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[bookmark: _Hlk3312249][bookmark: _Hlk96702715]ABSTRACT 

[bookmark: _Hlk96702639]Craniopharyngiomas are rare intracranial tumors that mainly arise in the sellar/parasellar (particularly suprasellar) region. They present in both children and adults with a wide range of clinical manifestations. Histologically, they are benign tumors with distinct adamantinomatous and papillary subtypes. Beta-catenin gene mutations have been identified in the adamantinomatous subtype and activating mutations in BRAF (V600E) in the papillary variant, opening further avenues in our understanding of their pathogenesis. Despite their benign classification, management is challenging due to unpredictable growth and the involvement of adjacent critical structures particularly for vision and hypothalamo-pituitary function. Surgery with or without external irradiation currently represents the mainstay of therapy for most patients; however, the optimal protocol for the management of these tumors has not yet been established. Further management options include intracystic irradiation or bleomycin, stereotactic radiosurgery, systemic chemotherapy, or targeted BRAF inhibitors (for the papillary subtype); however, the outcomes of these approaches have not yet been validated with large scale clinical trials. Following treatment, patients face a high burden of morbidity due to visual, endocrine, hypothalamic, and neuropsychological dysfunction, and long-term mortality rates are substantially elevated compared with the general population. 

[bookmark: _Hlk96702797]EPIDEMIOLOGY

Craniopharyngiomas account for 2–5% of all primary intracranial neoplasms and for up to 15% of intracranial tumors in children (1). Their annual incidence is reported as around 0.18 cases per 100,000 people (2), and genetic susceptibility seems unlikely. Craniopharyngiomas may be detected at any age, even in the prenatal and neonatal periods (3) and a bimodal age distribution with peak incidence rates at ages 5–14 and 50–74 years has been proposed (2,4). In population-based studies from the USA and Finland, no gender differences have been found (4,5). 

PATHOLOGY AND PATHOGENESIS

Craniopharyngiomas are epithelial tumors arising along the path of the craniopharyngeal duct (the canal connecting the stomodeal ectoderm with the evaginated Rathke’s pouch). Based on the WHO classification, they are assigned grade I. Rare cases of malignant transformation (possibly triggered by previous irradiation) have been described (1). Two main pathological subtypes have been reported: the adamantinomatous variant and the papillary variant (1,6).

The adamantinomatous variant is the most common subtype and may occur at any age (Figure 1). Macroscopically, adamantinomatous craniopharyngiomas have cystic and/or solid components, necrotic debris, fibrous tissue and calcification. The cysts may be multiloculated and contain liquid ranging from “machinery oil” to shimmering cholesterol-laden fluid consisting of desquamated squamous epithelial cells, rich in membrane lipids and cytoskeleton keratin. They tend to have sharp and irregular margins, often merging into a peripheral zone of dense reactive gliosis, with abundant Rosenthal fiber formation (consisting of irregular masses of granular deposits within astrocytic processes) in the surrounding brain tissue and vascular structures. The epithelium of the adamantinomatous type is composed of three layers of cells: a distinct palisaded basal layer of small cells with darkly staining nuclei and little cytoplasm (somewhat resembling the basal cells of the epidermis of the skin); an intermediate layer of variable thickness composed of loose aggregates of stellate cells (termed stellate reticulum), with processes traversing empty intercellular spaces; and a top layer facing into the cyst lumen with abruptly enlarged, flattened and keratinized to flat plate-like squamous cells. The flat squames are desquamated singly or in distinctive stacked clusters and form nodules of “wet” keratin, which are often heavily calcified and appear grossly as white flecks. The keratinous debris may elicit an inflammatory and foreign body giant cell reaction. The presence of the typical adamantinomatous epithelium or of the “wet” keratin alone are diagnostic, whereas features only suggestive of the diagnosis in small or non-representative specimens include fibrohistiocytic reaction, necrotic debris, calcification and cholesterol clefts (1). 

[image: ]
Figure 1A. Histology of adamantinomatous craniopharyngioma. Islands of tumor with finger-like protrusions into surrounding brain tissue with central accumulation of keratin nodules; HE x40 magnification.
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Figure 1B.  Histology of adamantinomatous craniopharyngioma. Well-differentiated epithelium with peripheral palisading, nodular whorls, and pale, microcystic areas termed ‘stellate reticulum’, as well as pale eosinophilic ‘wet keratin’ nodule (right bottom); HE x200 magnification.
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Figure 1C. Histology of adamantinomatous craniopharyngioma. Beta-catenin immunohistochemistry of area shown in A, highlighting dark staining nodular whorls; x40 magnification
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Figure 1D. Histology of adamantinomatous craniopharyngioma. Basal epithelium demonstrating the aberrant nuclear accumulation of beta-catenin in nodular whorls (arrowheads) due to beta-catenin mutation; Anti-beta-catenin, x400 magnification.

