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Abstract

:

Nelson’s syndrome is a potentially severe condition that may develop in patients with Cushing’s disease treated with bilateral adrenalectomy. Its management can be challenging. Pituitary surgery followed or not by radiotherapy offers the most optimal tumour control, whilst pituitary irradiation alone needs to be considered in cases requiring intervention and are poor surgical candidates. Observation is an option for patients with small lesions, not causing mass effects to vital adjacent structures but close follow-up is required for a timely detection of corticotroph tumour progression and for further treatment if required. To date, no medical therapy has been consistently proven to be effective in Nelson’s syndrome. Pharmacotherapy, however, should be considered when other management approaches have failed. A subset of patients with Nelson’s syndrome may develop further tumour growth after primary treatment, and, in some cases, a truly aggressive tumour behaviour can be demonstrated. In the absence of evidence-based guidance, the management of these cases is individualized and tailored to previously offered treatments. Temozolomide has been used in patients with aggressive Nelson’s with no consistent results. Development of tumour-targeted therapeutic agents are an unmet need for the management of aggressive cases of Nelson’s syndrome.
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1. Introduction


Nelson’s syndrome is a potentially severe condition that may develop in patients with Cushing’s disease (CD) treated with bilateral adrenalectomy (BLA). Although more than 60 years have passed since the first description of the syndrome by Don Nelson and colleagues [1], definite diagnostic criteria are still lacking. A recent expert consensus recommended that radiological evidence of corticotroph tumour progression or new detection of a radiologically visible pituitary tumour after BLA should be considered as the primary criterion for the definition and diagnosis of NS [given that modern imaging methods (especially MRI) allow earlier detection of tumour growth (even before clinical manifestations become evident)]; hyperpigmentation and progressive increase of plasma ACTH levels after BLA should be considered as non-mandatory secondary criteria for the diagnosis (Table 1) [2]. However, demonstration of corticotroph tumour progression has not been considered a prerequisite for the diagnosis of NS in published series [3,4,5,6,7,8,9,10,11]. Enlargement or identification on imaging of previously non-visible corticotroph tumours may also be detected in patients with CD treated with medical therapy (e.g., adrenal steroidogenesis inhibitors and glucocorticoid receptor antagonist) [12,13,14,15].



The prevalence of NS varies significantly between studies, influenced by the criteria used for its diagnosis, the length of follow-up and possible referral bias of the reporting centres. In a recent systematic review of 36 studies including 1316 CD patients treated with BLA, a mean NS prevalence of 26% at a median follow-up of 7 years was found [16]. Median time from BLA to NS diagnosis was 4 years with the shortest reported interval being 2 months and the longest 39 years; this broad range probably reflects the differences in the criteria used for the definition of NS between studies.



The pathophysiological mechanisms leading to NS have not been as yet elucidated. A suggested hypothesis is that NS represents the natural history of a tumour programmed to behave aggressively from the outset. Others propose that tumour growth is driven by the reduced negative glucocorticoid feedback on the hypothalamus with subsequent increase in corticotropin-releasing hormone (CRH) production [17]. Furthermore, well-established predictive factors for NS development are lacking; high ACTH levels during the first year after bilateral adrenalectomy is the most consistently reported predictive parameter [18].



The long-term outcomes of patients with NS after primary management have been poorly explored. This is due to the limited published series, including small number of patients, their differences in the length of follow-up and the heterogeneity in the criteria defining successful treatment of NS [18]. In addition, in some studies, the interpretation of the results is further complicated by the inclusion in the analyses of tumours already showing progression after their primary management [7,8,19,20,21,22,23,24] and by the lack of information on previous therapies [19,21,22,23,24,25,26,27].



In this review, we will present the available treatment options for patients with NS and their outcomes; we will also discuss the management of the small subset of patients with recurrent/aggressive NS.




2. Pituitary Surgery


Surgical removal of the corticotroph tumour is the first line treatment in patients with NS [2]. The transsphenoidal route is the preferred approach, depending mostly on the localisation of the tumour and its growth direction; notably, small tumour size and no extrasellar extension have been associated with long lasting remission [28,29]. However, studies assessing the outcomes of patients with NS managed primarily by surgery are scarce and of small sample size [30,31,32,33,34,35,36,37]. Furthermore, there is heterogeneity in the criteria of NS remission after treatment, whilst, in most studies, a clear definition is not provided [18].



In the largest to date study of NS patients from 13 UK pituitary centres, the 10-year tumour progression-free survival was 80% for those primarily treated with pituitary surgery [11]. Similar results were reported by Zielinski et al. [28] and Xing et al. [38]. In the former study, 10 patients with NS were treated with pituitary surgery between 2000 and 2005 and 2 of them developed tumour growth during a mean period of 45.3 months, whilst in the latter one, in 23 patients offered surgery between 1980 and 1999, corticotroph tumour progression was found in 17.4% during a mean follow-up of 3.6 years. Favourable outcomes have been also reported by Kelly et al. in 7 patients with NS, managed with pituitary surgery between 1978 and 1993 and followed-up for a median period of 17 years; further tumour growth developed in 14.3% of the cases [8]. However, suboptimal results of pituitary surgery in NS patients were found by Kemink et al. [29]. In this study of 15 patients diagnosed with NS between 1969 and 1998, surgery was offered in 6 cases and tumour growth was developed in half of them during a median follow-up of 2.2 years [29].




3. Radiotherapy


Radiotherapy is an alternative treatment for NS either alone or after pituitary surgery.



3.1. Radiotherapy as Primary Treatment of Nelson’s Syndrome


Pituitary radiotherapy has been used as primary treatment of NS in patients who are not good candidates for surgery, due to tumour location or significant comorbidities. Different radiation techniques have been applied between studies and the outcomes vary. Furthermore, in some studies, the inclusion of cases with already recurrent NS in their analyses makes the interpretation of their results difficult [15,18,22,23].



