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ABSTRACT

Radiation treatment is used for patients with secreting and non-secreting pituitary adenomas, with residual pituitary adenomas, or recurrent pituitary adenomas with the aim to achieve long term disease control. Radiotherapy is an integral component of the management of other tumors in the sellar region (craniopharyngiomas) and for certain types of cancers and lymphomas. Pituitary hormone deficiencies are the commonest late complication of radiotherapy, which usually occur after several years. The development of hormone deficiencies with time varies in the published literature. Predictors for the development of hypopituitarism are the dose of radiation and the age at time of treatment. Different pituitary axes appear to have different radiosensitivity with the somatotrophic axis being the most sensitive. Long-term endocrine evaluations are recommended in patients after cranial radiotherapy to identify new pituitary hormone deficiencies and introduce appropriate hormone replacement therapy. Clinical evaluation, baseline pituitary hormone assessment, and dynamic testing for growth hormone and adrenocorticotropic hormone (ACTH) deficiency should begin one year after cranial radiotherapy. Compared with conventional radiotherapy, advanced radiation technologies (stereotactic radiosurgery, cyber knife, fractionated stereotactic radiotherapy, proton beam therapy) are presumed to have the ability to deliver radiation to the tumor with remarkable precision minimizing its effects on healthy tissues. Results from larger series with longer length of follow-up are needed to help clinicians identify who will benefit most from advanced radiation techniques. 
INTRODUCTION

In the past few decades, the survival of patients with brain tumors, including malignant tumors has improved greatly. However, these patients tend to develop acute and late complications of tumor treatment, which includes cranial irradiation. 
The rationale for radiotherapy is to achieve excellent long-term tumor control after partial surgical excision and published 10-year tumor control rates are reported to be high. The following diseases are treated with radiotherapy: pituitary adenomas or other sellar tumors not derived from pituitary tissue (craniopharyngioma, meningioma, germinoma), brain cancers, head and neck tumors, and acute lymphoblastic leukemia (ALL) (Table 1)
	Table 1. Diseases Treated with Cranial Irradiation

	PITUITARY

	· Acromegaly, Cushing disease, prolactinoma, nonfunctioning pituitary adenoma

	OTHER SELLAR TUMORS

	· Craniopharyngioma, meningioma, germinoma

	NONPITUITARY BRAIN TUMORS

	· Meningioma, metastases, neuroblastoma, lymphoma

	HEAD AND NECK TUMORS

	· Nasopharyngeal carcinoma, rhabdomyosarcoma, retinoblastoma, skull-based tumors

	HEMATOLOGICAL MALIGNANCIES

	· Acute lymphoblastic leukemia, lymphoma

	OTHER DISEASES REQUIRING HEMATOPOIETIC STEM-CELL TRANSPLANTATION (after conditioning with total body irradiation)     



Following radiotherapy, the side effects of radiotherapy may be acute toxicity (within weeks of completion of therapy) and late toxicity which occur years after treatment. The risk of toxicity depends on the total radiation dose. Doses are divided into fractions and the duration of cranial radiotherapy varies from one or a few days in short courses to several weeks of daily radiations in long courses. Higher doses (up to 60Gy) are used for pituitary tumors, non-pituitary brain tumors, head and neck tumors (nasopharyngeal cancer, rhabdomyosarcoma) and skull-base tumors, while lower doses are used in patients with ALL and total body irradiation before bone marrow transplantation (1-14).
Conventional radiotherapy has been used for the longest period of time. Conventional radiotherapy is administered by a linear accelerator, with a total dose of 40-45Gy, in at least 20 sessions. A single beam of high-energy radiation is focused onto a small treatment area, but the radiation also includes healthy surrounding tissue. Technical advances in radiotherapy refer to high precision treatment (stereotactic) and they include radiosurgery (gamma knife), robotic arm mounted linear accelerator (cyber knife), and proton beam therapy (Table 2) (15). Initial data suggest that the radiation-associated endocrine dysfunctions may be reduced with these new radiation techniques. However, further clinical studies are needed to better define the consequences of these new radiation methods. 

	Table 2. Radiation Techniques

	Type
	Characteristics 
	Number of sessions

	CONVENTIONAL
	The fractionation allows normal tissue to recover, while tumorous tissue is destroyed

+ extra tumoral side effects
	several

	STEREOTACTIC
	Higher accuracy, fewer side effects
	

	
	· Gamma Knife radiosurgery
	single

	
	· Fractionated stereotactic radiotherapy
	several

	
	· Cyber Knife
	Single or 3-5 fractions (hypofractionated SRS)

	PROTON BEAM
	Lack of diffusion of the radiation + lack of extra tumoral side effects
	


SRS: stereotactic radiosurgery
ACUTE AND CHRONIC COMPLICATIONS OF CRANIAL RADIOTHERAPY

Acute toxic effects of radiation include skin erythema, hair loss, tiredness, nausea, headache, and hearing problems. These short-term complications resolve spontaneously within days to weeks after radiotherapy. Long-term complications of pituitary irradiation include hypothalamic-pituitary dysfunction (hypopituitarism, hyperprolactinemia, central precocious puberty), optic neuropathy, cranial neuropathies (II, III, IV, V and VI cranial nerve injury), brain radio-necrosis (neurocognitive dysfunction, focal neurologic signs, seizures), carotid artery stenosis, cerebrovascular accidents, and second brain tumors (most commonly meningioma and glioma) (Table 3) (16-24). The risk of hypopituitarism varies, depending on the radiation technique, the radiation dose, and increases with the duration of follow-up. After conventional radiotherapy in patients with a pituitary adenoma, the incidence of hypopituitarism occurs in 30-60% of patients 5-10 years after irradiation. The risk for other radiation-induced chronic complications is usually low (< 5% for new visual deficits, cranial neuropathies, or brain radio-necrosis, and < 1% for secondary brain tumors) (25). 
	Table 3. Complications of Cranial Radiotherapy

	ACUTE
	CHRONIC

	Skin erythema
	Hypothalamic-pituitary dysfunction 
· GH deficiency
· FSH/LH deficiency
· TSH deficiency
· ACTH deficiency
· Hyperprolactinemia
· Central precocious puberty

	Hair loss
	Neuropathy

· Optic

· Cranial (II, III, IV, V, VI)

	Headache
	Brain radionecrosis


Neurocognitive dysfunction

Focal neurological signs

· Seizures

	Hearing impairment
	Carotid artery stenosis

	Nausea
	Cerebrovascular insult (stroke)

	Tiredness
	Second brain tumor


INCIDENCE OF RADIATION-INDUCED NEUROENDOCRINE DYSFUNCTION
A number of studies reported very different incidences of radiation-induced hypopituitarism, central precocious puberty, or hyperprolactinemia, depending on indications for radiotherapy, radiation technique, radiation dose, and duration of follow-up.

Pituitary Adenomas

The incidence rate of new onset hypopituitarism after conventional radiotherapy in patients with recurrent or residual functioning or nonfunctioning pituitary adenoma reaches 30-100% after follow-up of 10 years (26-29). According to the data from one of the largest cohorts of 4110 patients with adult-onset growth hormone (GH) deficiency (Pfizer International Metabolic Database, KIMS), 36% of patients with isolated GH deficiency and 37% of patients with multiple pituitary hormone deficiencies had a history of cranial radiotherapy (30).
New data indicate that modern radiation techniques, such as stereotactic radiosurgery or fractionated radiotherapy, can achieve long-term control with lower incidence of radiation-induced hypopituitarism (10-40% of patients at 5 years) compared with conventional radiation techniques (31, 32). 

Skull Base Meningioma

Little information is available regarding the prevalence of hypopituitarism in patients irradiated for skull base meningioma. A recently published study reported that complete hypopituitarism was present in 13% of patients irradiated for skull base meningioma and at least one pituitary hormone deficit was present in 38% of patients after a median follow-up period of 7.5 years (33). The growth hormone and TSH deficiencies were the most prevalent deficiencies (35% and 32%, respectively), followed by FSH/LH deficiency (28%) and ACTH deficiency (13%). Several risk factors for radiation-induced hypopituitarism were identified: localization of meningioma, radiosensitivity of meningioma (regression after radiotherapy), treatment duration and radiation dose (33).  