The papillary variant has been almost exclusively described in adult populations (accounting for 14-50% of adult cases but only around 2% of pediatric cases) (Figure 2). It consists of mature squamous epithelium forming pseudopapillae and of an anastomosing fibrovascular stroma without the presence of peripheral palisading of cells or stellate reticulin, and with membranous beta-catenin immunoreactivity only. The differential diagnosis between a papillary craniopharyngioma and a Rathke’s cleft cyst may be difficult, particularly in small biopsy specimens, as the epithelial lining of the Rathke’s cysts may undergo squamous differentiation; however, the lack of a solid component and the presence of extensive ciliation and/or mucin production are suggestive of Rathke’s (1,6).
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Figure 2A. Histology of papillary craniopharyngioma. Papillae lined by non-keratinizing squamous epithelium and containing loosely structured connective tissue; HE x20 magnification.
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[bookmark: _Hlk3229136]Figure 2B. Histology of papillary craniopharyngioma. Connective tissue harbors a patchy lymphocytic infiltrate (asterix); HE x100 magnification.
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Figure 2C. Histology of papillary craniopharyngioma. Non-keratinizing squamous epithelium highlighted by beta-catenin immunostain, x20 magnification.
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Figure 2D. Histology of papillary craniopharyngioma. Squamous epithelium showing membranous immunoreactivity of beta-catenin, lacking clusters with aberrant nuclear accumulation, x400 magnification.

Although the pathogenesis of craniopharyngiomas has not been fully elucidated, our understanding in this field has increased significantly in recent years. Beta-catenin gene (CTNNB1) mutations have been identified in the adamantinomatous subtype affecting exon 3 which encodes the degradation targeting box of beta-catenin; the mutant form is resistant to degradation leading to accumulation of nuclear beta-catenin protein (a transcriptional activator of the Wnt signaling pathway) (Figure 1D). Furthermore, strong beta-catenin expression has been shown in the adamantinomatous subtype indicating re-activation of the Wnt signaling pathway and subsequent de-regulation of several downstream pathways (7-10). Molecular analysis also implicates the immune response in the pathogenesis of adamantinomatous craniopharyngiomas. Cells within this subtype show signs of inflammation (in both cystic and solid components), and increased levels of cytokines including Interleukin-6 (IL-6), IL-8 and IL-10 have been identified(10-12). Furthermore, the expression of immune related genes is increased, and the immune check point proteins Programmed Death Ligand 1 (PD-L1), and Programmed Cell Death Protein 1 (PD-1) are expressed in both subtypes of craniopharyngioma(10,13).  For papillary craniopharyngiomas specifically, a number of studies using whole exome sequencing, next-generation panel sequencing, pyrosequencing and Sanger sequencing have shown the presence of activating mutations in the BRAF (V600E) gene;  the prevalence of which varies according to the sequencing method, generally being between 81 and 100% (8). BRAF mutations can lead to activation of the MAPK/ERK (Mitogen Activated Protein Kinase / Extracellular signal Regulated Kinases) pathway, which ultimately results to increased cell growth, proliferation, and cell survival(10). Whilst BRAF mutations are found in numerous cells within papillary craniopharyngiomas, only a small cluster of progenitor cells expressing the SOX2/SOX9 (Sex Region Y Box 2 and 9) transcription factors are believed to be involved in their tumorigenesis(14). It has also been suggested that the two pathological subtypes have different epigenomic and transcriptomic signatures, and that the cell clusters in the adamantinomatous subtype may have a functional role in the promotion of tumor invasion (8).

[bookmark: _Hlk3312297]DIAGNOSIS

Location/Imaging

Most craniopharyngiomas are located in the sellar/parasellar region and the majority (94-95%) have a suprasellar component. Other rare locations include the nasopharynx, the paranasal area, the sphenoid bone, the ethmoid sinus, the intrachiasmatic area, the temporal lobe, the pineal gland, the posterior cranial fossa, the cerebellopontine angle, the midportion of the midbrain or, mainly relating to the papillary variant, within the 3rd ventricle(1). Plain skull X-rays, although seldom used nowadays, may show calcification and an abnormal sella. CT is helpful for evaluation of the bony anatomy, the identification of calcification and the discrimination of the solid and cystic components. They are usually of mixed attenuation; the cyst fluid has low density and the contrast medium enhances any solid portion, including the cyst capsule (1). MRI is particularly useful for the topographic and structural analysis of the tumor. The radiological appearance depends on the proportion of the solid and cystic components, the content of the cyst(s) (cholesterol, keratin, hemorrhage), and the amount of calcification present. A solid lesion appears as iso- or hypointense relative to the brain. On pre-contrast T1-weighted images, it shows enhancement following gadolinium administration, and is usually of mixed hypo- or hyperintensity on T2-weighted images. Large amounts of calcification may be visualized as areas of low signal on both T1- and T2-weighted images. A cystic element is usually hypointense on T1- and hyperintense on T2-weighted sequences, and a thin peripheral contrast-enhancing rim of the cyst can be shown on T1-weighted images. Protein, cholesterol, and methemoglobin may cause high signal on T1-weighted images, while very concentrated protein and various blood products may be associated with low T2-weighted signal (1). Imaging examples from cystic, solid, and mixed solid-cystic craniopharyngiomas are shown in Figure 3.
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Figure 3A. MRI images of craniopharyngiomas. Coronal section showing cystic craniopharyngioma on post-contrast T1-weighted MRI. The cyst contents are isointense and the cyst rim enhances following contrast.  
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Figure 3B.  MRI images of craniopharyngiomas. Sagittal section of 3A.

