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Abstract
Diffusion weighted imaging (DWI) evolved as a complementary tool to morphologic imaging by offering additional functional information about lesions. Although the technique utilizes movement of water molecules to characterize biological tissues in terms of their cellularity, there are other factors related to the histological constitution of lesions which can have a significant bearing on DWI. Benign lesions with atypical histology including presence of lymphoid stroma, inherently increased cellularity or abundant extracellular collagen can impede movement of water molecules similar to malignant tissues and thereby, show restricted diffusion. Knowledge of these atypical entities while interpreting DWI in clinical practice can avoid potential misdiagnosis. This review aims to present an imaging spectrum of such benign neck masses which, owing to their distinct histology, can show discordant behavior on DWI. 
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Core tip: Diffusion weighted imaging improves lesion characterization by providing functional information. However, apart from tissue cellularity, histological background of the lesion can significantly influence the diffusion characteristics of the lesion. Consequently, even benign lesions with atypical histology can show restricted diffusion leading to potential errors in diagnosis. 
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INTRODUCTION
Diffusion weighted imaging (DWI) was introduced as an adjunct to conventional magnetic resonance imaging (MRI) to enable better characterization of biological tissues. This MR technique interrogates diffusivity of water molecules in tissues and the functional information obtained can be used to predict the biological nature of tissues. Clinical application of this technique began in early nineties with neuroimaging, mainly due to favourable MR characteristics and technical factors, but gradually its use has been extended to extracranial sites. Its application in head and neck lesions include characterization of cervical lymph nodes, salivary gland tumours, skull base lesions, differentiation of necrotic and viable parts of tumours with varying levels of success.
The basic principle of DWI is based on the fact that water molecules are always in random “Brownian” motion. This free movement is somewhat impeded in biological tissues due to interaction of water molecules with cell membranes and intracellular organelles. Benign tissues with relatively sparse cellularity and smaller nucleus to cytoplasmic ratio have sufficient space and allow relatively free mobility of water molecules[1]. This translates into facilitated diffusion on DWI. On the other hand, malignant tissues have densely packed cells which tend to have a larger nucleus occupying a relatively larger area of cytoplasm (higher nucleus to cytoplasmic ratio). As a result, malignant tissues offer more resistance to free movement of water molecules resulting in restricted diffusion. 
However, while interpreting DWI in clinical practice; one needs to be aware of the fact that apart from tissue cellularity, tumours can have other histologic attributes including matrix composition which can have significant bearing on diffusion characteristics. Examples include fibrous tissues with extracellular collagen and lymphoid stroma which is known to show restricted diffusion[2]. In addition, some atypical entities despite being benign can have inherently increased cellularity and hence, can mimic malignant lesions on DWI. Prior knowledge of these lesions can reduce the possibility of potential misdiagnosis and improving the diagnostic accuracy.
This article presents a spectrum of benign neck masses which show restricted pattern of diffusion and hence can lead to potential errors in diagnosis. 

WARTHIN’S TUMOUR 
Warthin’s tumour (papillary cystadenoma lymphomatosum) is the second most common benign salivary gland neoplasm following pleomorphic adenoma. It constitutes about 4%-15% of all salivary gland neoplasms[3]. It commonly presents as slow-growing painless masses in middle-aged men, occurring almost exclusively in parotid gland mostly involving the lower portion over the angle of mandible[4]. Bilaterality and multicentricity are frequently observed in this group of tumors.
Histologically, it is an adenoma containing both solid and cystic areas. The cysts are lined by papillary projections containing oncocytic epithelial cells, while the supporting stroma contains abundant lymphoid tissue with lymphoid follicles and germinal centres[5] (Figure 1). These tumors have also been shown to have the highest microvessel count of all the parotid gland tumours[6]. 
[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK166]The appearance of Warthin’s tumour on DWI has been well documented in literature. Despite a wide range of reported mean ADC values ranging from 0.72 to 0.96 × 10-3 mm2/s, the presence of restricted diffusion has been reported uniformly in this entity[7-10] (Figure 1). Motoori K et al[11] have in fact, reported an overlap of mean ADC values with those of malignant salivary gland tumors, especially salivary duct carcinoma. The proposed reason for such appearance is the presence of predominant lymphoid stroma along with cysts containing thick proteinaceous content which inhibit free movement of water molecules[5]. Hence one needs to be aware of this entity and not to depend solely on DWI for characterization of parotid gland lesions. 