Brain Tumors Distant from the Hypothalamus and Pituitary 
Studies with shorter follow-up showed that 41% of patients irradiated for brain tumors distant from the hypothalamus and pituitary region developed hypopituitarism, 16% with isolated pituitary hormone deficiency and 25% with multiple pituitary hormone deficiencies (34). The largest study with long follow-up (median 8 years) showed a higher prevalence of pituitary dysfunction (88.8%) after cranial radiotherapy for adult-onset non-pituitary brain tumors (35). GH deficiency was the most frequent neuroendocrine abnormality (86.9% of patients), followed by gonadotrophin deficiency (34.6%), ACTH deficiency (23.4%) and TSH deficiency (11.2%). Hyperprolactinemia was reported in 15% of patients. Single pituitary axis dysfunction was reported in 41.1% of patients, while multiple pituitary hormone deficits were present in 47.7% of patients (35). 
Conventional fractionated radiotherapy in adults with gliomas found a high prevalence of hypopituitarism in these patients (84.5%) after a follow-up of 8.2 ± 5.2 years (36). The mean radiation dose to the glioma was 53.9 Gy and to the hypothalamo-pituitary axis was 35.9 Gy. The most prevalent deficiency was growth hormone deficiency (82.8%), followed by central hypogonadism (20.7%), central hypocortisolism (19%) and central hypothyroidism (6.9%). Multiple pituitary hormone deficits were observed in almost 40% of patients. Hyperprolactinemia was present in 10.3% of patients, all females, and was transient in the majority of patients. The hypothalamo-pituitary radiation dose thresholds for the growth hormone deficiency, hypogonadism, hypocortisolism and hypothyroidism were 10, 30, 32 and 40.8Gy, respectively. Neuroendocrine dysfunction following cranial radiotherapy correlated with the radiotherapy dose delivered to the hypothalamo-pituitary axis and duration of follow-up (36).
A meta-analysis of 18 studies with a total of 813 patients showed that approximately two thirds of all adults previously treated with cranial radiotherapy for an intracranial tumor or nasopharyngeal cancer developed some degree of hypopituitarism (37). Growth hormone deficiency was the most prevalent (45%), followed by gonadotropin deficiency (30%), TSH deficiency (25%) and ACTH deficiency (22%). 
Recent systematic search of the literature showed that hypopituitarism can occur within the first year after radiotherapy (range 3 months-25.6 years) in 20-93% of adult cancer patients treated with cranial radiotherapy (38). It is important to notice early onset of hypopituitarism (within the first year after cranial radiotherapy) and to start replacement therapy (glucocorticoids, thyroxine) in patients with brain metastases or other malignancies treated with cranial radiotherapy (nasopharyngeal cancer, non-pituitary brain tumor, head and neck cancer), and in patients with small cell lung cancer treated with prophylactic cranial irradiation. Modern radiotherapeutic technique with a sparing approach of the hypothalamo-pituitary axis might be a promising option for these patients (39).
Childhood-Onset Brain Tumors

Cranial radiotherapy in childhood often affects growth causing growth retardation and affects sexual development causing early or delayed puberty (9, 40-43). ACTH deficiency may develop many years after the cranial irradiation, especially in childhood cancer survivors who had tumors located and/or had surgery near the hypothalamo-pituitary axis and who received radiotherapy dose of over 30Gy to the hypothalamo-pituitary region (44). In the largest cohort of childhood-onset brain tumors (Childhood Cancer Survivor Study, CCSS), 43% of 1607 children who survived their disease for 5 or more years developed one or more anterior pituitary hormone deficiencies (40). A retrospective clinical study reported the prevalence of hypopituitarism in a large cohort of 748 adult survivors in the USA treated with cranial radiotherapy in childhood (CCSS), among them 72% with a leukemia diagnosis (9). After a long duration of follow-up (mean 27.3 years, range 10-47 years), the prevalence of GH deficiency was 46.5%, gonadotropin deficiency 10.8%, TSH deficiency 7.5% and ACTH deficiency 4%.
It has been shown that large proportion (85.4%) of childhood nasopharyngeal carcinoma patients had reduced pituitary heights three months after radiotherapy (45). Some patients even had empty sella after radiotherapy. These changes of pituitary volume had long term side effects on the linear growth of these children (45). In addition, some childhood cancer survivors develop overweight or obesity (due to hypothalamic damage), dyslipidemia, metabolic syndrome and low bone mineral density (42).
Guidelines of the Endocrine Society addresses the diagnosis and treatment of hypothalamic-pituitary and growth disorders encountered in childhood cancer survivors (46). 
THE PATHOPHYSIOLOGICAL MECHANISMS OF RADIATION-INDUCED NEUROENDOCRINE DYSFUNCTION
Cranial irradiation causes irreversible and progressive damage to the hypothalamic-pituitary region. There are several pathophysiological mechanisms of the radiation-induced hypopituitarism including direct hypothalamic neuronal and vascular injury, with secondary pituitary atrophy being the most common mechanism. Female acute lymphoblastic leukemia (ALL) survivors treated with cranial radiotherapy had smaller hypothalamic volume (measured on T1-weighed MRI images), compared to gender matched controls (47). 

The integrity of the microstructure of the hypothalamus can be examined in vivo using the MRI technique diffusion tensor imaging (DTI), based on the direction and degree of the diffusion of water molecules. This MRI technique shows brain tissue microstructure alterations and provides information about brain white matter organization by assessing the restriction of randomly moving water molecules. Recently, this new technique of in vivo brain damage investigation was used in cranially irradiated patients (ALL and childhood craniopharyngioma survivors) (48). Important microstructure alterations in the hypothalamus were detected in ALL survivors, with worse alterations in overweight survivors compared to survivors with normal weight. These microstructure alterations suggest demyelination and axonal loss the hypothalamus and were not found in childhood onset craniopharyngioma survivors without hypothalamic involvement (48).
Direct pituitary damage may also occur, as it is the case in patients after stereotactic radiosurgery for pituitary adenomas. The third mechanism of radiation-induced hypothalamic dysfunction is the alteration of the neurotransmitters in the hypothalamus and other brain regions which regulate hypothalamic function (49-51). Animal studies showed that whole brain irradiation (11Gy) decreased levels of inhibitory neurotransmitters (GABA, glycine, taurine, aspartate) and receptors (GABAa receptor) in the hypothalamus, causing a neurochemical imbalance and neuroendocrine disturbances (52).
Animal studies using transcriptomics reported also that irradiation significantly changed pituitary transcriptome (53). These authors found reduced cell proliferation and activation of apoptosis related-p53 signaling pathway in the pituitary gland after cranial irradiation. Also, irradiation increased the expression of pro-inflammatory genes, decreased the expression of anti-inflammatory genes and activated the TNF inflammatory signaling pathway in the pituitary gland, leading to persistent inflammation (53). These findings could be used to develop new strategies (for example, anti-inflammatory interventions) for reducing radiotherapy-induced side effects.
The posterior pituitary gland is less sensitive to radiation injury.

NEUROENDOCRINE DYSFUNCTION AFTER CRANIAL IRRADIATION

The incidence and severity of radiation-induced neuroendocrine dysfunction depends on radiation dose, radiation schedule, and duration of follow-up.

Radiation Dose

The severity and frequency of pituitary hormone deficiencies, hyperprolactinemia, or central precocious puberty as a complication of cranial radiotherapy correlates with the total radiation dose (Table 4).
	Table 4. Hypothalamic-Pituitary Dysfunction After Cranial Radiotherapy

	DYSFUNCTION
	HYPOTHALAMIC-PITUITARY 

DOSE OF IRRADIATION

	GH deficiency
	≥ 18 Gy

	Central precocious puberty
	≥ 18 Gy

	FSH/LH deficiency
	≥ 30 Gy

	TSH deficiency
	≥ 30 Gy

	ACTH deficiency
	≥ 30 Gy

	Hyperprolactinemia
	≥ 50 Gy


The somatotroph axis is the most vulnerable and isolated growth hormone deficiency (GHD) may occur with a low radiation dose of 18 Gy (54, 55). If the radiation dose is less than 30 Gy, isolated GHD is present in 30% of patients (4, 26, 56). The incidence of GHD increases to 45-100% of patients if the radiation dose is 30-50Gy (37, 56-59). 
If radiation dose is less than 18 Gy, central precocious puberty is a potential complication (with lower effective dose in girls compared with boys), while TSH and ACTH deficiencies are uncommon (13, 37, 60). A large retrospective study reported that the prevalence of central precocious puberty following the treatment of 80 patients with pediatric cancer and CNS tumors was 15.2% overall (29.2% for tumors in the hypothalamic-pituitary region and 6.6% for other CNS tumors) (61). 