[image: ]
Figure 3C. MRI images of craniopharyngiomas. Sagittal section showing a solid craniopharyngioma on T1-weighted imaging which enhances after contrast.
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Figure 3D. MRI images of craniopharyngiomas. Coronal section showing a solid craniopharyngioma on T1-weighted imaging which enhances after contrast.
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Figure 3E. MRI images of craniopharyngiomas. Sagittal section showing a craniopharyngioma with mixed solid and cystic components on post-contrast T1-weighted imaging.
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Figure 3F. MRI images of craniopharyngiomas. Coronal section showing a mixed solid and cystic craniopharyngioma with mixed signal intensities on T2-weighted imaging.

The consistency of craniopharyngiomas can be purely or predominantly cystic, purely or predominantly solid, and mixed. When present, the calcification patterns vary from solid lumps to popcorn-like foci or, less commonly, to an eggshell pattern lining the cyst wall. Hydrocephalus has been reported in 20-38% and is probably more frequent in childhood-diagnosed disease (41-54%). 

The differential diagnosis includes a number of sellar or parasellar lesions, including Rathke’s cleft cyst, dermoid cyst, epidermoid cyst, pituitary adenoma, germinoma, hamartoma, suprasellar aneurysm, arachnoid cyst, suprasellar abscess, glioma, meningioma, sarcoidosis, tuberculosis and Langerhans cell histiocytosis. Differentiation from a Rathke’s cleft cyst (typically small, round, purely cystic lesions lacking calcification), or from a pituitary adenoma (in the rare case of a homogeneously enhancing solid craniopharyngioma), may be particularly difficult (1,15).

Clinical and Hormonal Manifestations at Presentation

Patients with craniopharyngioma may present with a variety of clinical manifestations attributed to pressure effects on vital structures of the brain (visual pathways, brain parenchyma, ventricular system, major blood vessels and hypothalamo-pituitary system) (15-17). Their severity depends on the location, size, and growth potential of the tumor. The duration of the symptoms until diagnosis ranges between 1 week to 372 months(1). The presenting clinical manifestations (neurological, visual, hypothalamo-pituitary) are shown in Table 1. Headaches, nausea/vomiting, visual disturbances, growth failure (in children) and hypogonadism (in adults) are the most frequently reported. Other less common or rare features include motor disorders, such as hemi- or monoparesis, seizures, psychiatric symptoms such as emotional lability, hallucinations and paranoid delusions, autonomic disturbances, precocious puberty, the syndrome of inappropriate secretion of antidiuretic hormone, chemical meningitis due to spontaneous cyst rupture, hearing loss, anosmia, nasal obstruction, epistaxis, photophobia, emaciation, Weber’s syndrome (ipsilateral III cranial nerve palsy with contralateral hemiplegia due to midbrain infarction), and Wallenberg’s syndrome (signs due to occlusion of the posterior inferior cerebellar artery) (1). It has been proposed that in cases of craniopharyngioma diagnosed in childhood, compromised growth rate is already evident in early infancy, whereas an increase in weight tends to present later and is a predictor of obesity (18).  

The hypothalamo-pituitary function at presentation may be severely affected; a summary of the results of various studies using different diagnostic tests and criteria shows that GH deficiency is present in 35–100% of the evaluated patients, FSH/LH deficiency in 38–91%, ACTH deficiency in 21–68%, TSH deficiency in 20–42% and diabetes insipidus in 6–38%.

	Table 1. Presenting Clinical Features in Children and Adults with Craniopharyngioma (10)

	
	Children
	Adults

	Total

	Headaches
	78%
	56%
	64%

	Menstrual disorders 
	
	57%
	

	Visual field defects
	46%
	60%
	55%

	Decreased visual acuity
	39%
	40%
	39%

	Nausea/vomiting
	54%
	26%
	35%

	Growth failure
	32%
	
	

	Poor energy
	22%
	32%
	29%

	Impaired sexual function 
	
	28%
	

	Impaired secondary sexual characteristics 
(pts aged ≥13 years)
	