Conventional fractionated photon-based radiotherapy (CRT) was the method of choice mostly in NS patients diagnosed and managed prior to 2000. However, published data on the efficacy of this approach are extremely limited. In the UK Nelson’s study, the 10-year tumour progression-free survival was 52% for the 22 patients who were offered radiotherapy as primary treatment for their NS (including 19 cases treated with CRT) [11]. It should be mentioned that 4 of these 22 patients had already been previously treated with another course of CRT for their CD (prior to the development of NS), possibly reflecting a more aggressive tumour behaviour. In the study by Espinosa de Los Monteros et al., CRT was offered in 4 patients and resulted in corticotroph tumour shrinkage in 2 and stable size in the remaining 2 patients during a median follow-up of 4.4 years [39]. In a small series by Tran et al., 4 patients were primarily treated with CRT and followed-up for a median period of 3 years; in 50% of them ACTH levels normalised, whilst the other 2 experienced clinical remission (no clear definition for this was provided) [33].



Stereotactic radiosurgery (SRS), including gamma-knife, proton beam and by linear accelerator radiosurgery, has been mainly used in the management of NS during the last 20 years with an increasing frequency. Studies assessing the outcomes of this approach have shown favourable results but their data need to be interpreted with caution given that details on other therapeutic interventions prior to SRS are not provided [9,19,22,23,24,25,27,40,41]. Only 4 studies have evaluated the efficacy of SRS as primary treatment of NS. Graffeo et al. reported corticotroph tumour progression in 16.7% (2/12) of the patients offered SRS [30], whilst Bunevicius et al. reported radiological tumour control in all 5 patients managed by gamma-knife radiosurgery [42]; follow-up duration was not available in both studies. Similar results were found by Vik-Mo et al. and Ganz et al.; none of the NS patients (0/5 and 0/3, respectively) treated with gamma-knife radiosurgery developed tumour growth [20,26]. It should be noted, however, that selection bias and small sample size challenge the significance of these results.




3.2. Radiotherapy as Adjuvant Treatment of Nelson’s Syndrome


Adjuvant radiotherapy after pituitary surgery is mainly used in cases of incomplete tumour excision aiming to control further growth. In the UK Nelson’s study, the 10-year tumour progression-free survival was 81% in the patients primarily treated with surgery and radiotherapy [11]. In the second published study assessing the outcomes of this approach, corticotroph tumour growth developed in 14% (1/7) of the cases followed-up for a median period of 17 years [8]. Notably, this patient had an already recurrent tumour. NS remission, defined by ACTH levels < 200 pg/mL two hours after morning glucocorticoid dose and no radiological evidence of residual tumour, was reported in 57% of the patients (4/7). In the remaining 2 cases, ACTH decreased but not to the remission levels; one patient had stable tumour residuum, whilst in the second, no residuum was evident.





4. Observation


Imaging surveillance is a management option in patients with NS, mostly considered for those with small tumours, not causing mass effects to vital adjacent structures. However, extremely limited studies have assessed the outcomes of this approach.



In the UK Nelson’s study, the 10-year tumour progression-free survival of patients under surveillance was 51%, and in the majority of the cases, active treatment (surgery, radiotherapy, medical therapy or combination of these) was required [11]. High tumour growth rate has been also reported in a series of 8 conservatively managed NS patients; corticotroph tumour progression developed in 87.5% of the cases followed-up for a median period of 2.5 years [29]. In 6 of these cases, subsequent treatment with pituitary surgery or radiotherapy was offered, whereas in the 7th one, massive pituitary haemorrhage occurred 5 years after NS diagnosis.




5. Medical Therapy


Up to date, there is no established medical therapy for the control of ACTH levels and/or the corticotroph tumour in patients with NS. Several types of pharmacotherapy have been proposed but data on their effectiveness are limited and inconclusive (Table 2). However, medical therapy could be an option when other management approaches have failed [43].



5.1. Somatostatin Analogues


Normal and tumoural pituitary corticotropic cells express mainly somatostatin receptor subtype 5 and, to a lesser extent, subtype 2 [44]. The hypothesis that somatostatin could reduce ACTH levels in patients with NS was initially evaluated in 1975 with promising results [45]. Octreotide, a first-generation somatostatin analogue, has also been reported to be effective in decreasing ACTH levels and controlling tumour volume, or even reducing it in some cases [46,47,48,49].



The development of pasireotide, a second-generation somatostatin receptor multi-ligand with a stronger binding affinity to receptor subtype 5 than octreotide, has shifted the focus of research to this agent as a potential medical therapy for NS. Pasireotide has been approved as a medical treatment for CD, especially with mild disease, given its effect on inhibiting ACTH secretion and potentially on leading to tumour size reduction [50]. However, pasireotide has been associated with high rates of hyperglycaemia necessitating strict monitoring of glucose metabolism. Data on the efficacy of this agent in patients with NS are extremely scarce. Pasireotide has reduced ACTH levels in some case reports [51,52,53], and it has induced tumour shrinkage in one of them [53]. In a recent case series, 7 patients with NS were treated with pasireotide for a 28-week administration period; reduction of ACTH was reported in all of them, but with no significant change in the tumour volume [54]. Based on the above published data, robust conclusions on the role of pasireotide in the management of patients with NS cannot be drawn.




5.2. Dopamine Agonists


Dopamine receptors type 2 are expressed in corticotroph pituitary tumours and dopamine agonists, particularly cabergoline, have been suggested as a second-line, off label medical treatment for CD [50]. Bromocriptine has been shown to reduce the ACTH levels in most [55,56,57,58,59], but not all studies [29,60,61] of patients with NS, whilst cabergoline has been associated with NS remission and tumour resolution [62,63], even in cases where bromocriptine was ineffective [64]. The results of these reports are promising but selection bias and small sample size challenge their validity.




5.3. Sodium Valproate


Sodium valproate is an inhibitor of the re-uptake of gamma aminobutyric acid in the hypothalamus leading to decreased CRH release [65]. Due to this action, it has been used as a therapeutic agent for NS aiming to reduce ACTH levels. However, studies assessing the efficacy of long-term administration of sodium valproate in patients with NS have reported inconsistent results; some have shown reduction of ACTH levels [65,66,67,68,69,70], whilst others have not [71,72,73].