NERVE SHEATH TUMOUR
Benign nerve sheath tumours are common in head and neck region accounting for about 25%-45% of all locations[12]. Histologically, they belong to two distinct groups namely schwannoma and neurofibroma, with the former being more common. Anatomically, parapharyngeal space is the most common location of nerve sheath tumours. Majority arise from the vagus nerve followed by cervical sympathetic chain and glossopharyngeal nerve. They mostly present as slow-growing, painless masses and hence, are late to come to clinical attention. 
Schwannomas are known to have a heterogeneous appearance due to high propensity of cystic degeneration, xanthomatous changes and microhemorrhages[13] (Figure 2). Two distinct patterns of cellular arrangement are noted in schwannoma: Antoni A and Antoni B. Antoni A areas are highly cellular and composed of compact stacked arrangement of elongated cells. Alternating with these are relatively hypocellular Antoni B areas which contain loosely spaced cells with intervening microcystic spaces filled with mucin[14] (Figure 2).
Diffusion characteristics of schwannoms are not well documented in literature. Sener RN[15] reported facilitated diffusion in their series of six solid vestibular schwannoma while, isolated case reports have mentioned restricted diffusion in benign schwannomas. However, all the studies mention variable diffusion characteristics with a wide range of mean ADC values[16-20]. From a histological point of view, presence of areas of relative hypocellularity adjacent to either hypercellular or collagenous areas can probably explain the regional variation of diffusion characteristics in the same lesion. Peripheral areas of restriction likely correspond to hypercellular areas or areas with dense fibrous stroma while central areas of free diffusion correspond to hypocellular or cystic areas (Figure 2). 

PARAGANGLIOMA
Paragangliomas are tumours of neural crest origin that occur along the distribution of these cells in specific locations of body. In head and neck, four common locations are observed: carotid body at bifurcation of common carotid artery, jugular foramen, along the course of vagus nerve and middle ear cavity. Other less common locations include sella turcica[21], pineal gland, cavernous sinus and orbit. They comprise about 0.6% all tumours of head and neck[22]. Paraganglioma occurring in the neck produce characteristic displacement of adjacent vessels which help in their identification. Carotid body tumour splays the bifurcation of common carotid artery, encasing external carotid artery (ECA) and internal carotid artery (ICA) as it grows. However, the vessel lumen is usually not compromised[23] (Figure 3). Paraganglioma arising along the course of vagus nerve usually arise either from the superior ganglion (jugular ganglion) which is close to jugular foramen or from inferior ganglion (nodose ganglion). When arising from inferior ganglion, they produce anteromedial displacement of carotid vessels and posterolateral displacement of internal jugular vein, without any splaying of ECA and ICA.
Histologically, these tumours show a biphasic pattern composed of chief cells and supporting sustentacular cells with a fibrovascular stroma. The chief cells are more numerous and are compactly organized into cell rests known as zellballen pattern. The chief cells occupy central position in these clusters surrounded peripherally by sustentacular cells which characteristically have long cytoplasmic processes. This arrangement gives an overall whorled configuration to the cell clusters. The background stroma shows varying degree of hyalinization which tends to be higher in carotid body tumour. Immunohistochemical techniques can detect specific markers elicited by chief and sustentacular cells which includes chromagranin (present in neurosecretory granules of chief cells) and S-100 (sustentacular cell marker) and are widely used for diagnosis[23] (Figure 3).
The DWI appearance of paragangliomas has not been well documented in literature. Aschenbach R et al[24] in their study of skull base lesions evaluated seven paragangliomas and found a mean ADC value of 1.304 ± 0.257 x 10-3 mm2/s which was significantly different from other jugular fossa lesions. Others have reported hyperintense signal in urinary bladder paragangliomas on DWI, implying restricted diffusion[25]. DWI has also been used to differentiate between benign and malignant paragangliomas with the latter showing significantly lower mean ADC values than the former (0.918 ± 0.124) × 10⁻³ mm²/s vs (1.175 ± 0.132) × 10⁻³ mm²/s[26].
Such atypical behavior of paragangliomas on DWI can be explained to some extent, by the compact histological arrangement of its constituent cells. These tumours show whorled arrangement of cells with presence of variable amount of collagen deposition in their stroma which leaves little extracellular space for free movement of water molecules (Figure 3). This hypothesis can be extrapolated to explain the lower ADC observed in malignant pheochromocytomas with increased cellularity and reduced extracellular space compared to their benign counterparts. However, a definite histological explanation warrants large scale studies to validate these findings. 

