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General Introduction

THE PITUITARY

The pituitary gland is a small, pea-sized endocrine gland weighing 0.5 gram. It is located at 

the base of the brain in the sella turcica, a cavity of the sphenoid bone, and is functionally 

connected to the hypothalamus via a slender, funnel-shaped structure: the pituitary stalk. 

Together with the hypothalamus it is often referred to as the ‘master glands of the body’ 

since these structures orchestrate the activities of peripheral endocrine glands and are able 

to regulate various homeostatic processes. 

The gland consists of an anterior lobe (adenohypophysis) and a posterior lobe 

(neurohypophysis). The adenohypophysis contains five major cell types that produce six 

traditionally recognized hormones: corticotropes that secrete adrenocorticotropic hormone 

(ACTH), thyrotropes that secrete thyroid stimulating hormone (TSH), gonadotropes that 

secrete luteinizing hormone (LH) and follicle stimulating hormone (FSH), somatotropes 

that secrete growth hormone (GH) and lactotropes that secrete prolactin (PRL). The 

neurohypophysis consists mainly of neuronal axons extending from the supraoptic and 

paraventricular nuclei of the hypothalamus. These axons are able to release the hormones 

oxytocin (OT) and vasopressin (AVP or ADH) into the circulation (figure 1). In addition 

to axons, the neurohypophysis also contains pituicytes: specialized glial cells resembling 

astrocytes (1).

Figure 1. The anterior pituitary produces 
adrenocorticotropic hormone (ACTH), 
thyrotropic hormone (TSH), luteinising 
hormone (LH), follicle-stimulating hormone 
(FSH), prolactin (PRL), and growth hormone 
(GH). Their secretion is regulated by 
hypothalamic releasing and inhibiting factors 
and by negative feedback inhibition of their 
peripheral hormones. The posterior pituitary 
is a storage organ for the hypothalamic 
hormones antidiuretic hormone (ADH) and 
oxytocin. 

Adapted from HJ Schneider (10).
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Chapter 1

Pituitary insufficiency

Pituitary insufficiency, first described by the German physician Dr Morris Simmonds in 

1914 (2), is the inability of the pituitary gland to provide sufficient hormone concentrations 

adapted to the needs of the organism (3). It is caused by either an inability of the gland 

itself to produce hormones or by an insufficient stimulation by hypothalamic releasing 

hormones (4). Pituitary insufficiency is a rare condition with an estimated incidence of 4.2 

cases per 100,000 per year and a prevalence of 45.5 per 100,000 (5). 

The most common cause of pituitary dysfunction are pituitary adenomas. They are classified 

by size (microadenomas <10mm and macroadenomas >10mm) and by their ability or 

inability to produce hormones (functioning and non-functioning adenomas). The secreted 

hormone is determined by the underlying cell type of the pituitary that has expanded 

to form the adenoma. In addition to pituitary adenomas, various other conditions can 

disrupt normal pituitary functioning. These conditions include brain damage (for instance 

traumatic brain injury, neurosurgery, cranial radiotherapy (CRT), stroke), non-pituitary 

tumours (craniopharyngioma, meningioma, glioma, chordoma, ependymoma, metastasis), 

infection (abscess, hypophysitis, meningitis, encephalitis), infarction or bleeding (Sheehan’s 

syndrome, apoplexy), autoimmune disorder (lymphocytic hypophysitis), perinatal insult, 

pituitary hypoplasia, and a number of genetic causes (6-10).

Pituitary insufficiency may exist on a subclinical level, revealed only by biochemical 

assessment of hormone concentrations. However, its clinical onset can also be acute and 

severe, necessitating immediate hospital admission and intensive care. Severe deficiencies 

of ACTH, TSH or ADH are potentially life threatening and require direct attention to warrant 

timely diagnosis and hormone replacement (11-13), whereas LS/FSH- or GH deficiencies 

cause chronic morbidity (14,15).

Signs and symptoms of the underlying disease may sometimes accompany hormonal 

imbalances in patients with pituitary insufficiency. Tumour masses in the sellar region 

with suprasellar extension can cause compression of the optic chiasm (CC), resulting in 

visual field defects. This visual impairment is mostly slowly progressive and has the classical 

presentation of bitemporal hemianopsia, but also unilateral field defects occur. Other 

symptoms of tumour masses are headaches and impairment of cranial nerve function (nn. 

III, IV and VI) in case of lateral extension, although the latter is rare (16).

Treatment of pituitary insufficiency 

The most common underlying cause of pituitary insufficiency is a tumour in the sellar 

region, which is treated when it gives rise to specific symptoms, such as visual field 

defects, headaches and/or excessive hormone secretion (5). Surgery is generally the first 

choice, except for prolactinomas which respond very well to pharmacological treatment 

with a dopamine agonist (17,18). CRT can be used to prevent tumour regrowth after 

surgery in patients with a non-functioning macroadenoma. Although pituitary irradiation 
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General Introduction

has proven to be a useful adjunctive treatment for hormone producing tumours (i.e. 

TSH-, GH- and ACTH secreting pituitary adenomas and resistant prolactinomas) it is 

used less often nowadays with the development of effective medical therapy, including 

somatostatin analogues and pegvisomant for GH producing adenomas, and SOM230 

for ACTH producing adenomas (19,20). Pituitary function may recover after treatment of 

large tumours, although it is not uncommon that surgery and CRT further impair pituitary 

function (6,9,21).

Once pituitary insufficiency has been diagnosed, hormonal substitution therapy is necessary. 

ACTH deficiency, TSH deficiency and LH/FSH deficiency can be treated by administering the 

(synthetic) products of their effector glands, i.e. hydrocortisone for adrenal insufficiency, 

levothyroxine for hypothyroidism, testosterone for male hypogonadism and estradiol 

(usually in combination with progestogens) for female hypogonadism. GH-deficiency 

can be treated with recombinant GH, and ADH deficiency with a synthetic vasopressin 

analogue (10).

Functional impairments in patients with pituitary insufficiency

Adequate replacement of pituitary hormones prevents previously lethal deficiencies 

of cortisol, thyroid hormone and ADH and is successful as a treatment of pituitary 

insufficiency with respect to control the biochemical balance. However, patients with 

pituitary insufficiency often continue to experience some degree of physical or mental 

impairment, indicating that adequate hormonal plasma levels are not always correlated 

with the patients’ sense of well-being. This is reflected by several cross-sectional studies in 

patients with pituitary insufficiency, which point towards a decreased quality of life, even 

during long-term remission or cure of the underlying disease and long-term biochemical 

control (22-30). 

To obtain more insight in the factors that contribute to this phenomenon, efforts 

have been made to improve quantification of these often subjective complaints 

and impairments. For instance, increased daytime sleepiness quantified with sleep 

questionnaires has been reported in hypopituitary patients with a history of hypothalamic 

tumour, craniopharyngioma, non-functioning macroadenoma, traumatic brain injury 

and subarachnoid hemorrhage (31-34). In patients treated for a non-functioning 

macroadenoma these complaints are accompanied by a disturbed distribution of sleep 

stages and a disturbed circadian activity rhythm (35). Altered sleep quality measured 

with polysomnography has also been reported in hypopituitary patients with a history of 

craniopharyngioma, prolactinoma, acromegaly and Cushing’s disease (36-39). In addition, 

several studies showed that substitution of recombinant human GH and other hormones 

is insufficient to reverse all metabolic abnormalities seen in patients with hypopituitarism, 

including elevated body mass index, unfavourable waist-to-hip ratio and body composition, 

dyslipidemia and a higher risk of hypertension (40). Moreover, it has become clear that 
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Chapter 1

patients treated for pituitary adenomas display different and less effective coping strategies 

compared with healthy controls (41).

In addition to the abovementioned physical and mental morbidities, all-cause mortality 

is increased in patients with hypopituitarism when compared with age- and sex-matched 

controls. Meta analysis showed that the standard mortality ratio associated with 

hypopituitarism in men is 2.06 [95% confidence interval (CI) 1.94 – 2.20] and in women 

2.80 [95% CI 2.59 – 3.02] (42).

Imperfections in hormone replacement therapy vs. hypothalamic functions

Why a number of problems remain after biochemical restoration of hormonal balance 

is largely unknown. It may be related to intrinsic imperfections in hormonal substitution 

strategies (43). Despite the attempts of clinicians to reproduce endogenous hormone 

secretion profiles of healthy individuals by adjusting time, dose and method of 

administration, the diurnal rhythmicity and pulsatility of hypothalamic-pituitary hormone 

secretion cannot be fully mimicked in patients with hypopituitarism. Moreover, when 

measuring hormonal concentrations in serum and plasma, we cannot be sure that this 

is a good reflection of the effects of hormones at the tissue level. Therefore, it is likely 

that imperfections in hormone replacement strategies result in subtle physiological 

derangements (43), but other factors may also contribute to the higher morbidity and 

mortality in patients with pituitary insufficiency. Notably, there is an intriguing similarity 

between the functions affected in hypopituitary patients on the one hand and functions 

of the hypothalamus on the other. 

THE HYPOTHALAMUS

The hypothalamus is a small brain structure of 4 ml in the diencephalon that is anatomically 

and functionally closely connected to the pituitary (44). It contains many groups of neurons, 

which form distinct nuclei (figure 2). These nuclei are involved in a multitude of functions 

in the body. Although depicted in early brain atlases, it was the Swiss anatomist Wilhelm 

His who first described the hypothalamus in 1893 as a distinct neuroanatomical entity 

(45). Discovery of the supraoptic-hypophysial tract by Ramon y Cajal in 1894, and the 

subsequent discovery of the concept of neurosecretion in fish by Ernst and Berta Sharrer 

in 1928, formed the foundation for a vast amount of research which has greatly improved 

our understanding of the anatomy and function of the hypothalamus (46).