With an increase of radiation dose, GHD is followed by other pituitary hormone deficiencies: gonadotropin deficiency (30% of patients), TSH deficiency (6-25% of patients) and ACTH deficiency (22% of patients) (37, 62). 

Radiotherapy Schedule

The severity of neuroendocrine dysfunction after cranial radiotherapy also depends on the radiotherapy schedule. If the total radiation dose is administered over a short period, it will induce more hypothalamic-pituitary damage than if the same dose is administered over a longer period.  
Follow-Up Period

The incidence of radiation-induced hypopituitarism correlate also with the time elapsed since treatment (28, 29). Hormone deficits accumulate throughout the follow-up period, with the majority of hormone deficits developing during the first 5 years postradiotherapy. In a large study of the effect of cranial radiotherapy in patients with nonpituitary brain tumors, the incidence of all pituitary deficiencies almost doubled between years 2 and 7 of follow-up (35). 
GH deficiency occurred the earliest (mean of 2.6 years), followed by gonadotropin deficiency and hyperprolactinemia (after 3.8 years), ACTH deficiency (after 6 years) and TSH deficiency (after 11 years) (37). After a follow-up period of 10 years, multiple pituitary hormone deficiencies occurred in 30-60% of patients (56, 58). 
NEW RADIATION TECHNIQUES AND HYPOTHALAMIC-PITUITARY DYSFUNCTION
New stereotactic radiation techniques (stereotactic radiosurgery with a Leksell gamma knife, a stereotactic linear accelerator, a Cyber Knife, or proton beam therapy) have been developed with the aim to improve effectiveness, to irradiate less normal tissue, and to reduce toxic effects (16). The stereotactic radiation techniques involve photon energy from multiple 60Cobalt radiation sources (gamma knife) or a modified linear accelerator (LINAC). It can be delivered as a single fraction stereotactic radiosurgery or as a fractionated stereotactic radiotherapy. Stereotactic radiosurgery is a single dose radiation technique at doses of 16-25 Gy used in patients with small and medium-sized pituitary adenoma at least 2-4mm from the optic chiasm, whereas fractionated stereotactic radiotherapy is used in patients with large (>2.5-3cm) pituitary adenoma, frequently involving the optic chiasm (63). 
Gamma Knife Stereotactic Radiosurgery

Gamma knife stereotactic radiosurgery delivers in a single session a highly collimated dose of ionizing radiation (60Cobalt) conformed to the shape of the target and sparing normal tissue, in contrast to conventional radiotherapy, which covers the tumor and the surrounding structures with a fractionated dose gradient of radiotoxicity between target cells and normal tissue. As already mentioned, gamma knife stereotactic radiosurgery is usually used in patients with relatively small tumors not in close proximity of the optic apparatus (at least 2-4mm away from the optic chiasm). The patient wears a rigid metal helmet fixed on the scull. The radiation is delivered in one session and the dose delivered to the tumor margin are higher for functioning pituitary adenomas (18-35 Gy), compared with nonfunctioning pituitary adenomas (10-20Gy) (63). The studies on long-term follow-up results of gamma knife stereotactic radiosurgery in patients with pituitary adenoma reported radiation-induced hypopituitarism in up to 50% of patients (24, 25, 64-71). Data published in last two years and meta-analysis of outcomes and toxicities following stereotactic radiosurgery for nonfunctioning pituitary adenomas showed lower incidence (15-28%) of radiotherapy-induced hypopituitarism (72-75). The retrospective study of long-term results (median of 64.5 months, range 14.5 – 236 months of follow-up) of gamma knife radiosurgery (median tumor margin dose 14 Gy, range 9-20 Gy) for postsurgical residual or recurrent nonfunctioning pituitary adenomas showed new hypopituitarism in 27.5% of patients, hypocortisolism being the most common deficiency (15 out of 80 patients) (72). The cumulative rates of developing new hypopituitarism at 1, 3, 5 and 10 years was 4%, 21%, 30% and 57%, respectively (72). Similar rates of new hypopituitarism (17.3% and 28%, respectively) after gamma-knife radiosurgery for functioning and nonfunctioning pituitary adenoma were also reported (74, 75). Pituitary deficits occurred after a median time of 22 months (75). Four percent of patients developed panhypopituitarism, while isolated hypocortisolism was observed in 16%, hypothyroidism in 14%, hypogonadism in 14% and growth hormone deficiency in 4% of patients (75). These authors tested biological effective dose (BED) as a possible predicting factor for tumor remission and radiation-induced hypopituitarism (75, 76). BED is defined as a dosimetric parameter that incorporates correction factors for both the slow and fast components of DNA repair which is activated by neoplasm during the radiotherapy (77). A shorter treatment time allows less opportunity for DNA repair and more efficient therapy. This dosimetric variable may be used for optimization of radiotherapy planning, rather than mean pituitary gland dose, for increased rate of remission and reduced rate of radiation-induced hypopituitarism. It was shown that BED above 45 Gy2.47 was associated with a 14-fold increase in risk of hypopituitarism, while mean pituitary gland dose above 10 Gy was associated with a 12-fold increase in risk of hypopituitarism (76).

A study with long-term endocrine and radiographic follow-up of patients with acromegaly or Cushing’s disease treated with gamma knife radiosurgery showed more than a half of patients (58.3%) had new pituitary deficiencies after the median time of 61 months (range 12-160) (78). GH deficiency was the most common deficiency (28.3%) and the rate of hypopituitarism gradually increased with time of follow up (10% at 3 years, 21.7% after 5 years and 53.3% at 10 years of follow-up) (78). Recently published study of gamma knife radiosurgery for acromegaly showed lower incidence (29%) of post-radiotherapy hypopituitarism at a median 29.5 months (range 6-143 months) (76). This rate of radiotherapy-induced hypopituitarism in patients with acromegaly after stereotactic radiosurgery is lower compared with fractionated radiotherapy (79). Another study showed the that 19.6% of patients with acromegaly and Cushing´s disease developed radiation-induced hypopituitarism after a median follow-up time of 39 months (range 6-106 months) and the median margin dose of 30Gy (range 16-35 Gy) (80). In this study, the most common pituitary axis deficiency was hypothyroidism, in combination with other deficiencies - hypogonadism and growth hormone deficiency (in patients with Cushing´s disease), or hypocorticism (in patients with acromegaly) (80).
Gamma knife radiosurgery is also an option in patients with medically and surgically refractory prolactinomas, in whom hypopituitarism was reported in 30.3% of patients after median follow-up od 42 months (range 6-207.9) (69). 
Some predictors of hypopituitarism following gamma knife stereotactic radiosurgery have been identified and include margin dose to the tumor, suprasellar extension, the radiation dose to the distal infundibulum (maximum safe dose of 17 Gy), cavernous sinus invasion of the tumor, male sex, smaller pituitary gland volume, tumor volume, mean gland dose, biological effective dose and the amount of healthy tissue within the high dose region (66, 68, 73-75; 78-82). Data referring to the development of hypopituitarism related to gamma knife radiosurgery shows that keeping the mean radiation dose to the pituitary under 15 Gy and the dose to the distal infundibulum under 17 Gy may prevent the development of radiation-induced hypopituitarism (81). Decompression of pituitary gland by surgical resection and dose reduction in pituitary gland may reduce the rate of new hypopituitarism after gamma knife radiosurgery for patients with pituitary adenoma (72).
Gamma knife radiosurgery might be a precipitating factor of new or worsened pituitary hemorrhage (74, 83). Pituitary apoplexy (clinical and subclinical) is not a rare phenomenon and could compromise the results of gamma knife radiosurgery. The mechanism of pituitary apoplexy after radiation may include vascular changes and chronic hypoperfusion of the pituitary gland, associated with tumor infarction, necrosis and hemorrhage. In a study which investigated the incidence, risk factors and prognosis of pituitary hemorrhage in pituitary adenomas treated with gamma knife radiosurgery, 7.3% patients developed new or worsened pituitary hemorrhage after median time of 18.9 months following radiotherapy (range 3.1-70.7 months) (83). Some of these patients developed new hypopituitarism. Nonfunctioning pituitary adenoma was independent risk factor of new or worsened pituitary hemorrhage after gamma knife radiosurgery and some of patients received surgical resection for clinical pituitary apoplexy (83). On the other hand, tumor shrinkage might be accelerated by hemorrhage due to radiotherapy. Pituitary tumor volume (above 10cm3) was significantly associated with new apoplexy after gamma knife radiosurgery (74).
Fractionated Stereotactic Radiotherapy