MENINGIOMA
[bookmark: _GoBack]Primary extracranial meningiomas are rare tumours (< 2%) and their most common location includes head and neck especially sinonasal region, ear, temporal bone and scalp[27]. Their origin is hypothesized to be from arachnoidal cells which tend to migrate outside the neuraxis producing extracranial meningiomas. In about 20% cases, extracranial meningiomas have an intracranial extension. These tumors have a female preponderence which can be attributed to presence of progesterone-dependent growth[28].
Histologically, meningiomas are made up of whorls of neoplastic epitheloid cells with indistinct borders (Figure 4). They frequently show psammoma bodies and intranuclear pseudo-inclusions[27,39]. In addition, various histologic subtypes have been identified including meningothelial, fibrous, angiomatous, transitional, psammomatous or atypical. Increased collagen formation has been noted in meningiomas irrespective of tumour grade which has been attributed to presence of meningiothelial cells[28]. Such fibrous stroma coupled with heterogeneous histologic composition leads to variable diffusion characteristics.
There are limited studies documenting the role of DWI in meningiomas. While the major emphasis has been on differentiation of benign and atypical/malignant meningiomas using mean and normalized ADC values, the variable nature of diffusion characteristics in benign meningiomas has also been mentioned[30-32] (Figure 4).
Hakyemeyez B et al[32] have reported different ranges of mean ADC values in different subtypes of benign meningiomas. Others have also mentioned variable signal intensity of benign meningiomas on DWI with malignant/atypical meningiomas showing relative restriction compared to their benign counterparts[31].

SOLITARY FIBROUS TUMOUR
Solitary fibrous tumour (SFT) is a rare neoplasm of mesenchymal origin[33]. Although, most frequently seen to arise from pleura, occasional SFTs have been documented at various extra-pleural sites including lung, mediastinum, pericardium, liver and head and neck. Extracranial head and neck SFTs have been reported in oral cavity, paranasal sinuses, orbit, nasal cavity and parapharyngeal space. Most of these tumours are benign with complete surgical excision being the treatment of choice.
Histologically, they are well circumscribed masses predominantly populated by spindle cells with abundant extracellular collagen. Distinct immunohistochemical features characterize these tumours which include diffuse CD34 positivity and EMA (epithelial membrane antigen) negativity[34] (Figure 5). Some tumours may show hypocellular areas with profuse extra-cellular collagen deposition alternating with hypercellular areas[35].
MRI reveals heterogeneous appearance of SFTs on T2 weighted images. They show focal areas of relative T2 hypointensity interspersed with hyperintense areas which corresponds to hypocellular collagenous areas and hypercellular areas respectively. These contrasting signal intensities on T2 weighted images produce the so called “yin-yang” appearance[36]. These tumours are usually hypervascular with frequent presence of vascular flow voids[37]. Diffusion weighted imaging shows areas of restricted diffusion in some parts of these lesions which have been attributed to the presence of focal areas of hypercellularity in them[36,38] (Figure 5).