	
	24%

	Lethargy
	17%
	26%
	23%

	Other cranial nerves palsies
	27%
	  9%
	15%

	Polyuria/polydipsia
	15%
	15%
	15%

	Papilledema
	29%
	  6%
	14%

	Cognitive impairment 
(memory, concentration)
	10%
	17%
	14%

	Anorexia/weight loss
	 20%
	  8%
	12%

	Optic atrophy
	  5%
	14%
	10%

	Hyperphagia/excessive weight gain
	  5%
	13%
	10%

	Psychiatric symptoms/change in behavior
	10%
	  8%
	  8%

	Somnolence
	  5%
	10%
	  8%

	Galactorrhea 
	
	  8%
	

	Decreased consciousness/coma
	10%
	  4%
	  6%

	Cold intolerance
	  0%
	  8%
	  5%

	Unsteadiness/ataxia
	  7%
	  3%
	  4%

	Hemiparesis 
	  7%
	  1%
	  3%

	Blindness
	  3%
	  3%
	  3%

	Meningitis
	   0%
	   3%
	 2%



MANAGEMENT

[bookmark: _Hlk3312371][bookmark: _Hlk96702870]Surgery Combined or Not with External Irradiation 

Surgery combined or not with adjuvant external beam irradiation is currently one of the most widely used first therapeutic approaches for craniopharyngiomas. These tumors pose challenges mainly due to their sharp, irregular borders and to their tendency to adhere to vital neurovascular structures, making surgical manipulation potentially hazardous to vital brain areas. When large cystic components are present, fluid aspiration provides relief of the obstructive manifestations and facilitates the consecutive removal of the solid portion, which should not be delayed for more than a few weeks due to the significant risk of cyst refilling (15,19). The attempted extent of excision has been a subject of significant debate and depends on the size (achieved in 0% of lesions >4 cm) and location of the tumor, the presence of hydrocephalus (particularly difficult for retrochiasmatic or within the 3rd ventricle), >10% calcification, tumor adherence to the hypothalamus, brain invasion, as well as the experience, individual judgment during the operation, and general treatment policy (aggressive or not) adopted by each neurosurgeon (1,20-22). In recent years, many tertiary centers have adopted a more conservative surgical approach, electing for partial or limited resection with radiotherapy over complete resection, when possible, with aim of hypothalamic sparing and reducing subsequent morbidity (23). In microsurgical series, post-operative mortality ranges between 0 and 5.4% (24), while in a meta- analysis including 2,955 patients early mortality of 2.6% after transsphenoidal and 3.1% after transcranial surgery were reported (25). 

Interestingly, until 1937, when Carpenter et al. (26) first described the beneficial effects of radiotherapy following aspiration of cyst contents in 4 cases, craniopharyngiomas were considered radioresistant. Historically, the role of irradiation started being established almost two decades later, following the report of the favorable outcome of the combination of minimal surgery and high-dose supervoltage irradiation in a series of 10 patients by Kramer et al. (27). The irradiation of cystic craniopharyngiomas carries the risk of cyst enlargement, arising during or within 6 months after radiotherapy, reported in 10-60% of patients (28-31). Whilst urgent surgical decompression may be needed in some cases, enlargement is transient, and does not represent tumor recurrence (15,30,32). 

Recurrence Following Surgery 

Recurrent tumors may arise even from small islets of craniopharyngioma cells in the gliotic brain adjacent to the tumor, which can remain even after gross total removal. The mean interval for diagnosis of recurrence following various primary treatment modalities ranges between 1 and 4.3 years. Remote recurrences as late as 30 years after initial therapy have been reported; possible mechanisms include transplantation during the surgical procedures and dissemination by meningeal seeding or CSF spreading (1). Series with radiological confirmation of the radicality of resection show that recurrence rates following gross total removal range between 0 and 62% at 10 years follow-up. These are significantly lower than those reported after partial or subtotal resection (25-100% at 10 years follow-up). In cases of limited surgery, adjuvant radiotherapy significantly improves the local control rates (recurrence rates 10-63% at 10 years follow-up).  Finally, radiotherapy alone provides 10 years recurrence rates ranging between 0 and 23% (1). These results were based on the use of conventional fractionated external beam radiotherapy; tumor control rates with newer higher precision techniques, such as fractionated stereotactic conformal radiotherapy, have remained optimal with 5-year progression free survival exceeding 90% (33,34). Tumor control rates achieved by proton beam therapy in patients with craniopharyngioma are promising (35), but studies with long-term follow-up are needed. Studies with statistical comparisons of the local control rates achieved by gross total removal or the combination of surgery and radiotherapy have not provided consistent results. The interpretation of data regarding effectiveness of each therapeutic modality must be done with caution, since the published studies are retrospective, non-randomized and often specialty-biased. 

The growth rate of craniopharyngiomas varies considerably and reliable clinical, radiological, and pathological criteria predicting their behavior are lacking. Thus, apart from significant impact of the treatment modality as mentioned above, attempts to identify other prognostic factors for recurrence (age, group at diagnosis, sex, imaging features, pathological subtypes) have not provided consistent results (1).

