenoid Cystic Carcinoma 
	Sinonasal Small-Round-Blue-Cell Tumors 

	Benign Lesions 
	Juvenile Nasopharyngeal Angiofibroma 
	Inverted Papilloma 
	Sinonasal Schwannoma 
	Glomangiopericytoma 
	Inflammatory Myofibroblastic Tumor 


	PET/CT Applications in Sinonasal Neoplasms Other Than 18F-FDG 
	Sinonasal Tumors of Neuroendocrine Differentiation 
	Olfactory Neuroblastoma (Esthesioneuroblastoma) 
	Sinonasal Neuroendocrine Tumor and Carcinoma 


	PET/CT in the Follow-Up of Sinonasal Malignancies Treated with Radiotherapy 
	Role of PET/CT in the Management of Sinonasal Malignancies Using Radiotracers Other Than FDG 
	Conclusions 
	References