Stereotactic radiosurgery is a convenient radiotherapeutic approach for patients with small either secreting or nonfunctioning pituitary tumors, but caution should be used in patients with moderate or large-sized tumors (>3 cm) in close proximity to critical structures (optic chiasm and brainstem). For these patients, fractionated stereotactic radiotherapy (FSRT) may be a safer treatment option because of advantages of dose fractionation. This therapy is used at doses of 45-54Gy delivered in 25-30 daily fractions in patients with pituitary adenomas. In a study on the efficacy and safety of FRST in patients with large and invasive nonfunctioning pituitary tumors, the incidence of new anterior pituitary deficits was 40% at 5 years and 72% at 10 years, while no other radiation-induced complications occurred (84). In patients with tumors located near the optic structures, hypofractionated radiotherapy may be used, because of lower toxicity for the optic nerves compared with single-dose radiosurgery. Meta-analysis with more than 600 patients with pituitary adenomas showed that both stereotactic radiosurgery and fractionated stereotactic radiotherapy have comparable efficacy and safety (85). 
Proton Radiotherapy

Proton radiotherapy is the conformal technique used for certain types of cancer and lymphomas, with precise delivery of radiation to a tumor and decreased radiation dose to normal brain because of lower entrance dose and elimination of exit dose compared with photon beams. Less normal brain is irradiated at low or intermediate doses, and this could decrease the risk of late effects of radiation, such as endocrinopathy, second malignancy, or neurocognitive deficits (86). After the calculation of the expected costs and effectiveness regarding growth hormone deficiency for a specific mean radiation dose to the hypothalamus, it has been demonstrated that proton radiotherapy may be more cost effective (compared with photon radiotherapy) for children in which radiation dose to the hypothalamus can be spared, for tumors not originating in or not directly involving the hypothalamus (87). Initial studies suggest lower rates of endocrine complications in children treated with proton radiation for medulloblastoma and low-grade glioma, with increased sparing of normal tissues (88, 89). The comparison between photon radiotherapy and proton radiotherapy for medulloblastoma showed that newer proton radiotherapy may reduce the risk of some radiation-associated endocrine complications (hypothyroidism and gonadotropin deficiency), but not all complications (the incidence of GH and ACTH deficiency, or precocious puberty was not changed) (89). It seems that proton conformal radiotherapy has advantages over conventional photon therapy for children with gliomas. Depending on the tumor location, it can spare the hypothalamic-pituitary axis. There was only 1 patient with endocrinopathy in the 14 irradiated children in the low (radiation dose less than 12 Gy) or intermediate endocrine risk groups (radiation dose 12-40Gy) (88). 
Children with brain tumors treated with combined conventional plus proton beam radiotherapy received a higher radiation dose and developed neuroendocrine dysfunction sooner (47% of patients after mean time of 0.33 year), compared with children treating with proton beam radiotherapy only (33% of patients after mean time of 1.17 years) (90). 

The most recently published study on the effects of proton radiotherapy in a large group of 189 pediatric and young adult patients treated for brain tumors showed that the rate of any pituitary hormone deficiency at four years was 48.8% (91). The incidence of hormone deficiencies was strongly associated with the dose of radiation and the age at time of treatment, with children being especially sensitive. 
In the future the late consequences of new radiation techniques should be more completely defined. 

New Planning and Dose Delivery Techniques

Cranial radiotherapy has evolved with the development of new planning and dose delivery techniques, such as intensity-modulated radiotherapy and volumetric modulated arc therapy (92). These new planning and dose delivery techniques allow precise delivery of irradiation with reduction of the dose to surrounding neurovascular and brain structures (32, 92, 93). 
Patients with somatotroph adenoma that had not achieved complete remission after surgery and medical therapy, treated with fractionated intensity modulated radiotherapy, developed hypopituitarism in 28.3% of cases, after the median follow-up time of 36 months (range, 6-105.5 months), similar to stereotactic radiosurgery (93). In this study, only age below 33 years was a significant predictor of radiation-induced hypopituitarism.
Modern radiotherapeutic technique such as volumetric modulated arc therapy, with a sparing approach of both hippocampus and hypothalamus-pituitary axis might be a promising option for the patients undergoing whole-brain radiotherapy (39). The aim of this approach is to reduce dose application to these brain areas and to reduce common side effects (cognitive impairment and neuroendocrine dysfunction). A combined sparing approach involving both hippocampus and hypothalamo-pituitary axis using volumetric modulated arc therapy allows simultaneous dose reduction (less than 50% of the prescribed dose to the target) to these functional brain areas without compromised target coverage (39). Prospective studies on endocrine and neurologic outcome are required.
SCREENING FOR NEUROENDOCRINE DYSFUNCTION FOLLOWING CRANIAL RADIOTHERAPY

Recently, recommendations for screening for hypopituitarism after cranial radiotherapy were suggested (13, 46, 94). According to this approach, clinical evaluation, baseline pituitary hormone assessment, and dynamic testing for GH and ACTH deficiency should begin one year after cranial radiotherapy (Table 5). Clinical examination of children (including linear growth and pubertal staging) should be done every 6 to 12 months until final height is attained, and then yearly thereafter (13, 46). In patients at risk for central precocious puberty, pubertal development should be monitored every 6 months until age 9 years in girls and 10 years in boys (13). 

If results of the assessment are normal, reassessment should be done every 2-4 years until at least 10 years following radiation. GH testing should be done only in patients who are good candidates for GH replacement therapy (keeping in mind the safety in underlying malignancy). It is also recommended to perform an endocrine assessment at 1 year after radiotherapy in patients treated for nonpituitary intracranial neoplasms, since they also may develop hypothalamic-pituitary dysfunctions (95).
	Table 5. Screening for Hypothalamic-Pituitary Dysfunction

	DYSFUNCTION
	Clinical data
	Basal analysis
	Dynamic test

	GH deficiency
	Growth velocity (children)
	IGF-I
	ITT, glucagon, clonidine (children)

	FSH/LH deficiency
	Pubertal staging
	FSH, LH, estradiol (female), testosterone (male)
	GnRH

	TSH deficiency
	Clinical examination
	TSH, FT4
	TRH

	ACTH deficiency
	Clinical examination
	Cortisol
	ITT, Synacthen

	Hyperprolactinemia
	
	PRL
	

	Precocious puberty
	Pubertal stage
	FSH, LH, estradiol (female), testosterone (male)
	


Somatotroph Axis
Two stimulation tests for estimating GH secretion are required in the case of isolated GHD, while in patients with multiple pituitary hormone deficiencies there is no need for formal testing to establish a diagnosis of GH deficiency. Interpretation of results for the GH stimulatory tests following cranial radiation may be complicated because of the different mechanisms governing GH release during the gold standard, the insulin tolerance test (ITT), and other tests (arginine+GHRH and GHRH+GHRP-6 test in the past). In some cases the results of different GH stimulatory tests may be discordant (54, 96, 97). The hypothalamus is more sensitive to radiation-induced injury compared with pituitary. Provocative tests which directly stimulate the somatotrophs (GHRH) may give false negative results in the early years after radiotherapy (98). Failing to pass the hypoglycemia test (ITT) is more common after radiation than to other stimulatory tests but may not necessarily reflect GH deficiency (99-102). It has been suggested that lower radiation doses (<40 Gy) predominantly cause hypothalamic damage with GHRH deficiency and subsequent somatotroph atrophy. In cases with robust response to ITT it is suggested to repeat screening at four years, while in cases with borderline response to this test, it should be repeated at two years (94). 
IGF-1 levels may be useful in screening for severe GH deficiency in children and adults (46. However, in childhood cancer survivors exposed to cranial radiotherapy, it is recommended against relying solely on serum IGF-I levels to make the diagnosis of GH deficiency (41, 46). Meta analysis of 15 studies with 477 childhood cancer survivors showed the same diagnostic accuracy of various dynamic tests (ITT, GHRH, GHRH plus arginine, levodopa, clonidine) for GH deficiency in childhood cancer survivors as in other causes of GH deficiency (41).  
Hypothalamic-Pituitary-Gonadal Axis
Low radiation dose (˂ 18Gy) in pre-pubertal children may cause premature activation of hypothalamic-pituitary-gonadal axis leading to central precocious puberty, mostly in girls, due to loss of neurons with inhibitory γ-aminobutyric acid (28, 29, 60, 103, 104). Higher radiation doses may cause central hypogonadism with a cumulative incidence of 20-50% on long-term follow-up (4, 26, 34, 37, 56, 57, 62). Gonadotroph deficiency is defined as low or normal gonadotropin levels and low plasma testosterone in men and amenorrhea with low plasma estradiol in premenopausal women (˂50 years old). 