The management of recurrent tumors remains challenging, as scarring/adhesions from previous operations or irradiation make successful removal difficult. In such cases, total removal is achieved in a substantially lower rate when compared with primary surgery (0-25%). Perioperative mortality is increased following recurrence, occurring in as many as 11-24% (22). The beneficial effect of radiotherapy (proceeded or not by second surgery) in recurrent lesions has been clearly shown(15,36). Recurrent lesions with significant cystic component not amenable to total extirpation may be treated by repetitive aspirations through an indwelling Ommaya reservoir apparatus. In a small series of 11 adult patients with cystic craniopharyngiomas treated with Ommaya reservoirs, local control was achieved in 8 patients (72.7%) without the need for additional treatment over a follow up period of 41.4 months (37).

Intracystic Irradiation 
 
Intracavitary irradiation (brachytherapy) involves stereotactically guided instillation of beta-emitting isotopes into cystic craniopharyngiomas. It delivers a higher radiation dose to the cyst than external beam radiotherapy, resulting in damage of the secretory epithelial lining, elimination of fluid production, and cyst shrinkage. The efficacy of various beta and gamma-emitting isotopes (mainly 32phosphate, 90yttrium, 186 rhenium, 198gold) has been investigated in a number of studies, but given that none of them has the ideal physical and biological profile, there is no consensus on which is the most suitable therapeutic agent. In a systematic review which included 66 children treated with brachytherapy, a reduction in tumor size was reported in 89% of children with cystic only craniopharyngiomas, and in 58% in those with mixed cystic and solid components (38). In series with mean or median follow-up between 3.1 and 11.9 years providing intracavitary irradiation (mainly with 90yttrium or 32phosphorus) at doses of 200-270 Gy, complete or partial cyst resolution was seen in 71-88%, stabilization in 3-19%, and increases in 5-10% of cases (39-44). New cyst formation or increase in the solid component of the tumor were observed in between 6.5 and 20% of cases. Although beta emitters have short range tissue penetrance, lesions in close proximity to the optic apparatus should be approached with caution (39-44). Deterioration of vision has been reported in 10-58% of cases and has been attributed to failure of cyst collapse, formation of new cysts, increase in the solid tumor, or possibly radiation damage. The reported control rates combined with low surgical morbidity and mortality render brachytherapy an attractive option for predominantly cystic tumors, particularly those that are monocystic.  

Intracystic Bleomycin 

Intracystic installation of the anti-neoplasmatic agent bleomycin has been used in the management of craniopharyngiomas. The drug is administered through an Ommaya reservoir connected to a catheter. In published reports the tumor control rates range between 0 and 100%. However, evidence supporting its efficacy is limited mostly to case reports or non-randomized retrospective studies, and a Cochrane review (45) exploring the effects of bleomycin in children could not recommend its use. Direct leakage of the drug to surrounding tissues during the installation procedure, diffusion though the cyst wall, or high drug doses have been associated with various toxic (hypothalamic damage, blindness, hearing loss, ischemic attacks, peritumoral edema) or even fatal effects (1,46,47). The value of this treatment option in tumor control or even in delaying surgery and/or radiotherapy, as well as the optimal protocol and the clear-cut criteria predicting the long-term outcome, remain to be established in large series with sufficient follow-up.

Intracystic Interferon-Alpha

Intracystic interferon-alpha is not neurotoxic and is therefore associated with a lower risk of adverse events when compared to other intracystic treatments. Despite encouraging results in a number of studies with short follow up, a large multicenter study demonstrated tumor progression in 75% of patients by a median of just 14 months (48,49). 

Stereotactic Radiosurgery 

Stereotactic radiosurgery delivers a single or small number of fraction(s) of high dose ionizing radiation to precisely mapped targets, keeping the exposure of adjacent structures to a minimum. Tumor volume and close attachment to critical structures (e.g., optic apparatus) are limiting factors for its application. Risk of optic neuropathy is <1% when the optic chiasm is constrained to a maximal dose of 10 Gy, 20 Gy, and 25 Gy, for single-fraction SRS, 3-fraction SRS, and 5-fraction SRS respectively (50). SRS achieves tumor control in a substantial number of patients with small volume lesions and reported 5-year progression free survival ranges between 61% and 90.3% (51-55). Rate of tumor control following SRS is negatively associated with tumor volume (56), thus it is particularly useful for well-defined residual disease following surgery or for the treatment of small, solid recurrent tumors situated at least 3-5mm away from the optic chiasm (49). Increasing margin dose and maximum dose >35Gy have been associated with increased risk of neurologic deficit following SRS (57). Studies with long-term follow-up evaluating the optimal marginal dose, its role in the prevention of tumor growth, and its effects on neurocognitive and neuroendocrine function, are needed.