The hypothalamus secretes thyrotropin-releasing hormone, corticotropin-releasing 

hormone, AVP, oxytocin and other neuropeptides that regulate pituitary function. Distinct 

hypothalamic nuclei also play a pivotal role in eating behaviour, energy homeostasis, diurnal 

rhythmicity and autonomic nervous system outflow. Additionally, the hypothalamus is part 

of the limbic system, which controls mood and behaviour (44). 
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General Introduction

Eating behaviour
Lesion studies in the 1940s already identified the ventromedial hypothalamus as the “satiety 

centre”, and the lateral hypothalamus as the “hunger centre”. Parabiosis experiments in 

rats in the 1950s pointed to the existence of important humoral signals in the regulation 

of long-term energy balance. The latter concept was confirmed by the discovery of the 

adipocyte-derived hormone leptin in 1994 and by the subsequent demonstration of leptin 

receptor expression in the hypothalamus (47). Over the past decade, several neuropeptides, 

receptors, and transcription factors have been identified that mediate leptin’s effects, 

including the hypothalamic melanocortin system which plays a crucial role in body 

weight regulation. The infundibular nucleus, situated in the mediobasal hypothalamus, 

plays a central role in various aspects of energy balance. Rodent studies demonstrated 

that neurons within this nucleus (called arcuate nucleus in rodents) respond rapidly to 

nutritional signals and form two subsets with opposite effects on feeding and energy 

expenditure. One set of neurons expresses proopiomelanocortin, a precursor polypeptide 

which gives rise to melanocyte-stimulating hormone (α- and β-MSH) and ACTH. Both α- 

Figure 2. Schematic representation of the nuclei of the human hypothalamus, showing a rostral (A), middle (B) 
and caudal (C) coronal section. Note that only one side of the hypothalamus is shown. 
Ox, optic chiasma; NBM, nucleus basalis of Meynert; hDBB, horizontal limb of the diagonal band of Broca; 
SDN, sexually dimorphic nucleus of the preoptic area; SCN, suprachiasmatic nucleus; BST, bed nucleus of the 
stria terminalis (c, centralis; m, medialis; l, lateralis; p, posterior); PVN, paraventricular nucleus; SON, supraoptic 
nucleus; DPe, periventricular nucleus dorsal zone; VPe, periventricular nucleus ventral zone; fx, fornix; 3V, third 
ventricle; ac, anterior commissure; VMN, ventromedial hypothalamic nucleus; INF, infundibular nucleus; ot, 
optic tract; MB, mammillary body, i.e., MMN, medial mammillary nucleus + LMN, lateromammillary nucleus; cp, 
cerebral peduncle; AC, anterior commissure; CAL, calleja islands; cdm, medial caudate nucleus; EGP, external 
globus pallidus; IC, internal capsule; INF, infundibular nucleus; ithp, inferior thalamic peduncle; LS, lateral septum; 
LV, lateral ventricle; MPO, medial preoptic area; PT, paratenial nucleus of the thalamus; PV, periventricular 
nucleus; ST, stria terminalis; STh, subthalamic nucleus; ZI, zona incerta. 
Adapted from J.M. Alkemade (85).
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and β-MSH reduce food intake and increase energy expenditure (48). The other set of 

neurons expresses neuropeptide-Y and the agouti-related peptide and stimulates feeding, 

while reducing energy expenditure (47). 

Although much information on these hypothalamic signalling pathways has been obtained 

in rats and mice, the functional neuroanatomy of these neuropeptidergic systems appears 

to be remarkably similar in the human hypothalamus (49-51). 

Energy homeostasis
It was Claude Bernard who first showed in 1854 that the brain is involved in the regulation 

of glucose metabolism when he noticed that rabbits develop diabetes following a lesion in 

the floor of the fourth cerebral ventricle. More recent studies showed that administration 

of glucose to the hypothalamus without changing plasma glucose inhibits the production 

of triglyceride-rich lipoproteins by the liver (52). Moreover, activation of pre-autonomic 

neurons in the paraventricular nucleus (PVN) increases hepatic glucose production by 

activation of the sympathetic signal to the liver (53). These observations confirmed that 

the hypothalamus has the capacity to alter peripheral energy metabolism and that the 

autonomic nervous system is instrumental in the hypothalamic control of hepatic glucose 

production. 

Bruinstroop et al. demonstrated that the hypothalamus and autonomic nervous system 

are also necessary in controlling hepatic lipid metabolism. Specifically, the activation of 

neuropeptide-Y neurons in the hypothalamus during fasting has a stimulatory role on 

hepatic secretion of triglyceride-rich very low-density lipoproteins through the sympathetic 

nervous system (54). The autonomic nervous system also provides a functionally important 

link between pre-autonomic neurons in the hypothalamus and adipose tissue. Retrograde 

tracing experiments have indicated that subcutaneous and intra-abdominal adipose tissues 

receive autonomic projections from separate hypothalamic neurons, suggesting a potential 

role of the hypothalamus in body fat distribution (55,56). 

Temperature regulation 
Maintenance of body core temperature in warm-blooded species is critical to maintain 

physiological integrity. Warm-sensitive neurons in the medial preoptic area (POA) of the 

hypothalamus have a central role in the control of body core temperature (57). When 

body core temperature rises, the firing rate of these warm-sensitive neurons increases. 

This induces a heat defence response that includes skin vasodilatation and sweating via 

a complex and incompletely understood pathway. Warm-sensitive POA neurons may also 

respond to cold by input from cold-receptors in the skin. Activation of these cold-receptors 

decreases their firing rate, lowering the tonic inhibition by POA neurons of cold-responsive 

neurons in the dorsomedial hypothalamus and raphe pallidus area, resulting in skin 

vasoconstriction and shivering. 

The classic view of body temperature regulation presumes an integrative neuronal network 

that sets body core temperature by triggering cold and warm defence responses based on 
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input from central and peripheral thermoreceptors, but the location of this integrative 

network has remained unclear. Over the years, this classic view of body temperature 

regulation has been challenged by a model in which effector cells, i.e. neurons that trigger 

temperature defence responses, receive input from many sensory neurons (58). When 

the cumulative input reaches a certain threshold the effector cell is triggered and sets 

off a temperature defence response. This model does not require an integrative centre to 

control body core temperature and temperature sensations result from the activation of 

effectors and not the other way around. 

Dysthermia, sometimes perceived as thermal discomfort, has been observed in patients 

with hypothalamic lesions. The extent and direction depend on the localization of the 

lesions. Temperature defence responses may be impaired and consequently patients can 

poorly adjust to changes in ambient temperature (59,60). 

Diurnal rhythmicity
Many endocrine events (e.g. plasma GH secretion), behaviours (e.g. sleep/wake, feeding) 

and physiological phenomena (e.g. body temperature, blood pressure) display a 24-hr 

rhythm. The body’s master oscillator is the suprachiasmatic nucleus (SCN), a small bilateral 

hypothalamic nucleus located basolaterally of the third ventricle and just above the optic 

chiasm. It is thought that the SCN coordinates the activity of the peripheral oscillators via 

behavioural, neuroendocrine and autonomic pathways (61-64). The biological clock of the 

brain has an intrinsic rhythm of approximately 24-hours that is generated and maintained 

at the molecular level by transcription/translational feedback loops of several clock genes 

(65). This intrinsic rhythm is not exactly 24-hours. However, environmental light relayed 

from the retina through the retinohypothalamic tract is able to reset the master oscillator 

and, thus, prevents drifting out of phase with the exact 24-hour environmental rhythm. 

Also non-photic stimuli such as feeding, social interactions, temperature, sleep deprivation 

and exercise are able to entrain the SCN (66).

Lesions of the SCN of rodents result in ‘free-running’, which is characterized by disruption 

of the sleep-wake cycle as well as loss of predictable daily oscillations in feeding, drinking 

and secretion of some anterior pituitary hormones (67). The disrupted rhythm can be 

restored by transplanting back SCN tissue in lesioned animals (68). Human case reports 

also showed that lesions of the SCN lead to disruption of circadian rhythmicity (69,70).

Autonomic nervous system outflow
Selective lesions or electrical stimulation of different parts of the hypothalamus may elicit 

the well-known sympathetic “flight-or-fight” reaction with pupillary dilation, tachycardia 

and vasodilatation of skeletal muscle vessels, or the parasympathetic “rest-and-digest” 

response with pupillary constriction, increased visceral vascular flow and bradycardia 

(44,71). Recently, a previously unknown population of parvalbuminergic neurons in the 

anterior hypothalamus has been described, involved with the autonomic control of blood 

pressure and heart rate (72). Moreover, the autonomic outflow from the hypothalamus 
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appears to be of crucial importance for the regulation of hepatic and adipose tissue 

metabolism. Specifically, neural connections between (pre-)autonomic neurons in the PVN 

that connect to the liver and white adipose tissue either via sympathetic brain stem nuclei 

or via the dorsomedial nucleus of the vagus, modulate peripheral carbohydrate and lipid 

metabolism (44,52,73). 