Hyperprolactinemia
Hyperprolactinemia may develop after cranial radiotherapy in 20-50% of patients and indicates hypothalamic damage and reduced inhibitory dopamine activity (4, 28, 29, 101). Elevated prolactin level is mostly seen in young females after high dose cranial irradiation (> 50Gy) (13, 34, 37, 56, 57, 105). Elevated prolactin levels may be asymptomatic, without clinical significance or may cause central hypogonadism (57). Elevated prolactin levels may decline and normalize during follow-up due to radiation-induced reduction of the pituitary lactotroph cells (26).

Hypothalamic-Pituitary-Adrenal Axis and Hypothalamic-Pituitary-Thyroid Axis
The hypothalamic-pituitary-adrenal axis and hypothalamic-pituitary-thyroid axis are more radioresistant than the GH and gonadotropin axes. Corticotroph deficiency is defined as low morning serum cortisol (normal range for morning serum cortisol, 7– 25 mg/dl; for evening serum cortisol, 2–14 mg/dl) and a normal or low serum ACTH level. Thyrotroph deficiency is based on a low free T4 with normal or decreased TSH. ACTH and TSH deficiency may occur after a large dose of cranial radiation (>50 Gy) used for nasopharyngeal cancer and skull base tumor, in 30-60% of patients after long-term follow-up (4, 26, 28, 29, 37, 56, 59). Central hypocorticism and hypothyroidism may be subclinical and diagnosed by stimulatory tests (ITT, glucagon, Synacthen test and TRH test). 
OTHER CHRONIC COMPLICATIONS OF CRANIAL IRRADIATION
Cerebrovascular Insult (Stroke)
The large Dutch study which included 806 patients with nonfunctioning pituitary adenomas (456 treated with cranial radiotherapy) reported the increased incidence of cerebrovascular events in men treated with cranial radiotherapy (hazard ratio 2.99, 95% CI 1.31-6.79) (19).   
Second CNS Tumor

The systematic review of 21 studies in children and adults who received cranial radiation for prophylactic or therapeutic purposes showed a 7-10-fold increase in subsequent CNS tumors in children, with a latency period ranging from 5.5 to 30 years (glioma developed 5-10 years and meningioma around 15 years after radiation) (21). Additional investigation is needed on the risk of radiation-induced secondary tumors in adults, because some studies showed no increased risk, while other studies reported a higher risk for secondary CNS tumors with a latency period from 5 to 34 years (21). A large study that included 8917 patients from the Pfizer International Metabolic Database (KIMS) reported an increased incidence for de novo brain tumors in patients treated for pituitary/sellar lesions (22). The risk of developing a malignant brain tumor increased by 2-4-fold and meningioma by 1.6-fold with every 10 years of younger age at radiotherapy, irrespectively of the type of radiotherapy (conventional vs stereotactic) (22). 

CONCLUSION
Hypothalamic-pituitary dysfunction is among the most common late effect of cranial radiotherapy. Radiation causes irreversible and progressive damage to the hypothalamic-pituitary region. The pathophysiology of the radiation-induced damage includes direct neuronal and vascular injury and fibrosis. The incidence and severity of hypopituitarism correlate with the total radiation dose delivered to the hypothalamic-pituitary region, the fraction size, the time between fractions, and the duration of follow-up. Periodical life-long endocrine assessment is recommended in all long-term survivors of childhood or adulthood tumors who were treated with cranial radiotherapy or with total body irradiation. Further analysis of new radiation techniques and long-term hypothalamic-pituitary dysfunctions are needed. 
REFERENCES
1.      Shalet SM, Beardwell CG, Jones PH, Pearson D. Growth hormone deficiency after treatment of acute leukaemia in children. Arch Dis Child 1976; 51: 489-493

2.      Shalet SM, Beardwell CG, Morris-Jones P, Bamford FN, Ribeiro GG, Pearson D. Growth hormone deficiency in children with brain tumors. Cancer 1976; 37: 1144-1148

3.      Shalet SM, Beardwell CG, MacFarlane IA, Jones PH, Pearson D. Endocrine morbidity in adults treated with cerebral irradiation for brain tumours during childhood. Acta Endocrinol 1977; 84: 673-680

4.      Constine LS, Woolf PD, Cann D, Mick G, McCormick K, Raubertas RF, Rubin P. Hypothalamic-pituitary dysfunction after radiation for brain tumors. N Engl J Med 1993; 328: 87-94

5.      Schmiegelow M, Lasen S, Poulsen HS, Feldt-Rasmussen U, Schmiegelow K, Hertz H, Müller J. Cranial radiotherapy of childhood brain tumours: growth hormone deficiency and its relation to the biological effective dose of irradiation in a large population based study. Clin Endocrinol 2000; 53: 191-197

6.      Oeffinger KC, Mertens AC, Sklar CA, Kawashima T, Hudson MM, Meadows AT, Friedman DL, Marina N, Hobbie W, Kadan-Lottick NS, Schwartz CL, Leisenring W, Robison LL; Childhood Cancer Survivor Study. Chronic health conditions in adult survivors of childhood cancer. N Engl J Med 2006; 355: 1572-1582

7.      Bhandare N, Kennedy L, Malyapa RS, Morris CG, Mendenhall WM. Hypopituitarism after radiotherapy for extracranial head and neck cancers. Head Neck 2008; 30: 1182-1192

8.      Fernandez A, Brada M, Zabuliene L, Karavitaki N, Wajj JA. Radiation-induced hypopituitarism. Endocr Relat Cancer 2009; 16: 733-772

9.      Chemaitilly W, Li Z, Huang S, Ness KK, Clark KL, Green DM, Barnes N, Armstrong GT, Krasin MJ, Srivastava DK, Pui CH, Merchant TE, Kun LE, Gajjar A, Hudson MM, Robison LL, Sklar CA. Anterior hypopituitarism in adult survivors of childhood cancers treated with cranial radiotherapy: a report from the St Jude Lifetime Cohort study. J Clin Oncol 2015; 33: 492-500

10.    Clement SC, Schoot RA, Slater O, Chisholm JC, Abela C, Balm AJM, van den Brekel MW, Breunis WB, Chang YC, Davila Fajardo R, Dunaway D, Gajdosova E, Gaze MN, Gupta S, Hartley B, Kremer LCM, van Lennep M, Levitt GA, Mandeville HC, Pieters BR, Saeed P, Smeele LE, Strackee SD, Ronckers CM, Caron HN, van Santen HM, Merks JHM. Endocrine disorders among long-term survivors of childhood head and neck rhabdomyosarcoma. Eur J Cancer 2016; 54: 1-10

11.    Follin C, Erfurth EM. Long-term effect of cranial radiotherapy on pituitary-hypothalamus area in childhood acute lymphoblastic leukemia survivors. Curr Treat Options Oncol 2016; 17: 50
12.    Rose SR, Horne VE, Howell J, Lawson SA, Rutter MM, Trotman GE, Corathers SD. Late endocrine effects of childhood cancer. Nat Rev Endocrinol 2016; 12: 319-336 
13.    Chemaitilly W, Cohen LE. Diagnosis of endocrine disease. Endocrine late-effects of childhood cancer and its treatment. Eur J Endocrinol 2017; 176: R183-R203.