5.4. Peroxisome Proliferator-Activated Receptor-γ Agonists


Peroxisome proliferator-activated receptor-γ is expressed in normal pituitary corticotrophs and abundantly in corticotropinomas [74]. Heaney et al. demonstrated that rosiglitazone exhibited in vitro anti-proliferative and pro-apoptotic effects in human and murine ACTH-secreting pituitary tumour cells, it effectively prevented the in vivo development of corticotroph tumours and it suppressed ACTH secretion in murine models [74]. However, these favourable actions of rosiglitazone have not been confirmed in NS patients treated with this agent [11,75,76,77,78].




5.5. Serotonin Antagonists


Serotonin antagonists, particularly cyproheptadine, have been proposed as a possible pharmacological agent for the suppression of ACTH in patients with NS through a potential hypothalamic action and/or a direct effect on ACTH-secreting tumour cells [55]. Despite the beneficial effects of cyproheptadine in some cases [79,80,81,82,83], its efficacy was not consistently reproduced [29,55,56,84] and its use have been abandoned. Similar results were reported for ketanserin, another serotonin antagonist, which was ineffective in the suppression of ACTH levels in patients with NS [85,86].





6. Recurrent and Aggressive Nelson’s Syndrome


Despite primary treatment, in a subset of patients, NS will show further progression. Identification of predictive factors is challenging. In the UK Nelson’s study, complexity of previous treatments for the CD prior to NS diagnosis (possibly reflecting corticotroph adenoma aggressiveness from the outset), predicted tumour behaviour after the NS diagnosis; indeed, the highest risk was found in patients treated with pituitary surgery, radiotherapy and BLA for their CD [11].



The management of these patients is individualized, tailored to previously offered treatments and due to the scarce relevant literature, it is not evidence-based. Studies focusing on the long-term outcomes of patients with recurrent NS are extremely limited. A number of approaches (including surgery, radiotherapy, medical therapy, alone or in combination) have been employed with varying results [8,11,26,27,29,30].



An area raising concern is the reported aggressive course of a small subset of recurrent tumours which continued to show multiple growths, despite various treatment modalities; in these cases, outcomes have been poor and mortality high [8,11,19,23,27,28,29,30,37,87]. Very rarely malignant transformation of the tumour can occur [8,11,27,29,30], with prognostic factors remaining unknown. Temozolomide, an oral alkylating chemotherapeutic agent, has been recommended by the European Society of Endocrinology Clinical Practice Guidelines for the treatment of aggressive pituitary tumours and carcinomas [88]. This agent has been used in cases of aggressive NS and has resulted in biochemical remission and tumour shrinkage in some [89,90] but not all the published cases [11,91].




7. Conclusions


The management of NS represents a challenging clinical scenario. Pituitary surgery followed or not by radiotherapy offers the most optimal tumour control, whilst pituitary irradiation alone needs to be considered in cases requiring intervention and are not amenable to surgery. Observation may be offered to patients with small lesions, not causing mass effects to vital adjacent structures but close follow-up is required for a timely detection of corticotroph tumour progression and for further treatment if needed. No medical therapy has been consistently found to be effective in patients with NS. However, it could be an option when other treatments have failed. Despite treatment, a subset of patients with NS may develop further tumour growth and, in some cases, a truly aggressive tumour behaviour can be demonstrated. The management of these patients is individualized and tailored to previously offered treatments. Temozolomide is an option, although robust evidence on its effectiveness is currently lacking. Development of tumour-targeted therapeutic agents are an unmet need for the management of aggressive cases of NS. Further multi-centre studies are needed to facilitate the development of evidence-based management pathways for this challenging condition.







Author Contributions


A.F. and N.K. contributed equally to conceptualization, writing of original draft preparation, reviewing and editing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nelson, D.H.; Meakin, J.W.; Dealy, J.B., Jr.; Matson, D.D.; Emerson, K., Jr.; Thorn, G.W. ACTH-producing tumor of the pituitary gland. N. Engl. J. Med. 1958, 259, 161–164. [Google Scholar] [CrossRef] [PubMed]

	



Reincke, M.; Albani, A.; Assie, G.; Bancos, I.; Brue, T.; Buchfelder, M.; Chabre, O.; Ceccato, F.; Daniele, A.; Detomas, M.; et al. Corticotroph tumor progression after bilateral adrenalectomy (Nelson’s syndrome): Systematic review and expert consensus recommendations. Eur. J. Endocrinol. 2021, 184, P1–P16. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.-F.; Li, H.-Z.; Yan, W.-G.; Gao, Y.; Li, X.-Q. Role of adrenalectomy in recurrent Cushing’s disease. Chin. Med. J. 2010, 123, 1658–1662. [Google Scholar] [PubMed]

	



Jenkins, P.J.; Trainer, P.J.; Plowman, P.N.; Shand, W.S.; Grossman, A.B.; Wass, J.A.; Besser, G.M. The long-term outcome after adrenalectomy and prophylactic pituitary radiotherapy in adrenocorticotropin-dependent Cushing’s syndrome. J. Clin. Endocrinol. Metab. 1995, 80, 165–171. [Google Scholar] [CrossRef]

	



Littley, M.D.; Shalet, S.M.; Beardwell, C.G.; Ahmed, S.R.; Sutton, M.L. Long-term follow-up of low-dose external pituitary irradiation for Cushing’s disease. Clin. Endocrinol. 1990, 33, 445–455. [Google Scholar] [CrossRef] [PubMed]

	



Smith, P.W.; Turza, K.C.; Carter, C.O.; Vance, M.L.; Laws, E.R.; Hanks, J.B. Bilateral adrenalectomy for refractory Cushing disease: A safe and definitive therapy. J. Am. Coll. Surg. 2009, 208, 1059–1064. [Google Scholar] [CrossRef] [PubMed]