Mood and behaviour
The hypothalamus also plays an important role in the limbic system. The limbic system 

represents a neuronal network that, on the functional level, regulates processes 

important to survival, and thus, to maintenance of homeostasis. This is reflected in a tight 

regulation of the stress response, and of sexual and reproductive behaviour. Besides the 

hypothalamus, the limbic system encompasses the prefrontal cortex, the hippocampus, the 

amygdala, septal- and preoptic regions, and the anterior and medial thalamus. Structurally, 

the hypothalamus is intimately interconnected with certain limbic structures, like the 

hippocampus, the amygdala, and the mediodorsal nucleus of the thalamus (74). For 

instance, the production and release of corticotropin releasing hormone from parvocellular 

neurons in the PVN is under direct control of glucocorticoid receptor expressing neurons 

of the hippocampus. These neurons have direct axonal projections to the PVN (75,76). 

Similarly, noradrenergic neurons from the amygdala and the bed nucleus of the stria 

terminalis project to the PVN for correct processing of arousal (77). Consequently, 

hypothalamic damage may affect emotional and cognitive function, and other types of 

behaviour, like memory, learning, and motivation.

Hypothalamic dysfunction

Inherent to the wide range of hypothalamic functions, lesions in the hypothalamus 

may give rise to a variety of metabolic, endocrine and behavioural abnormalities. For 

instance, severe obesity as a consequence of acquired structural hypothalamic damage 

has been described in several hundreds of individuals over the course of more than a 

century (78) and several cases showed anatomical hypothalamic damage in combination 

with poikilothermia, drowsiness, hyperphagia, depression and/or memory loss (79). 

These symptoms, following extensive injuries to the hypothalamus, are easily recognized 

by the physician and prompt for targeted therapy such as stringent food restriction or 

regulation of the ambient temperature to prevent dysthermia. However, less distinct 

symptoms including subtle disturbances of the sleep/wake cycle, slowly progressive 

obesity or autonomic dysregulation may easily be overlooked or unjustly attributed to 

suboptimal supplementation of pituitary endocrine deficiencies. This is difficult to improve 

upon as tests or functional imaging modalities to assess the integrity of hypothalamic 

functions are not available in standard clinical practice. Nonetheless, it is highly likely that 

expanding pituitary tumours or their treatment attribute to subtle hypothalamic injury and 

dysfunction. 
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For instance, visual disturbances caused by CC are a consequence of a large expanding 

tumour with suprasellar extension towards the hypothalamus (80). Despite improvement 

of vision regularly reported after decompression of the optic chiasm, it is conceivable that 

mechanic pressure of the tumour has induced permanent functional changes of adjacent 

tissues or structures, including the hypothalamus.

CRT has been used in the management of pituitary adenomas for more than a century 

(81), and has also been linked with a number of significant comorbidities (82). It is possible 

that CRT has permanent effects on hypothalamic neuronal function, as the hypothalamus 

is considered to be more vulnerable to radiation injury than the pituitary gland (83). 

Inherent to the close neuroanatomical orientation of some sellar tumours, surgery may 

affect hypothalamic tissue not only due to the infiltrative nature of the lesion but also due 

to the surgical exposure itself, e.g. retractor damage (84). 

AIM AND SCOPE OF THE PRESENT THESIS

Pituitary insufficiency is often associated with impairments such as fatigue, dyslipidemia, 

and energy loss despite adequate hormonal substitution therapy. Until now, it has remained 

unclear whether these symptoms are solely caused by (treated) pituitary insufficiency, or 

may be ascribed in part to hypothalamic injury as well, as a consequence of CC or as a 

consequence of treatment of the sellar tumour. Therefore, the aim of the present thesis 

was to increase our understanding of hypothalamic (dys)function in patients with pituitary 

insufficiency with a history of CC, CRT and/or pituitary surgery. As no tests or imaging 

modalities are available to assess the integrity of hypothalamic function, we addressed this 

research question in three ways.

First, we studied the effects of CRT and CC on several parameters affected by the 

hypothalamus, i.e. visceral and abdominal fat distribution, baroreflex sensitivity (BRS), skin 

temperature and sleep. Endocrine deficiencies, like GH and estrogen deficiency, are likely 

candidates to explain increased visceral to subcutaneous fat ratio in patients with pituitary 

insufficiency. However, recent reports pointed to CRT as an additional determinant of an 

unfavourable fat distribution. Therefore, we determined in chapter 2 the effect of CRT on 

abdominal fat distribution in men with treated pituitary insufficiency. CRT has also been 

linked to cardiovascular morbidity and mortality in patients with pituitary insufficiency. 

We decided to assess BRS as a marker for cardiovascular risk in patients with pituitary 

insufficiency. BRS is a measure of changes in heart rate in response to changes in blood 

pressure and can be modulated by distinct pre-autonomic neurons in the hypothalamus. In 

chapter 3 we investigated whether a history of CRT in patients with pituitary insufficiency 

affects BRS. 

The SCN is crucially involved in the circadian timing of sleep-wake rhythm, and the adjacent 

POA accommodates the most important thermoregulatory neuronal network. As these 
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hypothalamic nuclei are closely situated to the optic chiasm, we aimed to elucidate in 

chapter 4 and chapter 5 whether CC affects skin temperature and sleep.

Second, we investigated human post-mortem hypothalamic tissue by means of 

immunocytochemistry. We were in the unique position to study post-mortem hypothalamic 

tissue of five patients with a suprasellar tumour inducing permanent visual field defects. In 

chapter 6 we explored whether immunoreactivity of two key neuropeptides of the SCN, 

i.e.  AVP and vasoactive intestinal peptide, is altered in patients with a suprasellar tumour 

inducing permanent visual field defects as compared with control subjects.

Post-mortem hypothalamic tissue was also used to study the serotonergic system. 

Serotonergic signalling has been implicated in various hypothalamic functions including 

circadian rhythmicity, feeding behaviour and neuroendocrine regulation. Indeed, these 

functions show many similarities with the impairments of hypopituitary patients which 

raises the question whether the serotonergic system is affected in these patients. As the 

functional neuroanatomy underlying serotonergic signalling in the human hypothalamus 

is largely unknown, we studied the distribution of the serotonin transporter in human 

hypothalamus for the first time. These results are described and discussed in chapter 7.

Finally, we explored hypothalamic serotonergic transporters with a nuclear imaging 

technique, i.e., single photon emission computed tomography in chapter 8. In addition, 

we investigated whether hypopituitary patients with a history of CC, CRT and surgery show 

altered serotonergic hypothalamic neurotransmission using this technique. We compared 

the results with hypopituitary patients without a history of CC, CRT or cranial surgery and 

with age- and gender matched controls.

In chapter 9 we summarized the results of this thesis and aimed to put our findings into 

a broader perspective.
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Chapter 2

ABSTRACT

Objective: Endocrine deficiencies, like GH and estrogen deficiency, are likely candidates to 

explain increased visceral to subcutaneous fat ratio in patients with pituitary insufficiency. 

However, recent reports pointed to cranial radiotherapy (CRT) as an additional determinant 

of an unfavourable fat distribution. Therefore, we determined the effect of CRT on 

abdominal fat distribution in men with treated pituitary insufficiency.

Design: Cross-sectional study

Methods: 35 Consecutive male subjects [16 men with and 19 men without CRT; 

respectively aged 62 ± 12 and 56 ± 14 yr, p = 0.175] visiting our Endocrine Outpatient 

Clinic for pituitary insufficiency were invited to participate. A standardized single slice 

abdominal CT-scan at the level of the fourth lumbar vertebra was performed to determine 

visceral fat area, subcutaneous fat area and visceral to subcutaneous fat ratio. In addition, 

we assessed body mass index, total fat percentage with bioelectrical impedance analysis, 

resting energy expenditure with indirect calorimetry, caloric intake with a diary and serum 

hormone concentrations.

Results: Subjects with CRT had a smaller subcutaneous fat area [225.1 (71.1 - 480.7) vs. 

269.0 (133.2 - 59.9) cm2, p = 0.022] and a higher visceral to subcutaneous fat ratio [0.79 

(0.39 - 1.55) vs. 0.63 (0.23 - 0.88), p = 0.001] than subjects without CRT. Both groups 

were comparable for body mass index, waist-hip ratio, resting energy expenditure, and 

caloric intake. Importantly, serum hormone concentrations were similar.

Conclusion: In men treated for pituitary insufficiency, previous CRT is associated with a 

higher visceral to subcutaneous fat ratio.  
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INTRODUCTION

Patients with pituitary insufficiency are at increased risk for obesity. Although obesity in 

itself is associated with increased cardiovascular morbidity, especially the accumulation of 

visceral fat is an established risk factor for the development of cardiovascular disease and 

type 2 diabetes mellitus (1). The importance of these metabolic consequences highlights 

the need to identify factors responsible for changes in body fat distribution in patients 

with pituitary insufficiency. Traditionally, suboptimal hormone replacement therapy has 

been considered an obvious explanation in these patients, since the majority of pituitary 

controlled hormones affect body fat distribution. For instance, androgens are associated 

with increased visceral fat mass, with the inverse pattern for estrogens (2, 3), and excess 

of cortisol or a shortage of GH are associated with visceral obesity as well (4, 5). However, 

in addition to these endocrine explanations, other factors may be involved. Interestingly, 

excess visceral fat was recently reported in patients who had received cranial radiation 

therapy (CRT) as part of their treatment for acute lymphoblastic leukaemia (6, 7). Whether 

this relationship between CRT and body fat distribution is also present in patients with 

pituitary insufficiency is unclear. To study this, we decided to investigate the effect of 

CRT on body fat distribution in men currently receiving hormone replacement therapy for 

pituitary insufficiency. 