14.    Han TS, Gleeson HK. Long-term and late treatment consequences: endocrine and metabolic effects. Curr Opin Support Palliat Care 2017; 11: 205-213
15.    Aggarwal A, Ferhst N, Brada M. Radiotherapy for craniopharyngiomas. Pituitary 2013; 16: 26-33.
16.    Minniti G, Scaringi C, Amelio D, Enrici RM. Stereotactic irradiation of GH-secreting pituitary adenomas. Int J Endocrinol 2012: 482861
17.    Pekic S, Popovic V. Alternative causes of hypopituitarism: traumatic brain injury, cranial irradiation, and infections. Handb Clin Neurol 2014; 124: 271-290

18.    Ntali G, Karavitaki N. Efficacy and complications of pituitary irradiation. Endocrinol Metab Clin North Am 2015; 44: 117-126 

19.    van Varsseveld NC, van Bunderen CC, Ubachs DH, Franken AA, Koppeschaar HP, van der Lely AJ, Drent ML. Cerebrovascular events, secondary intracranial tumors, and mortality after radiotherapy for nonfunctioning pituitary adenomas: a subanalysis from the Dutch National Registry of Growth Hormone Treatment in Adults. J Clin Endocrinol Metab 2015; 100: 1104-1112 

20.    Higham CE, Johannsson G, Shalet SM. Hypopituitarism. Lancet 2016; 388: 2403-2415

21.    Lee JW, Wernicke AG. Risk and survival outcomes of radiation-induced CNS tumors. J Neurooncol 2016; 129: 15-22
22.    Burman P, van Beek AP, Biller BM, Camacho-Hübner C, Mattsson AF. Radiotherapy, especially at young age, increases the risk for de novo brain tumors in patients treated for pituitary/sellar lesions. J Clin Endocrinol Metab 2017; 102: 1051-1058

23.    Pekic S, Popovic V. Diagnosis of endocrine disease: Expanding the cause of hypopituitarism. Eur J Endocrinol 2017; 176: R269-R282
24.    Minniti G, Flickinger J, Tolu B, Paolini S. Management of nonfunctioning pituitary tumors: radiotherapy. Pituitary 2018; 21: 154-161

25.    Gheorghiu ML. Updates in outcomes of stereotactic radiation therapy in acromegaly. Pituitary 2017; 20: 154-168

26.    Littley MD, Shalet SM, Beardwell CG, Ahmed SR, Applegate G, Sutton ML. Hypopituitarism following exernal radiotherapy for pituitary tumours in adults. Q J Med 1989; 70: 145-160

27.    Vance ML. Hypopituitarism. N Engl J Med 1994; 330: 1651-1662

28.    Darzy KH & Shalet SM. Hypopituitarism following radiotherapy. Pituitary 2009; 12: 40-50 

29.    Darzy KH & Shalet SM. Hypopituitarism following radiotherapy revisited. Endocr Dev 2009; 15: 1-24

30.    Klose M, Jonsson B, Abs R, Popovic V, Koltowska-Häggström M, Saller B, Feldt-Rasmussen U, Kourides I. From isolated GH deficiency to multiple pituitary hormone deficiency: an evolving continuum - a KIMS analysis. Eur J Endocrinol 2009; 161 Suppl 1: S75-83
31.    Minniti G, Osti MF, Niyazi M. Target delineation and optimal radiosurgical dose for pituitary tumors. Radiat Oncol 2016; 11: 135-148

32.    Minniti G & Flickinger J. The risk/benefit ratio of radiotherapy in pituitary tumors. Best Pract Res Clin Endocrinol Metab 2019; 33: 101269

33.    Partoune E, Virzi M, Vander Veken L, Renard L, Maiter D. Occurence of pituitary hormone deficits in relation to both pituitary and hypothalamic doses after radiotherapy for scull base meningioma. Clin Endocrinol 2021 May 24

34.    Agha A, Sherlock M, Brennan S, O'Connor SA, O'Sullivan E, Rogers B, Faul C, Rawluk D, Tormey W, Thompson CJ. Hypothalamic-pituitary dysfunction after irradiation of nonpituitary brain tumors in adults. J Clin Endocrinol Metab 2005; 90: 6355-6360 
35.    Kyriakakis N, Lynch J, Orme SM, Gerrard G, Hatfield P, Loughrey C, Short SC, Murray RD. Pituitary dysfunction following cranial radiotherapy for adult-onset non-pituitary brain tumours. Clin Endocrinol 2015; 84: 372–379
36.    Kyriakakis N, Lynch J, Orme SM, Gerrard G, Hatfield P, Short SC, Loughrey C, Murray RD. Hypothalamic-pituitary axis irradiation dose thresholds for the development of hypopituitarism in adult-onset gliomas. Clin Endocrinol 2019; 91: 131-140

37.    Appelman-Dijkstra NM, Kokshoorn NE, Dekkers OM, Neelis KJ, Biermasz NR, Romijn JA, Smit JW, Pereira AM. Pituitary dysfunction in adult patients after cranial radiotherapy: systematic review and meta-analysis. J Clin Endocrinol Metab 2011; 96: 2330-2340 
38.    Mehta P, Fahlbusch FB, Rades D, Schmid SM, Gebauer J, Janssen S. Are hypothalamic-pituitary (HP) axis deficiencies after whole brain radiotherapy (WBRT) of relevance for adult cancer patients? – systematic review of the literature. BMC Cancer 2019; 19: 1213-1221
39.    Mehta P, Janssen S, Falhbusch FB, Schmid SM, Gebauer J, Cremers F, Ziemann C, Tartz M, Rades D. Sparing the hippocampus and the hypothalamic-pituitary region during whole brain radiotherapy: a volumetric modulated arc therapy planning study. BMC Cancer 2020; 20: 610-617
40.    Gurney JG, Kadan-Lottick NS, Packer RJ, Neglia JP, Sklar CA, Punyko JA, Stovall M, Yasui Y, Nicholson HS, Wolden S, McNeil DE, Mertens AC, Robison LL; Childhood Cancer Survivor Study. Endocrine and cardiovascular late effects among adult survivors of childhood brain tumors. Childhood Cancer Survivor Study. Cancer 2003; 97: 663-673
41.    Sfeir JG, Kittah NEN, Tamhane SU, Jasim S, Chemaitilly W, Cohen LE, Murad MH. Diagnosis of GH deficiency as a late effect of radiotherapy in survivors of childhood cancers. J Clin Endocrinol Metab 2018; 103: 2785-2793
42.    Hidalgo Santos AD, de Mingo Alemany M, Moreno Macian F, Leon Carinena S, Collado Ballesteros E, Canete Nieto A. Endocrinological late effects of oncologic treatment on survivors of medulloblastoma. Rev Chil Pediatr 2019; 90: 598-605
43.    Maciel J, Dias D, Cavaco D, Donato S, Pereira MC, Simoes-Pereira J. Growth hormone deficiency and other endocrinopathies after childhood brain tumors: results from a close follow-up in a cohort of 242 patients. J Endocrinol Invest 2021 Mar 8

44.    Wei C & Crowne EC. The hypothalamic-pituitary-adrenal axis in childhood cancer surivors. Endocrine-Related Cancer 2018; 25: R479-R496
45.    Xie C, Li J, Weng Z, He L, Yin S, Zhang J, Zhang J, Sun T, Li H, Liu Y. Decreased pituitary height and stunted linear growth after radiotherapy in survivors of childhood nasopharyngeal carcinoma cases. Front Endocrinol 2018; 9: 643-646
46.    Sklar CA, Antal Z, Chemaitilly W, Cohen LE, Follin C, Meacham LR, Murad MH. Hypothalamic–Pituitary and Growth Disorders in Survivors of Childhood Cancer: An Endocrine Society Clinical Practice Guideline. J Clin Endocrinol Metab 2018; 103: 2761-2784.
47.    Follin C, Gabery S, Petersén Å, Sundgren PC, Björkman-Burtcher I, Lätt J, Mannfolk P, Erfurth EM. Associations between metabolic risk factors and the hypothalamic volume in childhood leukemia survivors treated with cranial radiotherapy. PLoS One 2016; 11: e0147575