Systemic Chemotherapy/Interferon-Alpha  

The potential benefit of systemic chemotherapy in craniopharyngiomas has been investigated in a very limited number of patients. Thus, Bremer et al. (58) reported a case of successful management of a recurrent cystic tumor with the combination of vincristine, carmustine (BCNU) and procarbazine. Lippens et al. (59), after administration of five courses of doxorubicin and lomustin in 4 children with multiple or very rapid recurrences, achieved local control in 75% of them after 3-12 years follow-up. Jakacki et al. (60), in a series of 12 patients aged <21 years with progressive or recurrent craniopharyngiomas, showed that after 12 months of treatment with interferon-alpha, tumor reduction of at least 25% was observed in 3 cases. However, during the first weeks of therapy 6 patients experienced an increase in the size of the cystic component, which was finally considered as progressive disease in half of them. Interestingly, 67% of patients that completed one year of therapy without progressive disease had an increase in the size of their tumor at a median period of 11 months after discontinuation of the drug. The cytotoxicity (predominantly hepatic, neurological and cutaneous), requiring temporary discontinuation and/or dose reduction within the first 8 weeks of therapy, was significant (in up to 60% of the cases). In 2012, the same group explored the use of pegylated interferon (a derivative of interferon-alpha with a longer half-life) in five patients; all demonstrated a radiological response to treatment and two of them had a complete response (61). A subsequent phase two multi-center study gave disappointing results. Of 18 adults and children with recurrent craniopharyngiomas who were given systemic pegylated interferon, only one attained a sustained response beyond 3 months (62).

Targeted Therapy 
 
The finding that most papillary craniopharyngiomas harbor a BRAF (V600E) mutation has opened avenues for use of pharmacological agents specifically targeting and inhibiting mutant BRAF in cases resistant to other treatments. A number of case reports and small case series have demonstrated a significant reduction in tumor size (used alone or in combination with MEK inhibitors), applied neoadjuvantly or after surgery, with or without prior radiotherapy (8,49,63-73). Common side effects associated with BRAF and MEK inhibitors seen from their use in other diseases (such as metastatic melanoma and papillary thyroid cancer) include rash, fever, diarrhea, arthralgia, and liver dysfunction (74). Cases of adamantinomatous craniopharyngiomas responding to MEK inhibitors (75), or controlled with IL-6 inhibitors used alone or in conjunction with VEGR inhibitors (12), have also been reported. The pros and cons of these new treatment modalities, particularly for aggressive tumors, warrant further assessment by trials with large number of patients and adequate follow-up. Two clinical trials (BRAF and MEK inhibitors for papillary craniopharyngiomas, and IL-6 inhibitors for children with adamantinomatous craniopharyngiomas) are currently ongoing (76,77). Initial results from one of these trials – a phase two study which included sixteen patients with papillary craniopharyngiomas harboring the BRAF V600E mutation – have been presented. All patients were treated with oral vemurafenib (BRAF inhibitor) and cobimetinib (MEK inhibitor) in 28-day cycles. Median age and follow up duration were 49.5 years and 1.8 years respectively. In those where volumetric imaging data was available, 14 (93.3%) had a radiological response to treatment, with a median tumor reduction of 83%. Grade 3 (severe) toxicities occurred in 12 patients, whilst grade 4 (potentially life threatening) toxicities occurred in two patients. Three patients stopped treatment due to adverse events (78).

MORBIDITY AND MORTALITY 

Craniopharyngiomas are associated with significant long-term morbidity (mainly involving endocrine, visual, hypothalamic, neurobehavioral, and cognitive sequelae), which is attributed to the damage of critical structures by the primary or recurrent tumor and/or to the adverse effects of the therapeutic interventions. Notably, the severity of the radiation-induced late toxicity is affected by the total and per fraction doses, the volume of the exposed normal tissue, and the young age in childhood populations (1).

Endocrine

Long-term endocrine morbidity is significant. At last assessment, the rates of individual hormone deficits range between 88100% for GH, 8095% for FSH/LH, 5588% for ACTH, 3995% for TSH and 2586% for ADH (1). Restoration of pre-existing hormone deficits following surgical removal is rare, and aggressive surgery leads to more frequent pituitary dysfunction (1,23,79).

The phenomenon of «growth without growth hormone» has been reported in some children with craniopharyngioma who show normal or even accelerated linear growth, despite their untreated GH deficiency. The pathophysiological mechanism has not been clarified; the obesity-associated hyperinsulinemia has been proposed as a factor stimulating growth by affecting serum concentrations of IGF-I or by binding directly to the IGF-I receptor (80,81). Review of adult patients with craniopharyngioma and severe GH deficiency but no recent GH treatment (from the KIMS database: Pfizer International Metabolic Database) has shown that those with childhood-onset disease were shorter than those with adult-onset disease, and obesity was more common in the adult-onset patients. Furthermore, quality of life, assessed by Quality of Life-Assessment of Growth Hormone Deficiency in Adults (QoL-AGHDA) and the Nottingham Health Profile, was markedly reduced with no significant differences between those with childhood-onset and those with adult-onset disease (82). A 3-year longitudinal analysis of the changes in height, weight, and body mass index (BMI) SDS in 199 GH-treated pre-pubertal children with post-surgical and/or post-irradiated craniopharyngioma showed that GH therapy induced excellent linear growth compared with children with other forms of organic GH deficiency. Still, the children with craniopharyngioma had a higher BMI; GH had no salutary effect on weight SDS and caused only a mild improvement in BMI SDS (83). A study of 351 patients with adult-onset craniopharyngioma compared with 370 patients with non-functioning pituitary adenomas matched for age and sex (all GH deficient) demonstrated that, after two years of GH replacement, there were significant similar improvements in both groups in free-fat mass, total and low-density lipoprotein and Quality of Life Assessment in the GH-deficient score compared with baseline. Results from a 12-year prospective study showed children with craniopharyngioma treated with GH had improved weight and quality of life outcomes compared to those who were not replaced, or in those who only received GH as adults (84). Observational studies have also shown that growth hormone replacement is not associated with increased risk of tumor recurrence. 