	



De Tommasi, C.; Vance, M.L.; Okonkwo, D.O.; Diallo, A.; Laws, E.R., Jr. Surgical management of adrenocorticotropic hormone-secreting macroadenomas: Outcome and challenges in patients with Cushing’s disease or Nelson’s syndrome. J. Neurosurg. 2005, 103, 825–830. [Google Scholar] [CrossRef]

	



Kelly, P.A.; Samandouras, G.; Grossman, A.B.; Afshar, F.; Besser, G.M.; Jenkins, P.J. Neurosurgical treatment of Nelson’s syndrome. J. Clin. Endocrinol. Metab. 2002, 87, 5465–5469. [Google Scholar] [CrossRef]

	



Howlett, T.A.; Plowman, P.N.; Wass, J.A.; Rees, L.H.; Jones, A.E.; Besser, G.M. Megavoltage pituitary irradiation in the management of Cushing’s disease and Nelson’s syndrome: Long-term follow-up. Clin. Endocrinol. 1989, 31, 309–323. [Google Scholar] [CrossRef]

	



Lawrence, J.H.; Linfoot, J.A. Treatment of acromegaly, Cushing disease and Nelson syndrome. West. J. Med. 1980, 133, 197–202. [Google Scholar]

	



Fountas, A.; Lim, E.S.; Drake, W.M.; Powlson, A.S.; Gurnell, M.; Martin, N.M.; Seejore, K.; Murray, R.D.; MacFarlane, J.; Ahluwalia, R.; et al. Outcomes of patients with Nelson’s syndrome after primary treatment: A multicenter study from 13 UK Pituitary centers. J. Clin. Endocrinol. Metab. 2020, 105, 1527–1537. [Google Scholar] [CrossRef] [PubMed]

	



Fleseriu, M.; Findling, J.W.; Koch, C.A.; Schlaffer, S.M.; Buchfelder, M.; Gross, C. Changes in plasma ACTH levels and corticotroph tumor size in patients with Cushing’s disease during long-term treatment with the glucocorticoid receptor antagonist mifepristone. J. Clin. Endocrinol. Metab. 2014, 99, 3718–3727. [Google Scholar] [CrossRef] [PubMed]

	



Baudry, C.; Coste, J.; Bou Khalil, R.; Silvera, S.; Guignat, L.; Guibourdenche, J.; Abbas, H.; Legmann, P.; Bertagna, X.; Bertherat, J. Efficiency and tolerance of mitotane in Cushing’s disease in 76 patients from a single center. Eur. J. Endocrinol. 2012, 167, 473–481. [Google Scholar] [CrossRef] [PubMed]

	



Castinetti, F.; Morange, I.; Jaquet, P.; Conte-Devolx, B.; Brue, T. Ketoconazole revisited: A preoperative or postoperative treatment in Cushing’s disease. Eur. J. Endocrinol. 2008, 158, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Fontaine-Sylvestre, C.; Létourneau-Guillon, L.; Moumdjian, R.A.; Berthelet, F.; Lacroix, A. Corticotroph tumor progression during long-term therapy with osilodrostat in a patient with persistent Cushing’s disease. Pituitary 2021, 24, 207–215. [Google Scholar] [CrossRef]

	



Papakokkinou, E.; Piasecka, M.; Carlsen, H.K.; Chantzichristos, D.; Olsson, D.S.; Dahlqvist, P.; Petersson, M.; Berinder, K.; Bensing, S.; Höybye, C.; et al. Prevalence of Nelson’s syndrome after bilateral adrenalectomy in patients with cushing’s disease: A systematic review and meta-analysis. Pituitary 2021, 24, 797–809. [Google Scholar] [CrossRef]

	



Barber, T.M.; Adams, E.; Wass, J.A. Nelson syndrome: Definition and management. Handb. Clin. Neurol. 2014, 124, 327–337. [Google Scholar] [CrossRef]

	



Fountas, A.; Karavitaki, N. Nelson’s Syndrome: An Update. Endocrinol. Metab. Clin. N. Am. 2020, 49, 413–432. [Google Scholar] [CrossRef]

	



Caruso, J.P.; Patibandla, M.R.; Xu, Z.; Vance, M.L.; Sheehan, J.P. A Long-Term Study of the Treatment of Nelson’s Syndrome with Gamma Knife Radiosurgery. Neurosurgery 2018, 83, 430–436. [Google Scholar] [CrossRef]

	



Ganz, J.C.; Backlund, E.O.; Thorsen, F.A. The effects of Gamma Knife surgery of pituitary adenomas on tumor growth and endocrinopathies. Stereotact. Funct. Neurosurg. 1993, 61 (Suppl. 1), 30–37. [Google Scholar] [CrossRef]

	



Levy, R.P.; Fabrikant, J.I.; Frankel, K.A.; Phillips, M.H.; Lyman, J.T.; Lawrence, J.H.; Tobias, C.A. Heavy-charged-particle radiosurgery of the pituitary gland: Clinical results of 840 patients. Stereotact. Funct. Neurosurg. 1991, 57, 22–35. [Google Scholar] [CrossRef] [PubMed]

	



Marek, J.; Jezkova, J.; Hana, V.; Krsek, M.; Liscak, R.; Vladyka, V.; Pecen, L. Gamma knife radiosurgery for Cushing’s disease and Nelson’s syndrome. Pituitary 2015, 18, 376–384. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, P.J.; Williams, J.R.; Smee, R.I. Nelson’s syndrome: Single centre experience using the linear accelerator (LINAC) for stereotactic radiosurgery and fractionated stereotactic radiotherapy. J. Clin. Neurosci. 2014, 21, 1520–1524. [Google Scholar] [CrossRef] [PubMed]

	