48.    Follin C, Fjalldal S, Svärd D, van Westen D, Gabery S, Petersén Å, Lätt J, Rylander L, Erfurth EM. Microstructure alterations in the hypothalamus in cranially radiated childhood leukaemia survivors but not in craniopharyngioma patients unaffected by hypothalamic damage. Clin Endocrinol 2017; 87: 359-366
49.    Chieng PU, Huang TS, Chang C, Chong PN, Tien RD, Su CT. Reduced hypothalamic blood flow after radiation treatment of nasopharyngeal cancer: SPECT studies in 34 patients. Am J Neuroradiol 1991, 12: 661-665

50.    Jorgensen EV, Schwartz ID, Hvizdala E, Barbosa J, Phuphanich S, Shulman DI, Root AW, Estrada J, Hu CS, Bercu BB. Neurotransmitter control of growth hormone secretion in children after cranial radiation therapy. J Pediatr Endocrinol 1993; 6: 131-142
51.    Shalet S. Cytotoxic endocrinopathy: a legacy of insults. J R Soc Med 1997; 90: 192–199
52.    Franco-Perez J, Montes S, Sanchez-Hernandez J, Ballesteros-Zebadua P. Whole-brain irradiation differentially modifies neurotransmitters levels and receptors in the hypothalamus and the prefrontal cortex. Radiat Oncol 2020; 15: 269-281
53.    Xu Y, Sun Y, Zhou K, Xie C, Li T, Wang Y, Zhang Y, Rodriguez J, Zhang X, Shao R, Wang X, Zhu C. Cranial irradiation alters neuroinflammation and neural proliferation in the pituitary gland and induces late-onset hormone deficiency. J Cell Mol Med 2020; 24: 14571-14582
54.    Darzy KH & Shalet SM. Radiation-induced growth hormone deficiency. Horm Res 2003; 59 (Suppl 1): 1-11.

55.    Darzy KH & Shalet SM. Hypopituitarism as a consequence of brain tumours and radiotherapy. Pituitary 2005; 8: 203-211

56.    Lam KS, Tse VK, Wang C, Yeung RT, Ho JH. Effects of cranial irradiation on hypothalamic-pituitary function – a 5-year longitudinal study in patients with nasopharyngeal carcinoma. Q J Med 1991; 78: 165-176

57.    Samaan NA, Vieto R, Schultz PN, Maor M, Meoz RT, Sampiere VA, Cangir A, Ried HL, Jesse RH Jr. Hypothalamic, pituitary and thyroid dysfunction after radiotherapy to the head and neck. Int J Radiat Oncol Biol Phys 1982; 8: 1857-1867

58.    Samaan NA, Schultz PN, Yang KP, Vassilopoulou-Sellin R, Maor MH, Cangir A, Goepfert H. Endocrine complications after radiotherapy for tumors of the head and neck. J Lab Clin Med 1987; 109: 364-372 

59.    Chen MS, Lin FJ, Huang MJ, Wang PW, Tang S, Leung WM, Leung W. Prospective hormone study of hypothalamic-pituitary function in patients with nasopharyngeal carcinoma after high dose irradiation. Jpn J Clin Oncol 1989; 19: 265-270

60.    Ogilvy-Stuart AL, Clayton PE, Shalet SM. Cranial irradiation and early puberty. J Clin Endocrinol Metab 1994; 78: 1282-1286

61.    Chemaitilly W, Merchant TE, Li Z, Barnes N, Armstrong GT, Ness KK, Pui CH, Kun LE, Robison LL, Hudson MM, Sklar CA, Gajjar A. Central precocious puberty following the diagnosis and treatment of paediatric cancer and central nervous system tumours: presentation and long-term outcomes. Clin Endocrinol 2016; 84: 361-371
62.    Van Santen HM, van de Wetering MD, Bos AME, vd Heuvel-Eibrink MM, van der Pal HJ, Wallace WH. Reproductive complications in childhood cancer survivors. Pediatr Clin N Am 2020; 67: 1187-1202.

63.    Minniti G, Clarke E, Scaringi C, Enrici RM. Stereotactic radiotherapy and radiosurgery for non-functioning and secreting pituitary adenomas. Rep Pract Oncol Radiother 2016; 21: 370-378
64.    Castinetti F, Nagai M, Morange I, Dufour H, Caron P, Chanson P, Cortet-Rudelli C, Kuhn JM, Conte-Devolx B, Regis J, Brue T. Long-term results of stereotactic radiosurgery in secretory pituitary adenomas. J Clin Endocrinol Metab 2009; 94: 3400-3407 

65.    Ronchi CL, Attanasio R, Verrua E, Cozzi R, Ferrante E, Loli P, Montefusco L, Motti E, Ferrari DI, Giugni E, Beck-Peccoz P, Arosio M. Efficacy and tolerability of gamma knife radiosurgery in acromegaly: a 10-year follow-up study. Clin Endocrinol 2009; 71: 846-852

66.    Sicignano G, Losa M, del Vecchio A, Cattaneo GM, Picozzi P, Bolognesi A, Mortini P, Calandrino R. Dosimetric factors associated with pituitary function after Gamma Knife Surgery (GKS) of pituitary adenomas. Radiother Oncol 2012; 104: 119-124

67.    Starke RM, Williams BJ, Jane JA Jr, Sheehan JP. Gamma Knife surgery for patients with nonfunctioning pituitary macroadenomas: predictors of tumor control, neurological deficits, and hypopituitarism. J Neurosurg 2012; 117: 129-135

68.    Xu Z, Lee Vance M, Schlesinger D, Sheehan JP. Hypopituitarism after stereotactic radiosurgery for pituitary adenomas. Neurosurgery 2013; 72: 630-637

69.    Cohen-Inbar O, Xu Z, Schlesinger D, Vance ML, Sheehan JP. Gamma Knife radiosurgery for medically and surgically refractory prolactinomas: long-term results. Pituitary 2015; 18: 820-830

70.    Mehta GU, Ding D, Patibandla MR, Kano H, Sisterson N, Su YH, Krsek M, Nabeel AM, El-Shehaby A, Kareem KA, Martinez-Moreno N, Mathieu D, McShane B, Blas K, Kondziolka D, Grills I, Lee JY, Martinez-Alvarez R, Reda WA, Liscak R, Lee CC, Lunsford LD, Vance ML, Sheehan JP. Stereotactic radiosurgery for Cushing disease: results of an international multicenter study. J Clin Endocrinol Metab 2017; 102: 4284-4291. 

71.    Zibar Tomsic K, Dusek T, Kraljevic I, Heinrich Z, Solak M, Vucinovic A, Ozretic D, Mihailovi Marasanov S, Hrsak H, Kastelan D. Hypopituitarism after gamma knife radiosurgery for pituitary adenoma. Endocr Res 2017; 42: 318-324 
72.    Deng Y, Li Y, Wu X, Wu L, Quan T, Peng C, Fu J, Yang X, Yu J. Long-term results of gamma knife radiosurgery for postsurgical residual of recurrent nonfunctioning pituitary adenomas. Int J Med Sci 2020; 17: 1532-1540

73.    Kotecha R, Sahgal A, Rubens M, De Salles A, Fariselli L, Pollock BE, Levivier M, Ma L, Paddick I, Regis J, Sheehan J, Yomo S, Suh JH. Stereotactic radiosurgery for non-functioning pituitary adenomas: meta-analysis and International Stereotactic Radiosurgery Society practice opinion. Neuro-Oncology 2020; 22: 318-33

74.    Yu J, Li Y, Quan T, Li X, Peng C, Zeng J, Liang S, Huang M, He Y, Deng Y. Initial gamma knife radiosurgery for nonfunctioning pituitary adenomas: results from a 26-year experience. Endocrine 2020; 68: 399-410. 