SUBJECTS AND METHODS

Subjects

Consecutive patients visiting our Endocrine Outpatient Clinic (Academic Medical Centre 

of the University of Amsterdam) with pituitary insufficiency, i.e. at least one anterior 

pituitary hormone deficiency, who had been treated for a (supra)sellar tumour between 

1966 and 2007 were invited to participate. Only men were included, as previous studies 

have demonstrated that body composition is gender dependent and related to pre- and 

postmenopausal status of women. 

All patients were seen on a regular basis by an internist-endocrinologist for clinical and 

biochemical evaluation. Patients received conventional hormone replacement therapy 

consisting of L-thyroxine, hydrocortisone, testosterone, recombinant human growth 

hormone (rhGH) and/or vasopressin analogues when indicated. Excessive production of 

pituitary hormones had not been present for at least 5 years in subjects with a hormone 

producing tumour. Hormone concentrations were measured in venous serum or plasma 

samples obtained between 9:00 and 10:00 a.m. after an overnight fast. IGF-1 was 

measured by an immunometric assay (Immulite® IGF-I, Diagnostic Products Corporation, 
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Los Angeles, USA). Age specific reference values have previously been determined in a 

random population sample (n=296) (8). 

The study protocol was approved by the Medical Ethics Committee of the Academic 

Medical Centre and conducted in accordance with the Declaration of Helsinki. All subjects 

provided written informed consent prior to participation in the study.

Physical examination and indirect calorimetry

Physical examination included measurement of height (cm), weight (kg), waist circumference 

(at the midpoint of the costal margin and iliac crest) (cm) and hip circumference (at the 

level of the great trochanters with the legs close together) (cm). Body mass index (kg/

m2) and waist-hip ratio were calculated. Bioelectrical impedance analysis (Maltron BF906, 

Rayleigh, UK) was used to measure body composition. 

Resting energy expenditure was measured over a 30-min period after an overnight fast 

by indirect calorimetry using the ventilated hood technique (Sensormedics model 2900; 

Sensormedics, Anaheim, USA). Resting energy expenditure was calculated from oxygen 

consumption and carbon dioxide production as described by Frayn (9).

Abdominal fat measurement

A standardized single slice abdominal CT-scan (Mx8000Quad, Philips Medical Systems, 

Best, The Netherlands) using 120kV, 100mAs and a slice thickness of 1 cm was performed. 

On the survey image, the level of the fourth intervertebral lumbar disc was selected, since 

the fat area in a slice at this level is a valid predictor of total abdominal fat in men (10, 11). 

The area of visceral fat and subcutaneous fat (both in cm2) was determined by adding the 

area of the voxels with CT values within the range of -170 to -30 Hounsfield units. Care was 

taken to exclude intracolonic contents with CT values within the same range (12).

Caloric intake

Energy intake was assessed using a food diary. This involved the patient recording their daily 

food and drink intake for two weekdays and one weekend day. To estimate daily caloric 

intake the food diaries were analyzed using www.dieetinzicht.nl. Data are expressed as 

total energy intake per kg bodyweight per day. 

Statistical analysis

Statistical analyses were performed using SPSS for Windows (version 16.0, SPSS Inc, 

Chicago, IL). Normally distributed variables are presented as mean ± SD, and not normally 

distributed variables as median (range) and categorical variables as counts (percentages). 

Group differences in numerical variables were evaluated using the Student’s t-test for 

normally distributed variables and the Mann-Whitney U test for not normally distributed 

parameters. The Chi-square test was used to analyze differences between categorical data 

in both groups. If the sample size was small or cells had an expected count less than 5, the 
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Fisher exact test was used. An analysis of covariance (ANCOVA) was used to determine 

the effect of CRT on fat distribution with ‘age’ and ‘time between initial diagnosis and 

the present study’ as covariates. Simple bivariate correlation was performed using the 

Spearman rank correlation coefficient. A p-value of <0.05 was considered significant, 

using two-tailed tests.

RESULTS

Subjects 

Thirty-five men were enrolled in the present study, of which 16 had been treated with 

CRT (mean age 62 ± 12 yr) and 19 men had not been treated with CRT (mean age 56 ± 

14 yr). Within the CRT group, thirteen subjects received post-operative CRT, two received 

CRT following unsuccessful dopamine agonist treatment and one subject received 

CRT to prevent Nelson’s syndrome after bilateral adrenalectomy. Total radiation doses 

administered to the CRT group ranged from 40 – 50 Gy (mean 45.2 ± 4.6 Gy).

The time between initial diagnosis and the present study in the group with CRT was 

longer than in the group without CRT (20 ± 9 vs. 11 ± 11 yr, p = 0.021), but there was 

no difference between the groups in body mass index, waist-hip ratio, resting energy 

expenditure, caloric intake and hypothalamic-pituitary hormone deficiencies (table 1). 

All ACTH-, TSH- and ADH deficient patients were on stable doses of hydrocortisone, 

L-thyroxine and desmopressin, respectively. RhGH therapy was given to 5 out of 10 

CRT-patients with GH-deficiency and 11 out of 11 non-CRT patients with GH-deficiency. 

The remaining patients were classified as having an intact GH-IGF-1 axis based on an 

age specific IGF-1 between +/- 2SD. Testosterone supplementation was given to 11 out 

of 14 CRT-patients with LH/FSH deficiency and 15 out of 17 non-CRT patients with LH/

FSH deficiency. The majority of hypogonadal patients received transdermal testosterone 

therapy (61%). The remaining patients received intramuscular (19%), oral (12%) or buccal 

(8%) formulas of testosterone. 

Serum testosterone, age-adjusted IGF-1 and fT4 levels were not different between patients 

with and without CRT, nor were urine production and urine osmolality. Hydrocortisone 

tablets were used two or three times daily by all ACTH-deficient patients and their total 

hydrocortisone dosage did not differ between patients with and without CRT (table 1).

Subcutaneous and visceral fat

The visceral to subcutaneous fat ratio was 25.4% higher in men with CRT than in men 

without CRT [0.79 (0.39 - 1.55) vs. 0.63 (0.23 - 0.88), p = 0.001]. This difference was 

caused by a smaller absolute median subcutaneous fat area of 43.8 cm2 in men with 

CRT [225.1 (71.1 - 480.7) vs. 268.9 (133.2 - 599.1) cm2, p = 0.022], and an absolute 
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median difference in visceral fat area of 44.4 cm2, although the latter was not statistically 

significant [201.1 (50.2 - 375.3) vs. 156.7 (55.3 - 300.2) cm2, p = 0.271] (figure 1).

TABLE 1. Clinical characteristics

History of cranial radiotherapy

Yes (n=16) No (n=19) p-value

Age - yr 62 ± 12 56 ± 14 0.175

Time between tumour diagnosis and this study - yr 20 ± 9 11 ± 11 0.021

Time between cranial radiotherapy and this study - yr 18.2 ± 8.8

Physical examination

    Body mass index - kg/(height)2 29.1 ± 4.4 30.7 ± 4.5 0.286

    Waist-to-hip ratio 0.95 ± 0.05 0.93 ± 0.04 0.097

    Lean body mass - % 70.8 (39.5 - 77.1) 67.6 (49.2 - 78.3) 0.302

Resting Energy Expenditure - kcal/kg 17.3 ± 1.96 17.1 ± 1.76 0.704

Caloric intake - kcal/day 1946 ± 467 1906 ± 491 0.805

Biochemistry §

    Age adjusted IGF-1 - SD -0.63 ± 1.16 -0.45 ± 1.34 0.686

    Testosterone - nmol/L 13.4 (6.8 - 60.0) 12.8 (0.04 - 34.0) 0.659

    fT4 - pmol/L 14.9 ± 4.5 12.9 ± 2.4 0.132

    Osmolality urine - mOsm/kg 628.4 ± 153.1 556.8 ±194.0 0.241

    Urine volume - mL/24h 1863 ± 539 1857 ± 899 0.378

Histology - no.(%)

    Macroadenoma - prolactinoma 5 (31.2) 5 (26.3)

    Macroadenoma - GH producing 1 (6.2)

    Macroadenoma - gonadotropinoma 1 (6.2) 1 (5.3)

    Macroadenoma - non-functioning 8 (50) 8 (42.1)

    Craniopharyngioma 5 (26.3)

    Microadenoma - ACTH producing 1 (6.2)

Previous therapy - no.(%)

    Surgical treatment 13 (81.2) 16 (84.2) 0.582

Hypothalamic-pituitary hormone deficiency - no.(%)

    ACTH-deficiency* 8 (50) 14 (73.7) 0.149

    GH deficiency 10 (62.5) 11 (57.9) 0.782

    TSH deficiency 13 (81.2) 13 (68.4) 0.319

    LH/FSH deficiency 14 (87.5) 17 (89.5) 0.630

    ADH deficiency 1 (6.2) 7 (43.8) 0.037

Data are expressed as mean±SD, median (range) or number (percentage).
§ Reference values: testosterone 11.0 - 35.0 nmol/L; fT4 10.0 - 23.0; osmoloality urine 300 - 900 mOsm/kg.
* Hydrocorisone tablets were used two or three times daily by all ACTH deficient patients and their total daily 
dosage did not differ between patients with and without CRT (20 (20 - 60) vs. 20 (15-30); p-value = 0.815).
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Factors influencing the visceral to subcutaneous fat ratio

Age and Time between initial diagnosis and the present study
Controlled for ‘age’ and ‘time between initial diagnosis and the present study’, men with 

CRT had still a higher visceral to subcutaneous fat ratio than men without CRT (F(1, 31) = 

12.53, p = 0.001). 