Diabetes insipidus with an absent or impaired sense of thirst confers a significant risk of serious electrolyte imbalance, and is one of the most difficult complications to manage. In this group of patients, the maintenance of osmotic balance has been shown to be precarious with recurrent episodes of hyper- or hyponatremia contributing to morbidity and mortality. Careful fluid balance with close monitoring of intake/output and daily weights is crucial. 

Vision 

Visual outcome is adversely affected by the presence of visual symptoms at diagnosis and by daily irradiation doses >2 Gy (1). Radiation optic neuropathy occurs in 1–2% patients receiving doses to 50 Gy and this is mostly conﬁned to those with pre-radiotherapy visual impairment, with the risk being higher with doses of 55 Gy and above (1,28). 

Hypothalamic

Hypothalamic damage may result in hyperphagia and uncontrollable obesity, disorders of thirst and water/electrolyte balance, behavioral and cognitive impairment, loss of temperature control and disordered sleep pattern. Among these, obesity is the most frequent (reported in 26-61% of the patients treated by surgery combined or not with radiotherapy) and is a consequence of the disruption of the mechanisms controlling satiety, hunger, and energy balance (1,15,85-88). Possible contributing mechanisms include lack of sensitivity to endogenous leptin (89,90) and reduced energy expenditure, and is exaggerated by comorbidities including neurological defects, visual failure, somnolence (91), sleep disturbance, hypopituitarism and psychosocial disorders (92). In a study of 63 survivors of childhood craniopharyngioma, all those with marked obesity after surgery had evidence of significant alterations of the normal hypothalamic anatomy, with their MRI showing either complete deficiency or extensive destruction of the floor of the 3rd ventricle (93). Several image grading systems, used pre- or post-operatively, have been proposed to help predict hypothalamic sequalae and hypothalamic morbidity by defining hypothalamic involvement on imaging and severity of tumor adherence to the hypothalamus (94-98). Furthermore, it has been reported that the basal metabolic rate adjusted to total body weight is significantly lower in adults with craniopharyngioma compared with controls, and that the energy intake/basal metabolic rate ratio is significantly lower in subjects with tumor growth into the 3rd ventricle (99). Children with surgically-treated craniopharyngioma were found to have decreased aerobic capacity during an exercise test, which was most pronounced in those with hypothalamic involvement.  Interestingly, in this study, GH treatment was associated with significant positive effect on aerobic capacity only in the absence of hypothalamic involvement (100). Finally, high levels of the orexigenic gastric hormone ghrelin have not been found in these patients (101). Factors proposed to be associated with significant hypothalamic morbidity are young age at presentation, hypothalamic disturbance at diagnosis, hypothalamic invasion, attempts to remove adherent tumor from the region of hypothalamus, multiple operations for recurrence, and hypothalamic radiation doses >51 Gy (1,102,103). Interestingly, in a retrospective study including 45 adults with craniopharyngioma followed for a median of 26 months, a lower BMI pre-operatively was predictive of greater post-operative weight gain(104). In contrast, a higher pre-operative BMI has been found to be associated with severe post-operative obesity in children(18). Hypothalamic obesity often results in devastating metabolic and psychosocial complications, necessitating provision of dietary and behavioral modifications, encouragement of regular physical activity, psychological counselling, and anti-obesity drugs. Based on a limited number of published cases, gastric bypass surgery results in weight loss; in a systematic review and meta-analysis including 21 cases of bariatric surgery for hypothalamic obesity in patients with craniopharyngioma (6 with adjustable gastric banding, 8 with sleeve gastrectomy, 6 with Roux-en-Y gastric bypass and 1 with biliopancreatic diversion), it was shown that the maximal mean weight loss was achieved in the gastric bypass group after 12 months (105). Furthermore, Weismann et al. (106) in a series of 7 patients with morbid obesity after surgery for craniopharyngioma, who underwent laparoscopic gastric banding or laparoscopic sleeve gastrectomy, reported no significant loss of body weight. A case control study suggested that Roux-en-Y surgery, but not sleeve gastrectomy, yielded equivalent weight loss in craniopharyngioma patients to those with “common” obesity and resulted in significant reductions to BMI after one year (107). The same group subsequently conducted a larger, multi-center case control study, with a median follow up of 5.2 years (108). Obese patients with craniopharyngioma had a mean weight loss of 22% at 5 years after bariatric surgery; irrespective of type of procedure. In contrast to their original findings (107), obese controls lost more weight after Roux-en-Y gastric bypass, whereas sleeve gastrectomy led to similar results in both groups (108). Medical therapies including dextroamphetamine, the combination of diazoxide and metformin (aiming to reduce the hyperinsulinemia), octreotide (aiming to reduce hyperinsulinemia and simultaneously enhance the insulin action), glucagon-like peptide-1 analogues, and a novel methionine aminopeptidase 2 inhibitor, have all been proposed as potential approaches to this significant problem (92). However, outcomes following these therapies are variable and long-term benefits have not yet been established. Studies with large number of patients and longer follow-up are needed to establish the efficacy and safety of these surgical and medical management options.