Cordeiro, D.; Xu, Z.; Li, C.E.; Iorio-Morin, C.; Mathieu, D.; Sisterson, N.D.; Kano, H.; Attuati, L.; Picozzi, P.; Sheehan, K.A.; et al. Gamma Knife radiosurgery for the treatment of Nelson’s syndrome: A multicenter, international study. J. Neurosurg. 2019, 133, 336–341. [Google Scholar] [CrossRef] [PubMed]

	



Wattson, D.A.; Tanguturi, S.K.; Spiegel, D.Y.; Niemierko, A.; Biller, B.M.; Nachtigall, L.B.; Bussiere, M.R.; Swearingen, B.; Chapman, P.H.; Loeffler, J.S.; et al. Outcomes of proton therapy for patients with functional pituitary adenomas. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, 532–539. [Google Scholar] [CrossRef] [PubMed]

	



Vik-Mo, E.O.; Oksnes, M.; Pedersen, P.H.; Wentzel-Larsen, T.; Rodahl, E.; Thorsen, F.; Schreiner, T.; Aanderud, S.; Lund-Johansen, M. Gamma knife stereotactic radiosurgery of Nelson syndrome. Eur. J. Endocrinol. 2009, 160, 143–148. [Google Scholar] [CrossRef]

	



Pollock, B.E.; Young, W.F., Jr. Stereotactic radiosurgery for patients with ACTH-producing pituitary adenomas after prior adrenalectomy. Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 839–841. [Google Scholar] [CrossRef]

	



Zielinski, G.; Witek, P.; Maksymowicz, M. Outcomes in pituitary surgery in Nelson’s syndrome—Therapeutic pitfalls. Endokrynol. Pol. 2015, 66, 504–513. [Google Scholar] [CrossRef]

	



Kemink, S.A.; Grotenhuis, J.A.; De Vries, J.; Pieters, G.F.; Hermus, A.R.; Smals, A.G. Management of Nelson’s syndrome: Observations in fifteen patients. Clin. Endocrinol. 2001, 54, 45–52. [Google Scholar] [CrossRef]

	



Graffeo, C.S.; Perry, A.; Carlstrom, L.P.; Meyer, F.B.; Atkinson, J.L.D.; Erickson, D.; Nippoldt, T.B.; Young, W.F.; Pollock, B.E.; Van Gompel, J.J. Characterizing and predicting the Nelson-Salassa syndrome. J. Neurosurg. 2017, 127, 1277–1287. [Google Scholar] [CrossRef]

	



Gil-Cardenas, A.; Herrera, M.F.; Diaz-Polanco, A.; Rios, J.M.; Pantoja, J.P. Nelson’s syndrome after bilateral adrenalectomy for Cushing’s disease. Surgery 2007, 141, 147–151; discussion 151–152. [Google Scholar] [CrossRef] [PubMed]

	



Assie, G.; Bahurel, H.; Coste, J.; Silvera, S.; Kujas, M.; Dugue, M.A.; Karray, F.; Dousset, B.; Bertherat, J.; Legmann, P.; et al. Corticotroph tumor progression after adrenalectomy in Cushing’s Disease: A reappraisal of Nelson’s Syndrome. J. Clin. Endocrinol. Metab. 2007, 92, 172–179. [Google Scholar] [CrossRef]

	



Tran, L.M.; Blount, L.; Horton, D.; Sadeghi, A.; Parker, R.G. Radiation therapy of pituitary tumors: Results in 95 cases. Am. J. Clin. Oncol. 1991, 14, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Burke, C.W.; Adams, C.B.; Esiri, M.M.; Morris, C.; Bevan, J.S. Transsphenoidal surgery for Cushing’s disease: Does what is removed determine the endocrine outcome? Clin. Endocrinol. 1990, 33, 525–537. [Google Scholar] [CrossRef] [PubMed]

	



Urbanic, R.C.; George, J.M. Cushing’s disease—18 years’ experience. Medicine 1981, 60, 14–24. [Google Scholar] [CrossRef]

	



Jordan, R.M.; Cook, D.M.; Kendall, J.W.; Kerber, C.W. Nelson’s syndrome and spontaneous pituitary tumor infarction. Arch. Intern. Med. 1979, 139, 340–342. [Google Scholar] [CrossRef]

	



Cohen, A.C.; Goldney, D.C.; Danilowicz, K.; Manavela, M.; Rossi, M.A.; Gomez, R.M.; Cross, G.E.; Bruno, O.D. Long-term outcome after bilateral adrenalectomy in Cushing’s disease with focus on Nelson’s syndrome. Arch. Endocrinol. Metab. 2019, 63, 470–477. [Google Scholar] [CrossRef]

	



Xing, B.; Ren, Z.; Su, C.; Wang, R.; Yang, Y.; Hu, Y. Microsurgical treatment of Nelson’s syndrome. Chin. Med. J. 2002, 115, 1150–1152. [Google Scholar]

	



Espinosa-de-Los-Monteros, A.L.; Sosa-Eroza, E.; Espinosa, E.; Mendoza, V.; Arreola, R.; Mercado, M. Long-Term Outcome of the Different Treatment Alternatives for Recurrent and Persistent Cushing Disease. Endocr. Pract. 2017, 23, 759–767. [Google Scholar] [CrossRef]

	



Losa, M.; Detomas, M.; Bailo, M.; Barzaghi, L.R.; Albano, L.; Piloni, M.; Pagnano, A.; Pedone, E.; Mortini, P. Gamma knife radiosurgery in patients with Nelson’s syndrome. J. Endocrinol. Investig. 2021, 44, 2243–2251. [Google Scholar] [CrossRef]

	



Voges, J.; Kocher, M.; Runge, M.; Poggenborg, J.; Lehrke, R.; Lenartz, D.; Maarouf, M.; Gouni-Berthold, I.; Krone, W.; Muller, R.P.; et al. Linear accelerator radiosurgery for pituitary macroadenomas: A 7-year follow-up study. Cancer 2006, 107, 1355–1364. [Google Scholar] [CrossRef] [PubMed]

	