Relationship between IGF-1 and body composition
We did not find a correlation between serum IGF-1 concentration and visceral to 

subcutaneous fat ratio (r2 = 0.007, p = 0.644), nor between IGF-1 and, respectively, visceral 

or subcutaneous fat (r2 = 0.000, p = 0.987; r2 = 0.004, p = 0.719).

Hypopituitarism
In our study population, some men were untreated for their GH- or testosterone-deficiency. 

Because untreated hormonal deficiencies are implicated in the regulation of fat distribution, 

we analysed a subgroup containing men with intact and/or hormonal suppleted axes 

exclusively. In this separate analysis the difference in visceral to subcutaneous fat ratio in 

men with and without CRT was even more pronounced [0.97 (0.52 - 1.55) vs. 0.57 (0.23 

- 0.88), p = 0.001], again mainly accompanied by a smaller subcutaneous fat area [233.2 

(71.1 - 480.7) vs. 284.2 (167.5 - 599.l) cm2, p = 0.017], although the visceral fat area 

tended to be larger in men with CRT [247.1 (50.2 - 375.3) vs. 160.6 (55.3 - 300.2) cm2, 

p = 0.053]. If we controlled for ‘age’ and ‘time between initial diagnosis and the present 

study’, men with CRT had still a higher visceral to subcutaneous fat ratio than men without 

CRT (F(1, 22) = 17.77, p = 0.000). 
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Figure 1. Graphical representation of fat distribution in hypopituitary men with a history of cranial radiotherapy 
(CRT+) or without (CRT-). (A) visceral to subcutaneous fat ratio, (B) subcutaneous fat area, (C) visceral fat area. 
Horizontal lines represent median values. The Mann Whitney U test was used for comparison between both 
groups; P-values are shown in each graph.
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Of note, in this analysis, there were no differences in hydrocortisone treatment regiment 

and doses between the groups (26.1 ± 13.2 vs. 21.7 ± 3.9; p = 0.279), nor in serum 

testosterone, age-adjusted serum IGF-1, serum fT4, urine production or urine osmolality.

DISCUSSION

This is the first report on the relationship between CRT and body fat distribution measured 

by CT in patients with pituitary insufficiency caused by a tumour in the sellar region. Our 

results indicate that CRT is associated with a higher visceral to subcutaneous fat ratio in 

men with pituitary insufficiency. This finding is consistent with previous observations in 

survivors of childhood acute lymphoblastic leukaemia (6, 7).

Changes in body fat distribution in patients with pituitary insufficiency are usually 

attributed to hormonal deficiencies. However, our results suggest that CRT contributes to 

compartment-specific modulation of adipose tissue accumulation independent of pituitary 

deficiencies, since patients with and without CRT had a comparable degree of pituitary 

insufficiency. Additionally, in a smaller subgroup analysis containing men with intact or 

adequately supplemented hormonal axes, visceral to subcutaneous fat ratio was markedly 

higher in men with CRT. These observations add strength to the notion that CRT might 

affect body fat distribution independently of pituitary function. 

An intriguing question is how CRT affects body fat distribution. The hypothalamus is an 

important regulator of food intake and energy balance (13). In experimental animals, the 

hypothalamus and the autonomic nervous system have been shown to be implicated in 

the regulation of adipose tissue distribution (14-16). As the hypothalamus is vulnerable to 

radiation injury (17), it is conceivable, but highly speculative at this stage, that CRT impairs 

hypothalamic nuclei involved in the regulation of body fat distribution, thereby altering 

body fat distribution in patients after CRT. 

Also tumours invading the hypothalamus, in particular craniopharyngiomas, may inflict 

damage on the hypothalamus. On imaging the craniopharyngiomas in our series did not 

invade the hypothalamus. Clinical evidence of hypothalamic damage is poorly defined 

in the literature, although most clinicians would agree that the development of massive 

obesity in patients with craniopharyngioma is indicative of hypothalamic damage. In 

our study 1 out of the 5 patients with craniopharyngioma had developed hypothalamic 

obesity. None of the patients had poikilothermia or severe disturbances in their sleep/wake 

rhythm indicating hypothalamic damage, whereas all patients with craniopharyngioma 

had diabetes insipidus. Considering the limitations in defining hypothalamic damage one 

patient should probably be classified as having hypothalamic damage based on clinical 

symptoms. 

A limitation of this cross-sectional study is that the temporal relationship between CRT and 

body composition cannot be clearly established. In addition, we studied a relatively small 
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sample, but nevertheless were able to demonstrate a statistically significant difference in 

fat distribution between irradiated and non-irradiated patients. In our series approximately 

60 percent of patients had GH-deficiency. Usually GH is the first affected hormone, 

especially if pituitary insufficiency results from irradiation (18). However, in patients with 

pituitary insufficiency due to a macroadenoma, GH deficiency is not by definition the most 

prevalent pituitary hormone deficiency as demonstrated in a series of 444 patients with 

macroadenoma, scheduled for transphenoidal surgery (19). In our study 83% of patients 

had a macroadenoma, which may explain why GH deficiency was not the most prevalent 

pituitary hormone deficiency. It is important to note that our results do not necessarily 

hold for women, as previous studies have demonstrated that body composition is gender 

dependent and even dependent on pre- and postmenopausal status of women. Therefore, 

further and larger studies in men and women are needed to clarify the association between 

CRT and body fat distribution in patients with pituitary insufficiency.

In conclusion, our study demonstrates that CRT in men with pituitary insufficiency is 

associated with a higher visceral to subcutaneous fat ratio. The outcome adds a new 

dimension to the several well-known long-term side effects of CRT such as development of 

pituitary hormone deficiencies, radiation induced necrosis, optic neuropathy and secondary 

malignant tumours (20, 21).
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ABSTRACT

Objective: Cranial radiation therapy (CRT) has been linked to cardiovascular morbidity and 

mortality in patients with pituitary insufficiency. Baroreflex sensitivity (BRS) plays a major 

role in the development and progression of cardiovascular disorders. We investigated 

whether a history of CRT in patients with pituitary insufficiency affects BRS. 

Design: Case-control study 

Patients: In total 28 patients were studied: 13 hypopituitary patients with a history CRT 

[age 58 ± 15 yr; 7 men; BMI 23.1 ± 7.4 kg/m2] and 15 hypopituitary patients without CRT 

[age 51 ± 15 yr; 11 men; BMI 29.6 ± 5.6 kg/m2].

Measurements: The non-invasive xBRS method was used to determine BRS in supine 

position and during standing. 

Results: In patients with CRT, BRS was lower in supine position [BRSsupine: 7.3 (interquartile 

range (IQR) 6.5 – 10.4) vs. 12.2 (IQR (6.8 – 23.8) ms/mmHg, p = 0.022] and during 

standing [BRSstanding: 4.3 (IQR 3.2 – 5.3) vs. 8.2 (IQR 5.0 – 10.9), p = 0.005] than in 

patients without CRT. Multivariate regression analysis with CRT, age, body mass index and 

systolic blood pressure confirmed that CRT is an independent determinant of BRSstanding 

(B = -0.283; SE = 0.094; p = 0.006). Moreover, CRT was an important determinant in the 

final multivariate model of BRSsupine (B = -0.164; SE = 0.086; p = 0.068).

Conclusions: A history of CRT is associated with a decreased BRS in patients with pituitary 

insufficiency. This finding suggests that BRS may be a link in explaining the increased 

cardiovascular morbidity and mortality in these patients.
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INTRODUCTION

Cranial radiotherapy (CRT) is frequently used for the treatment of pituitary tumours. It is 

applied to treat hormone producing tumours (i.e. growth hormone- and adrenocorticotropic 

hormone secreting pituitary adenomas and prolactinomas), and to prevent tumour 

regrowth after surgery in patients with a non-functioning macroadenoma (1). However, 

CRT has been associated with a number of complications including hypothalamic-pituitary 

insufficiency (2), optic pathway injury (3;4), impaired neurocognitive functioning (5) and 

induction of de novo intracranial tumours (6). Of particular interest is the association 

between CRT and cardiovascular diseases. The risk of stroke is dose dependently associated 

with CRT (4;7-10). Moreover, premature mortality due to cardiovascular diseases has been 

reported in irradiated patients with pituitary insufficiency (10-13). The exact cause of 

increased cardiovascular risk in irradiated patients with pituitary insufficiency is unknown, 

but it is conceivable that CRT causes vascular injuries and hemodynamic changes (14). 

An indicator of cardiovascular health is baroreflex sensitivity (BRS), which is a measure of 

changes in heart rate in response to changes in blood pressure. When blood pressure rises, 

the carotid sinuses and aortic arch are stretched which in turn activate the baroreceptors. 

This baroreceptor signal is relayed via glossopharyngeal and vagal nerves and terminates 

within the nucleus tractus solitarius (NTS). Subsequently, the NTS neurons convey this 

signal via the ventrolateral medulla (VLM) and rostral VLM (RVLM) in the lower brainstem 

to the spinal cord, causing activation of the parasympathetic nervous system and inhibition 

of the sympathetic nervous system. The former reduces heart rate and the latter primarily 

reduces the systemic vascular resistance, together lowering blood pressure. Conversely, a 

decrease in arterial pressure reduces baroreceptor afferent discharge and triggers heart 

rate and systemic vascular resistance to increase (15). 