75.    Graffeo CS, Perry A, Link MJ, Brown PD, Young WF, Pollock BE. Biological effective dose as a predictor of hypopituitarism after single-fraction pituitary adenoma radiosurgery: dosimetric analysis and cohort study of patients treated using contemporary techniques. Neurosurgery 2021; 88: E330-E335

76.    Graffeo CS, Donegan D, Erickson D, Brown PD, Perry A, Link MJ, Young WF, Pollock BE. The impact of insulin-like growth factor index and biologically effective dose on outcomes after stereotactic radiosurgery for acromegaly: cohort study. Neurosurgery 2020; 87: 538-546

77.    Jones B, Hopewell JW. Modelling the influence of treatment time on the biological effectiveness of single radiosurgery treatments: derivation of “protective” dose modification factors. Br J Radiol 2019; 92: 20180111

78.    Cohen-Inbar O, Ramesh A, Xu Z, Vance ML, Schlesinger D, Sheehan JP. Gamma knife radiosurgery in patients with persistent acromegaly or Cushing's disease: long-term risk of hypopituitarism. Clin Endocrinol 2016; 84: 524-531.
79.    Knappe UJ, Petroff D, Quinkler M, Schmid SM, Schofl C, Schopohl J, Stieg MR, Tonjes A. Fractionated radiotherapy and radiosurgery in acromegaly: analysis of 352 patients from the German Acromegaly Registry. Eur J Endocrinol 2020; 182: 275-284

80.    Gupta A, Xu Z, Kano H, Sisterson N, Su Y, Krsek M, Nabeel AM, El-Shehaby A, Karim KA, Martinez-Moreno N, Mathieu D, McShane BJ, Martinez-Alvarez R, Reda WA, Liscak R, Lee C, Lunsford LD, Sheehan JP. Upfront gamma knife radiosurgery for Cushing´s disease and acromegaly: a multicenter, international study. J Neurosurg 2019; 131: 532-538

81.    Marek J, Jezková J, Hána V, Krsek M, Bandúrová L, Pecen L, Vladyka V, Liscák R. Is it possible to avoid hypopituitarism after irradiation of pituitary adenomas by the Leksell gamma knife? Eur J Endocrinol 2011; 164: 169-178

82.    Jezkova J, Marek J. Gamma knife radiosurgery for pituitary adenomas. Minerva Endocrinol 2016; 41: 366-376
83.    Fu J, Li Y, Wu L, Yang Y, Quan T, Li X, Zeng J, Deng Y, Yu J. Pituitary hemorrhage in pituitary adenomas treated with gamma knife radiosurgery: incidence, risk factors and prognosis. J Cancer 2021; 21: 1365-1372

84.    Minniti G, Scaringi C, Poggi M, Jaffrain Rea ML, Trillò G, Esposito V, Bozzao A, Enrici MM, Toscano V, Enrici RM. Fractionated stereotactic radiotherapy for large and invasive non-functioning pituitary adenomas: long-term clinical outcomes and volumetric MRI assessment of tumor response. Eur J Endocrinol 2015; 172: 433-441

85.    Li X, Li Y, Cao Y, Li P, Liang B, Sun J, Feng E. Safety and efficacy of fractionated stereotactic radiotherapy and stereotactic radiosurgery for treatment of pituitary adenomas: A systematic review and meta-analysis. J Neurol Sci 2017; 372: 110-116
86.    Howel JC & Rose SR. Pituitary disease in pediatric brain tumor survivors. Exp Rev Endocrinol Metab 2019; 14: 283-291

87.    Maihot Vega R, Kim J, Hollander A, Hattangadi-Gluth J, Michalski J, Tarbell NJ, Yock TI, Bussiere M, MacDonald SM. Cost effectiveness of proton versus photon radiation therapy with respect to the risk of growth hormone deficiency in children. Cancer 2015; 121: 1694-1702

88.    Greenberger BA, Pulsifer MB, Ebb DH, MacDonald SM, Jones RM, Butler WE, Huang MS, Marcus KJ, Oberg JA, Tarbell NJ, Yock TI. Clinical outcomes and late endocrine, neurocognitive, and visual profiles of proton radiation for pediatric low-grade gliomas. Int J Radiat Oncol Biol Phys 2014; 89: 1060-1068 
89.    Eaton BR, Esiashvili N, Kim S, Patterson B, Weyman EA, Thornton LT, Mazewski C, MacDonald TJ, Ebb D, MacDonald SM, Tarbell NJ, Yock TI. Endocrine outcomes with proton and photon radiotherapy for standard risk medulloblastoma. Neuro Oncol 2016; 18: 881-887
90.    Viswanathan V, Pradhan KR, Eugster EA. Pituitary hormone dysfuntion after proton beam radiation therapy in children with brain tumors. Endocr Pract 2011; 17: 891-896

91.    Vatner RE, Niemierko A, Misra M, Weyman EA, Goebel CP, Ebb DH, Jones RM, Huang MS, Mahajan A, Grosshans DR, Paulino AC, Stanley T, MacDonald SM, Tarbell NJ, Yock TI. Endocrine deficiency as a function of radiation dose to the hypothalamus and pituitary in pediatric and young adult patients with brain tumors. J Clin Oncol 2018; JCO.2018.78.149
92.    Soydemir GP, Bilici N, Tiken EE, Balkanay AY, Sisman AF, Karacetin D. Hippocampal sparing for brain tumor radiotherapy: a retrospective study comparing intensity-modulated radiotherapy and volumetric-modulated arc therapy. J Cancer Res Ther 2021; 17: 99-105 

93.    Lian X, Shen J, Gu Z, Yan J, Sun S, Ho X, You H, Xing B, Zhu H, Zhang F. Intensity modulated radiotherapy (IMRT) for pituitary somatotroph adenoma. J Clin Endocrinol Metab 2020; 105: dgaa651 

94.    Garrahy A, Sherlock M, Thompson CJ. Neuroendocrine surveillance and management of neurosurgical patients. Eur J Endocrinol, 2017; 165: R217-R233.

95.    Taku N, Gurnell M, Burnet N, Jena R. Time dependence of radiation-induced hypothalamic-pituitary axis dysfunction in adults treated for non-pituitary, intracranial neoplasms. Clin Oncol 2017; 29: 34-41
96.    Darzy KH. Radiation-induced hypopituitarism after cancer therapy: who, how and when to test. Nat Clin Pract Endocrinol Metab 2009; 5: 88-99

97.    Darzy KH, Thorner MO, Shalet SM. Cranially irradiated adult cancer survivors may have normal spontaneous GH secretion in the presence of discordant peak GH responses to stimulation tests (compensated GH deficiency). Clin Endocrinol 2009; 70: 287-293 

98.    Biller BM, Samuels MH, Zagar A, Cook DM, Arafah BM, Bonert V, Stavrou S, Kleinberg DL, Chipman JJ, Hartman ML. Sensitivity and specificity of six tests for the diagnosis of adult GH deficiency. J Clin Endocrinol Metab 2002; 87: 2067–2079

99.    Ahmed SR, Shalet SM, Beardwell CG. The effects of cranial irradiation on growth hormone secretion. Acta Paediatr Scand 1986; 75: 255-260

100.   Lissett CA, Saleem S, Rahim A, Brennan BMD, Shalet SM. The impact of irradiation on growth hormone responsiveness to provocative agents is stimulus dependent: results in 161 individuals with radiation damage to the somatotropic axis. J Clin Endocrinol Metab 2001; 86: 663-668

101.  Popovic V, Pekic S, Golubicic I, Doknic M, Dieguez C, Casanueva FF. The impact of cranial irradiation on GH responsiveness to GHRH plus GH-releasing peptide-6. J Clin Endocrinol Metab 2002; 87: 2095-2099
102.  Darzy KH, Pezzoli SS, Thorner MO, Shalet SM. Cranial irradiation and growth hormone neurosecretory dysfunction: a critical appraisal. J Clin Endocrinol Metab 2007; 92: 1666-1672

103.   Leiper AD, Stanhope R, Kitching P, Chessells JM. Precocious and premature puberty associated with treatment of acute lymphoblastic leukamia. Arch Dis Child 1987; 62: 1107-1112

104.  Roth C, Schmidberger H, Lakomek M, Lakomek M, Witt O, Wuttke W, Jarry H. Reduction of gamma-aminobutryic acid-ergic neurotransmission as a putative mechanism of radiation induced activation of the gonadotropin releasing-hormone-pulse generator leading to precocious puberty in female rats. Neurosci Lett 2001; 297: 45-48 

105.  Constine LS, Rubin P, Woolf PD, Doane K, Lush CM. Hyperprolactinemia and hypothyroidism following cytotoxic therapy for central nervous system malignancies. J Clin Oncol 1987; 5: 1841-1851

PAGE  