Bunevicius, A.; Lavezzo, K.; Smith, P.W.; Vance, M.L.; Sheehan, J. Stereotactic radiosurgery before bilateral adrenalectomy is associated with lowered risk of Nelson’s syndrome in refractory Cushing’s disease patients. Acta Neurochir. 2021, 163, 1949–1956. [Google Scholar] [CrossRef] [PubMed]

	



Banasiak, M.J.; Malek, A.R. Nelson syndrome: Comprehensive review of pathophysiology, diagnosis, and management. Neurosurg. Focus 2007, 23, E13. [Google Scholar] [CrossRef]

	



Hofland, L.J.; Lamberts, S.W.; Feelders, R.A. Role of somatostatin receptors in normal and tumoral pituitary corticotropic cells. Neuroendocrinology 2010, 92 (Suppl. 1), 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Tyrrell, J.B.; Lorenzi, M.; Gerich, J.E.; Forsham, P.H. Inhibition by somatostatin of ACTH secretion in Nelson’s syndrome. J. Clin. Endocrinol. Metab. 1975, 40, 1125–1127. [Google Scholar] [CrossRef] [PubMed]

	



Arregger, A.L.; Cardoso, E.M.; Sandoval, O.B.; Tumilasci, E.G.M.; Sanchez, R.; Contreras, L.N. Hormonal secretion and quality of life in Nelson syndrome and Cushing disease after long acting repeatable octreotide: A short series and update. Am. J. Ther. 2014, 21, e110–e116. [Google Scholar] [CrossRef]

	



Kelestimur, F.; Utas, C.; Ozbakir, O.; Selçuklu, A.; Kandemir, O.; Ozcan, N. The effects of octreotide in a patient with Nelson’s syndrome. Postgrad. Med. J. 1996, 72, 53–54. [Google Scholar] [CrossRef]

	



Petrini, L.; Gasperi, M.; Pilosu, R.; Marcello, A.; Martino, E. Long-term treatment of Nelson’s syndrome by octreotide: A case report. J. Endocrinol. Investig. 1994, 17, 135–139. [Google Scholar] [CrossRef]

	



Lamberts, S.W.; Uitterlinden, P.; Klijn, J.M. The effect of the long-acting somatostatin analogue SMS 201–995 on ACTH secretion in Nelson’s syndrome and Cushing’s disease. Acta Endocrinol. 1989, 120, 760–766. [Google Scholar] [CrossRef]

	



Pivonello, R.; Ferrigno, R.; De Martino, M.C.; Simeoli, C.; Di Paola, N.; Pivonello, C.; Barba, L.; Negri, M.; De Angelis, C.; Colao, A. Medical Treatment of Cushing’s Disease: An Overview of the Current and Recent Clinical Trials. Front. Endocrinol. 2020, 11, 648. [Google Scholar] [CrossRef]

	



Fill, S.M.; Popp, K.H.; Stalla, G.K.; Athanasoulia-Kaspar, A.P. Exceptional Response of Nelson’s Syndrome to Pasireotide LAR in the Long-Term Follow-up of 9 Years. Exp. Clin. Endocrinol. Diabetes 2021, 129, 776–778. [Google Scholar] [CrossRef] [PubMed]

	



He, X.; Spencer-Segal, J.L. Rapid response of Nelson’s syndrome to pasireotide in radiotherapy-naive patient. Clin. Diabetes Endocrinol. 2020, 6, 22. [Google Scholar] [CrossRef] [PubMed]

	



Katznelson, L. Sustained improvements in plasma ACTH and clinical status in a patient with Nelson’s syndrome treated with pasireotide LAR, a multireceptor somatostatin analog. J. Clin. Endocrinol. Metab. 2013, 98, 1803–1807. [Google Scholar] [CrossRef]

	



Daniel, E.; Debono, M.; Caunt, S.; Girio-Fragkoulakis, C.; Walters, S.J.; Akker, S.A.; Grossman, A.B.; Trainer, P.J.; Newell-Price, J. A prospective longitudinal study of Pasireotide in Nelson’s syndrome. Pituitary 2018, 21, 247–255. [Google Scholar] [CrossRef]

	



Mercado-Asis, L.B.; Yanovski, J.A.; Tracer, H.L.; Chik, C.L.; Cutler, G.B., Jr. Acute effects of bromocriptine, cyproheptadine, and valproic acid on plasma adrenocorticotropin secretion in Nelson’s syndrome. J. Clin. Endocrinol. Metab. 1997, 82, 514–517. [Google Scholar] [CrossRef]

	



Whitehead, H.M.; Beacom, R.; Sheridan, B.; Atkinson, A.B. The effect of cyproheptadine and/or bromocriptine on plasma ACTH levels in patients cured of Cushing’s disease by bilateral adrenalectomy. Clin. Endocrinol. 1990, 32, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Hirata, Y.; Nakashima, H.; Uchihashi, M.; Tomita, M.; Fujita, T.; Ikeda, M. Effects of bromocriptine and cyproheptadine on basal and corticotropin-releasing factor (CRF)-induced ACTH release in a patient with Nelson’s syndrome. Endocrinol. Jpn. 1984, 31, 619–626. [Google Scholar] [CrossRef]

	



Lamberts, S.W.; Klijn, J.G.; de Quijada, M.; Timmermans, H.A.; Uitterlinden, P.; de Jong, F.H.; Birkenhager, J.C. The mechanism of the suppressive action of bromocriptine on adrenocorticotropin secretion in patients with Cushing’s disease and Nelson’s syndrome. J. Clin. Endocrinol. Metab. 1980, 51, 307–311. [Google Scholar] [CrossRef]

	



Lamberts, S.W.; Birkenhager, J.C. Bromocriptine in Nelson’s syndrome and Cushing’s disease. Lancet 1976, 2, 811. [Google Scholar] [CrossRef]

	



O’Mullane, N.; Walker, B.; Jefferson, J.; Hipkin, L.; Diver, M.; Davis, C. Lack of effect of bromocriptine on ACTH levels in patients with bilateral adrenalectomy for pituitary-dependent Cushing’s syndrome. J. Endocrinol. Investig. 1978, 1, 355–357. [Google Scholar] [CrossRef]