The BRS has been shown to predict mortality in patients with previous myocardial 

infarction (16-20) and it is associated with increased long-term mortality after acute 

ischemic stroke (21). As changes in the BRS reflect alterations in the autonomic control of 

the cardiovascular system and CRT is associated with increased cardiovascular diseases in 

patients with pituitary insufficiency, we investigated whether a history of CRT affects BRS 

in patients with pituitary insufficiency. 

SUBJECTS AND METHODS

Subjects

Consecutive patients with pituitary insufficiency between 18 and 80 years old visiting our 

Endocrine Outpatient Clinic (Academic Medical Centre of the University of Amsterdam) 

were invited to participate in this cross-sectional study. Pituitary insufficiency was defined 
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as having at least one anterior pituitary hormone deficiency. Excessive production of 

pituitary hormones had not been present for at least 5 years in subjects with a hormone 

producing tumour. All patients were seen on a regular basis by an internist-endocrinologist 

for clinical and biochemical evaluation. Conventional hormone replacement therapy was 

given according to the standard clinical practice, consisting of L-thyroxine, hydrocortisone, 

sex hormones, recombinant growth hormone (rhGH) and/or vasopressin analogues. 

Exclusion criteria were a history of total body irradiation and the use of antihypertensive 

medication, as these drugs affect autonomic control of the cardiovascular system. 

The Medical Ethics Committee of the Academic Medical Centre approved the study 

protocol which was conducted in accordance with the Declaration of Helsinki. All patients 

provided written informed consent prior to participation in the study.

Measurements

After an overnight fast, examinations started at 8:30 AM in a quiet room, where ambient 

temperature was controlled between 20 and 24 ºC. Patients were asked not to speak or 

move during the measurements. 

Office blood pressure was determined from the average of 5 consecutive automatic blood 

pressure readings (Dinamap, Johnson & Johnson Medical Inc.) during 15 minutes of supine 

rest. Pituitary hormone concentrations were measured in venous serum or plasma samples.

Beat-to-beat blood pressure was measured noninvasively using the Nexfin monitor (BMEYE 

B.V. The Netherlands). This examination commenced with a 5 minute supine period to 

bring physiologic functions to resting levels, followed by a baseline recording in supine 

position during 20 minutes (BRSsupine). Subsequently, patients were asked to assume a 

free standing position during 10 minutes to record postural stress (BRSstanding). Venous 

blood samples were drawn 1 minute before and after 10 minutes of standing to determine 

the concentrations of plasma epinephrine and norepinephrine. 

Continuous non-invasive pressure measurement with The Nexfin monitor is based on the 

volume clamp methodology (22) in combination with physiocal criteria (23). An inflatable 

cuff with an optical blood volume measuring system is attached to the middle phalanx of 

the left finger. By applying a cuff pressure equal to arterial pressure throughout the cardiac 

cycle, blood volume is clamped to a certain level which is determined by the physiocal 

criteria. In this way, calibrated recordings of finger arterial pressure are obtained. Brachial 

arterial blood pressure is reconstructed from finger arterial pressure, by correcting for 

differences in wave shape (24) and the decrease in mean arterial pressure (25).  The cuffed 

finger was held at mid-thorax level to avoid hydrostatics pressure differences.

For the quantification of the BRSsupine and BRSstanding, we used the xBRS method as 

previously described (26). This method establishes the cross-correlation between systolic 

blood pressure variations and subsequent variations in interbeat interval. The beat-to-beat 

values of systolic blood pressure and interbeat interval were interpolated and resampled at 

1 sec. Then, of 10 s windows the cross-correlation was calculated for delays of 0s to 5s and 
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the combination giving the highest correlation was accepted when P < 0.05. The slope of 

the regression line gave BRS, expressed in ms/mmHg. This process was repetitively repeated 

for a series of systolic blood pressure and interbeat interval samples 1 s later. Since the 

distributions of individual BRS values were best described as log-normal (26), geometric 

averages were used to obtain one value per subject. For each patient, we selected a period 

of eight minutes of uninterrupted measurements in the supine (BRSsupine) as well as the 

standing (BRSstanding) position to perform statistical analyses.

Statistical analyses

Data were analyzed with SPSS for Windows (version 19.0, SPSS Inc, Chicago, IL). The 

Kolmogorov-Smirnov test was used to evaluate normal distribution of the parameters. 

BRSsupine and BRSstanding were log-transformed to improve normality for statistical 

testing.  

Normal distributed variables are presented as mean ± SD, non-normal distributed 

variables as median (25th-75th percentile) and categorical variables as counts. We used 

the Student’s t-test for normal distributed variables and the Mann-Whitney U test for 

non-normal distributed variables to evaluate group differences in numerical variables. The 

Chi-square test was used to analyze differences between categorical data in both groups. 

If the sample size was small or cells had an expected count less than 5, the Fisher exact 

test was used.

Multiple linear regression analysis was conducted to determine whether CRT influenced 

log[BRSsupine] or log[BRSstanding] after adjusting for other possible confounding factors. 

We performed univariate regression analysis to assess the associations between log[BRS] 

and respectively age, body mass index, systolic blood pressure , diastolic blood pressure, 

heart rate and CRT. Variables from these univariate analyses with p < 0.10 were included 

in the multivariable model and backward eliminated to a significance level of p < 0.10. For 

each regression model, we checked assumptions for linearity and constant variance. These 

were assessed by plotting residuals against predicted values, and investigate deviations for 

linearity and inconsistent variance. The statistical significance level for all analyses was set 

at p = 0.05 (two-sided) unless otherwise mentioned.

RESULTS

Patient characteristics 

We included twenty-eight patients in the present study, of whom thirteen had been treated 

with CRT [age 58 ± 15 yr; 7 men; BMI 23.1 ± 7.4 kg/m2] and fifteen had not been treated 

with CRT [age 51 ± 15 yr; 11 men; BMI 29.6 ± 5.6 kg/m2]. One BRSsupine measurement 

in the CRT group was excluded because of insufficient technical quality of the recording.
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Within the CRT group, eleven patients received post-operative CRT and two patients 

received CRT to prevent Nelson’s syndrome after bilateral adrenalectomy. The median 

interval between completion of radiotherapy and time of investigation was 21 yr (11-32 

TABLE 1. Clinical characteristics

History of Cranial Radiotherapy

Yes (n=13) No (n=15) p-value

Age - yr 58 ± 15 51 ± 15 0.215

Male / Female - no. 7 - 6 11 - 4 0.433

Time between histological diagnosis and this study - yr 20.5 ± 10.0 16.1 ± 11.1 0.293

Body mass index - kg/(height)2 23.1 ± 7.4 29.6 ± 5.6 0.307

Office systolic blood pressure - mmHg 140 ± 28 121 ± 14 0.036

Office diastolic blood pressure - mmHg 76 ± 8 73 ± 12 0.394

Office heart rate - min-1 64 ± 10 63 ± 10 0.794

Histology - no.

    Macroadenoma - prolactinoma 2 1

    Macroadenoma - GH producing 2

    Macroadenoma - gonadotropinoma 1

    Macroadenoma - non-functioning 4 4

    Craniopharyngioma 2 2

    Microadenoma - ACTH producing 2 1

    Pituitary hypophysitis 1

    Pituitary apoplexia 1

    Pituitary infarction 1

    Pituitary insufficiency of unknown origin 4

Hypothalamic-pituitary hormone deficiency - no.

    ACTH deficiency* 12 12 0.606

    GH deficiency 11 12 1.000

    TSH deficiency 12 11 0.333

    LH/FSH deficiency 11 11 0.655

    ADH deficiency 2 3 1.000

Biochemistry §         

    fT4 - pmol/L 16.09 ± 3.65 13.94 ± 1.99 0.074

     T3 - nmol/L 1.47 ± 0.35 1.59 ± 0.28 0.337

    Osmolality urine - mOsm/kg 542 ± 193 606 ± 266 0.481

    Urine volume - mL/24h 1865 ± 739 2104 ± 1079 0.508

    Age adjusted IGF-1 - SD -0.90 ± 0.23 -0.28 ± 0.39 0.210

§ Reference values: fT4 10.0 - 23.0; osmololality urine 300 - 900 mOsm/kg.
* Hydrocortisone tablets were used two or three times daily by all ACTH deficient patients and their total daily 
dosage did not differ between patients with and without CRT (20 (20-20) vs 20 (20-30); p-value = 0.198).
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yr) and median total radiation doses administered to the CRT group were known in nine 

patients and measured 50 Gy (43 – 50 Gy).

Mean systolic office blood pressure was significantly higher in patients with CRT than 

without CRT. [140 ± 28 mmHg vs. 121 ± 14 mmHg, p = 0.036]. No differences were found 

between diastolic office blood pressure and office heart rate between the groups (p - 

values 0.39 and 0.79).

All TSH-, ADH-, and ACTH deficient patients were on stable doses of L-thyroxine, 

desmopressin and hydrocortisone respectively. rhGH-therapy was given to 7 out of 11 

CRT-patients with GH deficiency and 11 out of 12 non-CRT patients with GH-deficiency (p 

= 0.16). 