HEMANGIOPERICYTOMA
Hemangiopericytoma is a rare mesenchymal neoplasm originating from Zimmermann pericytes which are modified smooth muscle cells outlining capillaries and post-capillary venules[39]. Although any age group can be affected, they are most frequently seen in fifth and sixth decades[40]. About 15%-30% of them occur in head and neck which is the third most common site following lower extremities and retroperitoneum-pelvis, respectively[41]. Tumours in head and neck commonly arise in the neck, perioral soft tissue and sinonasal tract[41]. Sinonasal HPCs are believed to have less aggressive biological behaviour compared to their peripheral counterparts. Complete surgical excision with negative margins is the treatment of choice. 
HPCs belong to the same histological spectrum as SFTs with common imaging and clinical features. They are hypercellular and vascular lesions with compact arrangement of cells containing scant cytoplasm (Figure 6). Dilated vessels are interspersed showing a branching pattern resembling “staghorn” appearance[42].
DWI has been used to differentiate intracranial hemangiopericytomas from meningiomas based on significantly lower minADC values in meningiomas as compared to HPCs (0.875 ± 0.014 × 10-3 mm2/s and 1.116 ± 0.127 × 10-3 mm2/s, respectively)[43]. The possible explanation being offered is a relatively lower cellularity and prominent vascularity in HPCs as compared to meningiomas. However, owing to the inherently hypercellular tumour matrix of HPCs, free movement of water molecules is hindered producing a qualitative pattern of restricted diffusion (Figure 6).

MYOEPITHELIAL TUMOUR
Myoepithelial tumours are rare benign neoplasms constituting about 1%-1.5% of salivary tumours. About 40% of them occur in parotid glands followed by submandibular glands and minor salivary glands; most common location being the palate[44,45] (Figure 7). They belong to the same histological spectrum as pleomorphic adenoma but are more aggressive. However, World Health Organization has recognized it as a separate entity showing less than 5% or no ductal and acinar differentiation, which are present in pleomorphic adenoma[45].
Histologically, myoepithelial tumours can be composed of spindle-shaped, plasmacytoid, epitheloid or clear cells in varying proportions. The growth pattern can appear as solid (non-myxoid), reticular or mixed type[46]. Histological subtype is related to the location of these tumours. Plasmacytoid type occurs more commonly in minor salivary glands of oral cavity, while spindle-cell and clear cell type are more often seen in parotid glands[47]. The background stroma is composed of variable amount of fibro-collagenous or myxoid stroma. 
The MR imaging appearance of myoepithelial tumours has sporadically been reported in literature. They are isointense on T1 weighted image and intensely hyperintense on T2 weighted images with homogenous contrast enhancement. However, their behavior on DWI has not been documented earlier. We have observed hyperintense signal on DWI in myoepithelial tumour noted which can possibly be attributed to its plasmacytoid histology characterized by closely packed arrangement of neoplastic cells (Figure 7). However, keeping in view the variable histological make-up of these tumours, they can have variable appearance on DWI. Further studies are needed to validate these findings.
DWI has long been used successfully for diagnosis and characterization of lesions as benign and malignant; there are few atypical entities which do not conform to the expected behavior according to their biological nature. While some of these entities occur in specific neck spaces, others are more non-specific in their distribution (Table 1). A knowledge of these exceptions and their preferred distribution in various neck spaces helps to narrow the possible list of differential diagnoses and avoid possible errors in diagnosis.
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Table 1 Space-wise distribution of benign entities showing restricted diffusion in head and neck
	Neck space
	Benign entities with restricted diffusion

	Parapharyngeal space
	Nerve sheath tumour

	Carotid space
	Paraganglioma
Nerve sheath tumour

	Parotid space
	Warthin’s tumour
Myoepithelial tumour

	Oral cavity
	Myoepithelial tumour

	Sinonasal cavity
	Meningioma
Hemangiopericytoma
Solitary fibrous tumour

	Ear/Temporal bone
	Paraganglioma(glomus tympanicum)
Meningioma
Nerve sheath tumour

	Miscellaneous
	Nerve sheath tumour
Hemangiopericytoma
Solitary fibrous tumour







Figure 1 Warthin’s tumour in right parotid gland in a 60-year-old man. A: Axial T2W FS image shows heterogeneous solid-cystic mass arising exophytically from right parotid gland with mildly hyperintense septae and mural nodules (dashed arrow) while cystic areas are hypointense (solid arrow); B, C: DWI at b1000 (B) s/mm² and ADC map (C) show restricted diffusion in septae and mural nodules of the mass; D: Photomicrograph  shows a well encapsulated tumor comprising of acini with oncocytic change separated by sheets of lymphocytes (H-E; original magnification: × 100). DWI: Diffusion weighted imaging.