	



McGregor, A.M.; Scanlon, M.F.; Hall, R.; Hall, K. Effects of bromocriptine on pituitary tumour size. Br. Med. J. 1979, 2, 700–703. [Google Scholar] [CrossRef] [PubMed]

	



Casulari, L.A.; Naves, L.A.; Mello, P.A.; Pereira Neto, A.; Papadia, C. Nelson’s syndrome: Complete remission with cabergoline but not with bromocriptine or cyproheptadine treatment. Horm. Res. 2004, 62, 300–305. [Google Scholar] [CrossRef] [PubMed]

	



Pivonello, R.; Faggiano, A.; Di Salle, F.; Filippella, M.; Lombardi, G.; Colao, A. Complete remission of Nelson’s syndrome after 1-year treatment with cabergoline. J. Endocrinol. Investig. 1999, 22, 860–865. [Google Scholar] [CrossRef] [PubMed]

	



Shraga-Slutzky, I.; Shimon, I.; Weinshtein, R. Clinical and biochemical stabilization of Nelson’s syndrome with long-term low-dose cabergoline treatment. Pituitary 2006, 9, 151–154. [Google Scholar] [CrossRef]

	



Jones, M.T.; Gillham, B.; Beckford, U.; Dornhorst, A.; Abraham, R.R.; Seed, M.; Wynn, V. Effect of treatment with sodium valproate and diazepam on plasma corticotropin in Nelson’s syndrome. Lancet 1981, 1, 1179–1181. [Google Scholar] [CrossRef]

	



Elias, A.N.; Gwinup, G.; Valenta, L.J. Effects of valproic acid, naloxone and hydrocortisone in Nelson’s syndrome and cushing’s disease. Clin. Endocrinol. 1981, 15, 151–154. [Google Scholar] [CrossRef]

	



Dornhorst, A.; Jenkins, J.S.; Lamberts, S.W.; Abraham, R.R.; Wynn, V.; Beckford, U.; Gillham, B.; Jones, M.T. The evaluation of sodium valproate in the treatment of Nelson’s syndrome. J. Clin. Endocrinol. Metab. 1983, 56, 985–991. [Google Scholar] [CrossRef]

	



Gomi, M.; Iida, S.; Itoh, Y.; Moriwaki, K.; Kanayama, S.; Namba, M.; Tarui, S. Unaltered stimulation of pituitary adrenocorticotrophin secretion by corticotrophin-releasing factor following sodium valproate administration in a patient with Nelson’s syndrome. Clin. Endocrinol. 1985, 23, 123–127. [Google Scholar] [CrossRef]

	



Kasperlik-Zaluska, A.A.; Zgliczynski, W.; Jeske, W.; Zdunowski, P. ACTH responses to somatostatin, valproic acid and dexamethasone in Nelson’s syndrome. Neuroendocrinol. Lett. 2005, 26, 709–712. [Google Scholar]

	



Loli, P.; Berselli, M.E.; Vignati, F.; De Grandi, C.; Tagliaferri, M. Size reduction of an ACTH-secreting pituitary macroadenoma in Nelson’s syndrome by sodium valproate: Effect of withdrawal and re-institution of treatment. Acta Endocrinol. 1988, 119, 435–442. [Google Scholar] [CrossRef]

	



Loli, P.; Berselli, M.E.; Frascatani, F.; Muratori, F.; Tagliaferri, M. Lack of ACTH lowering effect of sodium valproate in patients with ACTH hypersecretion. J. Endocrinol. Investig. 1984, 7, 93–96. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, W.; Adams, J.E.; Laing, I.; Longson, D.; Davies, D. Long-term treatment of Nelson’s syndrome with sodium valproate. Clin. Endocrinol. 1988, 28, 195–204. [Google Scholar] [CrossRef] [PubMed]

	



Reincke, M.; Allolio, B.; Kaulen, D.; Jaursch-Hancke, C.; Winkelmann, W. The effect of sodium valproate in Cushing’s disease, Nelson’s syndrome and Addison’s disease. Klin. Wochenschr. 1988, 66, 686–689. [Google Scholar] [CrossRef]

	



Heaney, A.P.; Fernando, M.; Yong, W.H.; Melmed, S. Functional PPAR-gamma receptor is a novel therapeutic target for ACTH-secreting pituitary adenomas. Nat. Med. 2002, 8, 1281–1287. [Google Scholar] [CrossRef] [PubMed]

	



Kreutzer, J.; Jeske, I.; Hofmann, B.; Blumcke, I.; Fahlbusch, R.; Buchfelder, M.; Buslei, R. No effect of the PPAR-gamma agonist rosiglitazone on ACTH or cortisol secretion in Nelson’s syndrome and Cushing’s disease in vitro and in vivo. Clin. Neuropathol. 2009, 28, 430–439. [Google Scholar] [CrossRef]

	



Munir, A.; Song, F.; Ince, P.; Walters, S.J.; Ross, R.; Newell-Price, J. Ineffectiveness of rosiglitazone therapy in Nelson’s syndrome. J. Clin. Endocrinol. Metab. 2007, 92, 1758–1763. [Google Scholar] [CrossRef]

	



Mullan, K.R.; Leslie, H.; McCance, D.R.; Sheridan, B.; Atkinson, A.B. The PPAR-gamma activator rosiglitazone fails to lower plasma ACTH levels in patients with Nelson’s syndrome. Clin. Endocrinol. 2006, 64, 519–522. [Google Scholar] [CrossRef]

	



Andreassen, M.; Kristensen, L.O. Rosiglitazone for prevention or adjuvant treatment of Nelson’s syndrome after bilateral adrenalectomy. Eur. J. Endocrinol. 2005, 153, 503–505. [Google Scholar] [CrossRef]

	



Jialal, I.; Pillay, N.L. Cyproheptadine therapy in Cushing’s disease and Nelson’s syndrome. S. Afr. Med. J. 1980, 57, 305. [Google Scholar]