Serum free T4 levels were in the normal range in all patients (10.0 - 23.0 pmol/L) and there 

were no differences in serum free T4 (p = 0.074), urine osmolalilty (p = 0.48), urine volume 

(p = 0.51) and IGF-1 SD scores (p = 0.21, including GH deficient patients without rhGH) 

TABLE 2. Cardiovascular parameters

History of Cranial Radiotherapy

Yes (n=13) No (n=15) p-value

Supine position

    BRSsupine 7.3 (6.5 - 10.4) 12.2 (6.8 - 23.8)

    Log(BRSsupine) - ms/mmHg 0.89 ± 0.21 1.14 ± 0.32 0.022

    SBP supine - mmHg 141 ± 19 129 ± 18 0.126

    DBP supine - mmHg 78 ± 8 75 ± 10 0.423

    HR supine - min-1 63 ± 8 61 ± 9 0.500

    Epinephrine - nmol/L 0.05 (0.05 - 0.10) 0.05 (0.05 - 0.11) 0.413

    Norepinephrine - nmol/L 1.26 (0.93 - 1.94) 1.04 (0.69 - 2.14) 0.964

Free standing position

    BRSstanding 4.3 (3.2 - 5.3) 8.2 (5.0 - 10.9)

    Log(BRSstanding) - ms/mmHg 0.56 ± 0.24 0.88 ± 0.30 0.005

    d(BRS) - ms/mmHg -0.33 ± 0.16 -0.26 ± 0.23 0.378

    dSBP standing - mmHg 5 ± 7 2 ± 14 0.170

    dDBP standing - mmHg 8 ± 5 6 ± 8 0.571

    dHR standing - min-1 13 ± 11 12 ± 5 0.893

    Epinephrine after 10 min - nmol/L 0.11 (0.05 - 0.16) 0.06 (0.05 - 0.12) 0.456

    Norepinephrine after 10 min - nmol/L 2.75 (1.61 - 5.05) 2.37 (1.36 - 3.01) 0.323

Data are presented as mean (sd) or median (interquartile range)
Differences between groups were tested with Student’s t-test or Mann Whitney U test where appropriate
Abbreviations: d(BRS): difference between log(BRSsupine) and log(BRSstanding); dSBP: difference between 
systolic blood pressure supine and systolic blood pressure standing; dDBP difference between diastolic blood 
pressure supine and diastolic blood pressure standing; dHR: difference between heart rate supine and heart rate 
standing.

43



Chapter 3

between the groups, neither was there a difference in total hydrocortisone dosage taken 

by ACTH deficient patients with and without CRT (p = 0.20) (table 1).

Baroreflex sensitivity and (nor)epinephrine responses in supine position and 
after standing

In supine position, log(BRSsupine) was 22% lower in CRT patients than in non-CRT 

patients [0.89 ± 0.21 ms/mmHg vs. 1.14 ± 0.32, p = 0.022]. In standing position, the 

log(BRSstanding) was 36% lower in CRT-patients than in non-CRT patients [0.56 ± 0.24 vs. 

0.88 ± 0.30 ms/mmHg, p = 0.005].

After standing, a reflex decrease in BRS was seen in all CRT patients and 14 out of 15 

non-CRT patients. The mean magnitude of BRS response to standing was not different 

between the groups.

At baseline, plasma epinephrine and norepinephrine levels were not different between the 

groups (p = 0.41 and p = 0.96), nor were levels after 10 minutes of standing (p = 0.46 and 

p = 0.32) (table 2).

Determinants of baroreflex sensitivity

Univariate linear regression analysis showed that age, heart rate and CRT were significantly 

associated with log(BRSsupine) [p = 0.029, r2 = 14.5%; p = 0.001, r2 = 33.9% and p = 

0.028, r2 = 14.5% respectively], and that heart rate and CRT were significantly associated 

with log(BRSstanding) [p = 0.005, r2 = 24.3% and p = 0.005, r2 = 23.8% respectively] 

(tables 3 and 4). Additionally, systolic blood pressure met the criteria to be included in the 

multivariate model (p = 0.082, r2 = 8.1%).

Multivariate linear regression showed that CRT was not a significant determinant of 

log(BRSsupine), although it was retained in the final model (p = 0.068) (table 5). 

In contrast, CRT was a significant determinant of log(BRSstanding) and responsible for 

18.6% of this models’ total goodness-of-fit (r2 = 42.9%) (table 6).

TABLE 3. Univariate linear regression analysis of log(BRSsupine)

Variable R-square Estimate SE p-value

Age [years] 0.145 -0.008 0.004 0.029

Body Mass Index [kg/m2] -0.024 -0.006 0.009 0.535

Systolic Blood Pressure_supine [mmHg] 0.059 -0.005 0.003 0.117

Diastolic Blood Pressure_supine [mmHg] 0.042 -0.009 0.006 0.155

Heart Rate_supine [min-1] 0.339 -0.021 0.006 0.001

Cranial Radiotherapy (no Cranial Radiotherapy)* 0.145 -0.251 0.108 0.028

Values for log(BRSsupine) are expressed in ms/mmHg
SE indicates standard error of estimate
*The reference group for categorical control variables is in parenthesis
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DISCUSSION

In the present study we report that a history of CRT is associated with a decreased BRS 

in patients with pituitary insufficiency. Moreover, this association persists in BRSstanding 

after correction for other well-known factors affecting BRS, i.e. age, body mass index, 

heart rate and systolic blood pressure (27-29). CRT was also an important determinant in 

the final multivariate model of BRSsupine, although it did not reach significance. 

TABLE 5. Multivariate regression analysis of log(BRSsupine)

Variable Estimate SE p-value

Intercept 2.555 0.324 0.000

Age [years] -0.006 0.003 0.057

Heart Rate_supine [min-1] -0.019 0.005 0.001

Cranial Radiotherapy (no Cranial Radiotherapy)* -0.164 0.086 0.068

Values for log(BRSsupine) are expressed in ms/mmHg
SE indicates standard error of estimate
*The reference group for categorical control variables is in parenthesis
Total Goodness-of-fit: 50.2%

TABLE 6. Multivariate regression analysis of log(BRSstanding)

Variable Estimate SE p-value

Intercept 1.911 0.342 0.000

Heart Rate_supine [min-1] -0.017 0.006 0.005

Cranial Radiotherapy (no Cranial Radiotherapy)* -0.283 0.094 0.006

Values for log(BRSstanding) are expressed in ms/mmHg
SE indicates standard error of estimate
*The reference group for categorical control variables is in parenthesis
Total Goodness-of-fit: 42.9%.

TABLE 4. Univariate linear regression analysis of log(BRSstanding)

Variable R-square Estimate SE p-value

Age [years] 0.054 -0.006 0.004 0.122

Body Mass Index [kg/m2] 0.053 -0.014 0.009 0.125

Systolic Blood Pressure_supine [mmHg] 0.081 -0.006 0.003 0.082

Diastolic Blood Pressure_supine [mmHg] 0.026 -0.009 0.007 0.205

Heart Rate_supine [min-1] 0.243 -0.019 0.006 0.005

Cranial Radiotherapy (no Cranial Radiotherapy)* 0.238 -0.317 0.103 0.005

Values for log(BRSstanding) are expressed in ms/mmHg
SE indicates standard error of estimate
*The reference group for categorical control variables is in parenthesis
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The BRS represents an autonomic response of heart rate to a given change in systolic blood 

pressure. There are differences in time delay of the response mediated by parasympathetic 

and sympathetic efferents. Parasympathetic activation produces an immediate reaction 

within 200-600 milliseconds, whereas the reaction to sympathetic activation occurs with 

a delay of 2-3 seconds (30;31). This indicates that the ability of the BRS to control heart 

rate on a beat-by-beat basis is predominantly a vagal response. Consequently, our finding 

of a decreased BRS in CRT compared to non-CRT patients suggests a reduced capability to 

increase parasympathetic activity and/or to antagonize sympathetic activity in CRT patients 

with pituitary insufficiency (15). It is likely that the higher systolic blood pressure seen in 

our CRT patients can also be explained by the shift towards sympathetic dominance.

In both CRT and non-CRT patients we found that BRS was lower and heart rate, blood 

pressure and catecholamines were higher in standing position compared to supine 

position. Furthermore, the magnitude of change in BRS, heart rate, blood pressure and 

catecholamines from supine to standing position was comparable in CRT and non-CRT 

hypopituitary patients. These changes are normal hemodynamic responses, as active 

standing induces a sympathetic activation with an increase in heart rate, blood pressure, 

plasma catecholamines and a decrease in BRS (32;33). Apparently, the impaired reflex 

control of heart rate after CRT, indicated by the decreased BRS, is too mild to cause 

abnormal blood pressure adaptations to standing up. An explanation might be that 

particular components of the baroreflex arc are able to compensate the impaired response 

(34).

Although it is not possible to be conclusive on causality due to the cross-sectional nature 

of this study, there are pathophysiological mechanisms that could explain the decreased 

BRS seen in patients with CRT. Irradiation delivered to the pituitary is always accompanied 

by radiation doses to healthy surrounding tissue. Anatomically closely connected to the 

pituitary gland is the hypothalamus, which is thought to be more vulnerable to radiation 

injury than the pituitary (35). Pre-autonomic neurons in the dorsomedial nucleus, adjacent 

to the perifornical area and in the paraventricular nucleus of the hypothalamus are able 

to modulate the baroreflex function directly by influencing neurons located in the lower 

brainstem (i.e. NTS, RVLM) and spinal cord (36;37). Moreover, by releasing hormones such 

as vasopressin, oxytocin, corticotrophin releasing hormone, enkephalin and dynorphin 

are hypothalamic neurons able to influence the autonomic control of the cardiovascular 

system (38;39). Although speculative, it is conceivable that CRT injures hypothalamic 

pre-autonomic neurons or their projections to the baroreflex loop resulting in the decreased 

BRS seen in our patients. In addition, CRT may harm other forebrain regions or fibers of 

passage originating from these forebrain regions, as those are also able to modulate the 

key medullary nuclei subserving the baroreflex (40;41).