Figure 2 Left parapharyngeal space nerve sheath tumour in a 35-year-old lady. A: Axial T2W FS image shows multiple intensely T2 hyperintense areas within suggestive of cystic degeneration (dashed arrow); B: Sagittal T2W image shows blood fluid level within the cystic areas (dashed arrow) along with thickened distal exiting nerve (solid arrow); C: Axial T1W FS post contrast image shows intense enhancement in solid areas of the mass while cystic areas are hypointense; D, E: DWI at b1000 (D) s/mm² and ADC map (E) show restricted diffusion in solid areas of the mass (dashed arrow) while cystic areas show free diffusion (solid arrows); F: Photomicrograph shows alternating hypercellular (Antoni A) and hypocellular (Antoni B) areas (H-E; original magnification: × 100). DWI: Diffusion weighted imaging.




Figure 3 Carotid body tumour in a 30-year-old lady. A, B: Axial T2W images show heterogeneously hyperintense mass in left carotid space splaying the bifurcation of left common carotid artery (arrow in B) with encasement of both ECA and ICA (dashed arrow and solid arrow in A, respectively); C, D: DWI at b500 s/mm² (C) and ADC map (D) show restricted diffusion in the mass; E: Photomicrographs show tumor cells arranged in Zellballen pattern separated by thin fibrovascular septae (H-E; original magnification: × 200); F, G: S-100 immunostain demonstrating prominence of sustentacular cells at the periphery of the tumor cell nests (F, original magnification, × 200) and tumor cells are immunopositive for synaptophysin (G, original magnification: × 200). DWI: Diffusion weighted imaging.




Figure 4 Craniofacial meningioma in a 7-year-old girl. A: Axial T1W image shows isointense homogenous mass involving bilateral cavernous sinuses (solid arrows) encasing bilateral ICAs and extending to right orbit causing proptosis (dashed arrow); B: Coronal T2W image shows intracranial extension in right middle cranial fossa (solid arrow) with mild perilesional edema in adjacent cerebral parenchyma (dashed arrow); C: Sagittal T1W FS post-gadolinium image reveals intense homogeneous enhancement in the mass; D: ADC map showing homogenous restricted diffusion in the mass; E: Photomicrograph show tumour composed of spindled to polygonal cells with moderate amount of cytoplasm, vesicular nuclei and whorl formation at places (H-E; original magnification: × 400). 




Figure 5 Solitary fibrous tumour in a 24-year old man. A: Coronal T2W image shows well defined left parapharyngeal space mass with heterogeneously hyperintense signal. The core is more hyperintense than the periphery. Multiple tortuous flow voids seen in the mass (solid arrows); B, C: DWI at b1000 (B) s/mm² and corresponding ADC map (C) show restricted diffusion in the periphery of the mass (dashed arrows) while the centre shows free diffusion (solid arrow). D: Photomicrographs show alternating cellular and hypocellular areas with abundant collagen (H-E; original magnification: × 200); E, F: Masson trichrome stain highlighting abundant collagen (E; original magnification: × 200); tumor cells are diffusely immunopositive for CD34 (F; original magnification: × 400). DWI: Diffusion weighted imaging.




Figure 6 Sinonasal hemangiopericytoma in a 45-year-old lady. A: CoronalT2W image shows mildly expansile sinonasal mass involving bilateral nasal cavity, extending to bilateral ethmoid sinuses. Small intracranial extension noted in anterior cranial fossa (dashed arrow); Retained secretions in right maxillary sinus (solid arrow); B: ADC map shows restricted diffusion in the mass; C: Photomicrograph shows spindle cells with mild pleomorphism (H-E; original magnification: × 100).




Figure 7 Myoepithelial tumour in a 36-year-old man. A and B: Sagittal T2W image shows well defined T2 hyperintense mass arising from posterior part of soft palate (dashed arrow in A and B) and hanging into the oropharynx (solid arrow in A and B); C: ADC map shows restricted diffusion in the mass; D: Photomicrograph shows cells with abundant cytoplasm and minimal pleomorphism (H-E; original magnification: × 100).
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