	



Aronin, N.; Krieger, D.T. Sustained remission of Nelson’s syndrome after stopping cyproheptadine treatment. N. Engl. J. Med. 1980, 302, 453–455. [Google Scholar] [CrossRef]

	



Krieger, D.T.; Condon, E.M. Cyproheptadine treatment of Nelson’s syndrome: Restoration of plasma ACTH circadian periodicity and reversal of response to TRF. J. Clin. Endocrinol. Metab. 1978, 46, 349–352. [Google Scholar] [CrossRef] [PubMed]

	



Krieger, D.T.; Luria, M. Effectiveness of cyproheptadine in decreasing plasma ACTH concentrations in Nelson’s syndrome. J. Clin. Endocrinol. Metab. 1976, 43, 1179–1182. [Google Scholar] [CrossRef] [PubMed]

	



Krieger, D.T.; Samojlik, E.; Bardin, C.W. Cortisol and androgen secretion in a case of Nelson’s syndrome with paratesticular tumors: Response to cyproheptadine therapy. J. Clin. Endocrinol. Metab. 1978, 47, 837–844. [Google Scholar] [CrossRef]

	



Cassar, J.; Mashiter, K.; Joplin, G.F.; Rees, L.H.; Gilkes, J.J. Cyproheptadine in Nelson’s syndrome. Lancet 1976, 2, 426. [Google Scholar] [CrossRef]

	



Sonino, N.; Fava, G.A.; Fallo, F.; Franceschetto, A.; Belluardo, P.; Boscaro, M. Effect of the serotonin antagonists ritanserin and ketanserin in Cushing’s disease. Pituitary 2000, 3, 55–59. [Google Scholar] [CrossRef]

	



Prescott, R.W.; Ratcliffe, W.A.; Taylor, P.K. Effect of an oral serotonin antagonist, ketanserin, on plasma ACTH concentrations in Nelson’s syndrome. Br. Med. J. (Clin. Res. Ed.) 1984, 289, 787–788. [Google Scholar] [CrossRef]

	



Kasperlik-Zaluska, A.A.; Bonicki, W.; Jeske, W.; Janik, J.; Zgliczynski, W.; Czernicki, Z. Nelson’s syndrome—46 years later: Clinical experience with 37 patients. Zentralbl. Neurochir. 2006, 67, 14–20. [Google Scholar] [CrossRef]

	



Raverot, G.; Burman, P.; McCormack, A.; Heaney, A.; Petersenn, S.; Popovic, V.; Trouillas, J.; Dekkers, O.M. European Society of Endocrinology Clinical Practice Guidelines for the management of aggressive pituitary tumours and carcinomas. Eur. J. Endocrinol. 2018, 178, G1–G24. [Google Scholar] [CrossRef]

	



Kurowska, M.; Nowakowski, A.; Zielinski, G.; Malicka, J.; Tarach, J.S.; Maksymowicz, M.; Denew, P. Temozolomide-Induced Shrinkage of Invasive Pituitary Adenoma in Patient with Nelson’s Syndrome: A Case Report and Review of the Literature. Case Rep. Endocrinol. 2015, 2015, 623092. [Google Scholar] [CrossRef]

	



Moyes, V.J.; Alusi, G.; Sabin, H.I.; Evanson, J.; Berney, D.M.; Kovacs, K.; Monson, J.P.; Plowman, P.N.; Drake, W.M. Treatment of Nelson’s syndrome with temozolomide. Eur. J. Endocrinol. 2009, 160, 115–119. [Google Scholar] [CrossRef]

	



Bruno, O.D.; Juarez-Allen, L.; Christiansen, S.B.; Manavela, M.; Danilowicz, K.; Vigovich, C.; Gomez, R.M. Temozolomide Therapy for Aggressive Pituitary Tumors: Results in a Small Series of Patients from Argentina. Int. J. Endocrinol. 2015, 2015, 587893. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Diagnostic criteria of Nelson’s syndrome [2].
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	Primary criterion



	Radiological evidence of corticotroph tumour progression or new detection on imaging of visible pituitary tumour after bilateral adrenalectomy



	Secondary criteria (non-mandatory)



	Progressive increase of plasma ACTH levels after bilateral adrenalectomy

Hyperpigmentation after bilateral adrenalectomy
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Table 2. Types, mechanism of action and reported efficacy of medical therapy in the management of Nelson’s syndrome.
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	Agents
	Mechanism of Action
	Efficacy





	Somatostatin analogues (octreotide, pasireotide)
	Activation of somatostatin receptor subtype 5 (pasireotide) and subtype 2 (octreotide and pasireotide) leading to suppression of ACTH secretion and potential tumour volume control
	Octreotide: case reports demonstrating efficacy in decreasing ACTH levels and controlling/reducing tumour volume

Pasireotide: decrease of ACTH levels (case reports—case series)



	Dopamine agonists (bromocriptine, cabergoline)
	Inhibition of ACTH secretion and tumour volume control by activation of dopamine receptors type 2 in corticotropinoma cells
	Bromocriptine: inconsistent results in published studies

Cabergoline: decrease of ACTH levels and control/reduction of tumour volume (case reports)



	Sodium valproate
	Decrease of CRH release by inhibition of gamma aminobutyric acid re-uptake in hypothalamus
	Inconsistent results on its efficacy



	Peroxisome proliferator-activated receptor-γ agonists (rosiglitazone)
	Anti-proliferative and pro-apoptotic effects in human and murine tumoural pituitary ACTH-secreting cells in vitro

Prevention of corticotroph tumour development and suppression of ACTH secretion in murine models in vivo
	Not effective



	Serotonin antagonists (cyproheptadine, ketanserin)
	Suppression of ACTH secretion through a possible hypothalamic action and/or a direct effect on ACTH-secreting pituitary tumour cells
	Cyproheptadine: not effective in most studies—its use has been abandoned

Ketanserin: not effective
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