Neuropsychological and Cognitive
 
The compromised neuropsychological and cognitive function in patients with craniopharyngioma after surgery and radiation therapy contributes significantly to poor academic and work performance, disrupted family and social relationships, disrupted body image, and impaired quality of life. Gross total resection, radiotherapy, pre-operative hypothalamic involvement, or intra-operative hypothalamic injury have been associated with a lower quality of life in adults and children with craniopharyngioma (109). It has also been proposed that visual, neurological, and endocrine morbidities negatively impact neuropsychological outcomes (110,111). Areas particularly affected (especially in childhood-onset disease) include memory, attention, executive function, and motivation (110,112-114), with hypothalamic involvement being a risk factor for poorer outcomes (113). In a series of 121 patients followed-up for a mean period of 10 years, Duff et al.(115) found that 40% had poor functional neuropsychiatric outcome. Karavitaki et al. (15), in a series of 121 patients, found cumulative probabilities for permanent motor deficits, epilepsy, psychological disorders necessitating treatment, and complete dependency for basal daily activities at 10-year follow-up of 11%, 12%, 15% and 9%, respectively. There is no consensus on the therapeutic option with the least unfavorable impact on the neurobehavioral outcome, necessitating prospective studies with formal neuropsychological testing and specific behavioral assessment before and after any intervention.  Such data will be particularly important for young children, as there are uncertainties including whether delaying irradiation is a reasonable policy in this age group.  

Long-Term Mortality 

The mortality rates of patients with craniopharyngioma have been described to be 3-6 times higher than that of the general population and reported 10-years survival rates range between 83% and 93% (1,87). Qiao et al.(116) reported a significant fall in the SMR from 6.2 (95% CI 4.1-9.4) to 2.9 (95% CI 2.2-3.8) for studies published before 2010, and after 2010, respectively (116). Apart from the deaths directly attributed to the tumor (pressure effects to critical structures) and to the surgical interventions, the risk of cardio-/cerebrovascular and respiratory mortality is increased (1,117,118). In one study which included 244 patients with childhood onset craniopharyngioma, 11% of patients developed a cerebral infarction. Hydrocephalus and gross total resection were identified as risk factors, and none were attributable to radiotherapy (119). The increased cardiovascular mortality in this population may be driven in part by hypothalamic obesity and related metabolic complications. Long-term follow-up of adult patients with craniopharyngiomas has demonstrated increased prevalence of the metabolic syndrome compared with the general population (120), and hypothalamic involvement has been shown to have negative impact on mortality (121). It has been suggested that in childhood populations the hypoadrenalism and the associated hypoglycemia, as well as the metabolic consequences of ADH deficiency and absent thirst, may also contribute to the excessive mortality. The impact of tumor recurrence on the long-term mortality is widely accepted and the 10-year survival rates in such cases range between 29% and 70%, depending on the subsequent treatment modalities (15).

CONCLUSIONS AND FUTURE PERSPECTIVES 

Craniopharyngiomas present many unique challenges for clinicians.  Whilst controversies regarding the optimal management approach for these rare tumors still exist, the need to prevent hypothalamic morbidities associated with surgical intervention in this area is essential. 
Enhanced understanding of the pathogenesis of both adamantinomatous and papillary craniopharyngiomas has led to the concept of targeted medical therapy, an area at the forefront of translational research. Optimal outcomes following the use of BRAF V600 and MEK inhibitors have been described in case reports and are a promising treatment prospect, with hope that their efficacy and safety are supported by the results of large, prospective, randomized studies. 
Patients face a high burden of post-treatment morbidity due to endocrine, visual, hypothalamic, and neuropsychological complications, and mortality rates are increased compared with the general population. Obesity is one of the most significant comorbidities with often devastating sequelae; its pathogenesis is multifactorial, and its management is one of the most challenging problems clinicians have to deal with. Given the complexity of these tumors, care for these patients should be provided by an experienced multidisciplinary team. 
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