The proportion of patients with a history of a hormone producing tumour in the group 

with CRT is higher than in the group without, and it is speculated that patients exposed to 

a previous abundance of hormones may have been transitory hypertensive or underwent 
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arterial remodelling (42). Hypothetically, it is conceivable that these adaptations in turn 

reset the BRS. However, evidence in literature is scarce and excessive production of 

pituitary hormones had not been present for at least 5 years prior to this study.

An intriguing question remains whether the reduced BRS in irradiated patients with 

pituitary insufficiency plays a role in the development and progression of cardiovascular 

morbidity and mortality. Previous studies in various clinical populations, such as the 

ATRAMI study, report increased cardiovascular risk by BRS values below 3ms/mmHg (20). 

In our study, CRT patients had resting BRS values of approximately 7.8 ms/mmHg, and only 

1 CRT patient had a BRS-value below 3ms/mmHg. However, comparison of our BRS-values 

with values from other studies must be made with care because different techniques of 

assessing BRS may provide different results (43). Therefore, it remains to be determined 

to what extent our observed reduction in BRS is a source of valuable information for the 

assessment of cardiovascular morbidity and mortality.

A limitation of this study is the relatively small sample size, which prevents further 

subanalyses according to additional cofactors. We have tried to minimize the possibility 

of confounding by including only patients with pituitary insufficiency, as endocrine 

deficiencies might influence the sympathovagal balance. For instance, the sympathetic tone 

is decreased in patients with hypothyroidism (44) or severe GHD (45) and glucocorticoids 

are important in maintaining hemodynamic responses to stress via the autonomic nervous 

system (46). As a consequence, pituitary hormone deficiencies might act as confounders 

of the relationship between CRT and BRS. However, the comparable proportion of various 

hormonal deficiencies and replacement therapies as well as the comparable serum 

hormone levels between groups argues against differences in hormonal substitution 

strategies as a causative factor for the decreased BRS observed in patients with CRT. Of 

course, future studies in other cohorts are needed to confirm our results.

To summarize, this is the first study to demonstrate a reduced BRS in CRT patients with 

pituitary insufficiency compared to non-CRT patients. Longitudinal investigations are 

necessary to determine whether cardiovascular morbidity and mortality can be attributed 

to a reduced BRS following CRT in patients with pituitary insufficiency.
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ABSTRACT

Objective: Patients with pituitary insufficiency often experience some degree of impaired 

sleep. Sleep-wake rhythm is regulated to a large extent by the suprachiasmatic nucleus 

(SCN). Because the SCN is located just superior to the optic chiasm, we hypothesized 

that a history of compression of the optic chiasm (CC) due to a tumour with suprasellar 

extension is associated with altered sleep patterns in patients with pituitary insufficiency.

Design: Case-control study

Patients: We studied 38 patients (mean age 55.7 ± 13.1yr; 71.1% men) with CC and 18 

patients (mean age 53.3 ± 16.6yr, 38.9% men) without CC.

Measurements: Objective measures of sleep patterns were assessed by wrist actigraphy. 

Validated sleep questionnaires were used to evaluate subjective sleep parameters.

Results: Objective total sleep duration was 36 minutes shorter in patients with CC than 

in patients without CC [454 (295 - 553) vs. 490 (432 - 740) min, p = 0.034]. Moreover, 

patients with CC had a later habitual bedtime [23:15 (22:30 – 03:00) vs. 22:55 (20:00 – 

02:00) h, p = 0.044] and a later actigraphic sleep onset [23:57 (22:31 – 01:33) vs. 23.16 

(19:47 – 03:04) h, p = 0.020]. Linear regression analysis confirmed the difference in total 

sleep duration after adjustment for age, sex, body mass index, cranial radiotherapy and 

pituitary/hypothalamic surgery. Subjective sleep parameters were similar in both groups.

Conclusions: Compression of the optic chiasm due to a tumour with suprasellar extension 

is associated with permanent changes in total sleep duration in patients with pituitary 

insufficiency.
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INTRODUCTION

Patients with pituitary insufficiency often experience some degree of fatigue or disturbed 

sleep despite proper endocrine substitution therapy (1-4). The origin of these complaints 

is largely unknown, but warrants further examination, given the strong impact that 

sleep-wake disturbances have on the quality of life (5).

Hormone replacement therapy probably contributes to some extent to the experienced 

impairment of sleep, since interrelations between sleep and various hypothalamic-pituitary-

axes are well documented (6-9). Given that hormone substitution does not completely 

mimic endogenous hormone secretion profiles (10), these interrelations are probably 

disturbed in patients with pituitary insufficiency possibly contributing to impaired sleep 

and fatigue. In this light it is not surprising that a reduced quality of life remains present 

despite the best possible endocrine therapy (11-13).

In addition to imperfect hormone substitution therapy, hypothalamic dysfunction may 

be important causative factor of sleep impairment and fatigue. The hypothalamus is 

anatomically and functionally closely connected to the pituitary gland and contains one of 

the control centres for sleep-wake regulation: the suprachiasmatic nucleus (SCN) (14-16). 

The SCN is located just above the optic chiasm and may be functionally impaired after 

surgical and/or radiotherapeutical treatment of sellar tumours. Therefore, tumours with 

suprasellar extension that compress the optic chiasm may induce mechanical damage to 

the SCN (2;5;7). We and others previously showed that sleep-wake alterations are present 

in patients after cranial radiotherapy and pituitary/hypothalamic surgery (3;17), but to 

date, no data have been published on the effect of mechanical hypothalamic damage on 

sleep-wake alterations. 

We therefore conducted a cross-sectional study to investigate if a history of optic chiasm 

compression (CC) due to a tumour with suprasellar extension is associated with altered 

sleep patterns in patients with pituitary insufficiency. To exclude a possible confounding 

effect of hormonal deficiencies, only patients with pituitary insufficiency on hormone 

replacement therapy were included.

PATIENTS AND METHODS

Patients

Patients between 18 and 80 years old from our Endocrine Outpatient Clinic (Academic 

Medical Centre of the University of Amsterdam) with pituitary insufficiency, i.e. at least one 

impaired central endocrine axis, who had previously been treated for a (para)sellar tumour, 

were invited between December 2006 and December 2008 to participate. Shift workers 

were excluded. All patients were seen on a regular basis by an internist-endocrinologist 
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for clinical and biochemical evaluation. Conventional hormone replacement therapy was 

given if appropriate according to the standard clinical practice, consisting of L-thyroxine, 

hydrocortisone, sex hormones, rhGH and/or vasopressin analogues. Excessive production 

of pituitary hormones had not been present for at least 5 years in patients with a history 

of a hormone producing tumour. GH deficiency was defined as a serum GH-peak below 

9 mU/L during an intravenous insulin tolerance test or GHRH-arginine test. TSH deficiency 

was defined as serum TSH within or below the reference range (0.5-5.0 mU/L) and free 

T4 below reference range (<10 pmol/L). In men, LH/FSH deficiency was defined as serum 

testosterone below the reference range (<11 nmol/L). In postmenopausal women LH/FSH 

deficiency was defined as gonadotropins below normal postmenopausal range (<20 U/L). 

In premenopausal women LH/FSH deficiency was defined as secondary amenorrhoea 

lasting for at least one year. ACTH deficiency was defined as a serum cortisol peak <550 

nmol/L after 1 mg Synacthen, a cortisol peak <550 nmol/L during an intravenous insulin 

tolerance test, or serum 11-deoxycortisol below 200 nmol/L after overnight metyrapone. 

Diabetes insipidus was defined as persistent polydipsia and polyuria in the absence of 

hyperglycemia or hypercalcemia after pituitary surgery. A water deprivation test was used 

to confirm the diagnosis if necessary. 

We reviewed reports from ophthalmologic examinations at initial presentation of the 

tumour in all patients. Patients were defined as having CC if the consultant ophthalmologist 

diagnosed visual impairment, i.e. visual field defects or progressive loss of visual acuity in 

the presence of a tumour with suprasellar extension.

The study protocol was approved by the Medical Ethics Committee of the Academic 

Medical Centre and conducted in accordance with the Declaration of Helsinki. All patients 

provided written informed consent.

Actigraphy

Actigraphy (Actiwatch, Cambridge Neurotechnology, Cambridge, Cambs, UK) was 

performed in all patients to assess objective estimates of sleep behaviour (18;19). Patients 

were asked to wear an actiwatch continuously on their non-dominant wrist for seven 

consecutive days and nights, and to keep a sleep diary during the measurement week. 

No external limitations were set considering patients’ usual sleep behaviour. A standard 

algorithm (Actiware, version 5.57.0006, Respironics, Inc, Murrysville, USA) was used 

to analyze the actigraphic recordings and to determine the following objective sleep 

estimates:

Total sleep duration: i.e. the time from sleep onset to final awakening.

Sleep latency: i.e. the required time between lights out and the onset of sleep. 

Sleep efficiency: i.e. the percentage of time actually asleep during the total sleep duration.

Wake after sleep onset: i.e. the total duration of wake time after the first onset of sleep.
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Mean duration of the sleep bout: measures the average duration of uninterrupted sleep 

between two consecutive awakenings, which correlates with polysomnographically 

determined deeper sleep (20).

Mean duration of the wake bout: this variable measures the average duration of being 

awake between two consecutive sleep bouts.  

Sleep onset: i.e. the start of the sleep period, which is defined as the onset (clock time) of 

the first epoch of 10 consecutive minutes with 9 minutes scored as immobile.

Sleep end: i.e. the end of the sleep period, which is defined as the moment (clock time) of 

the last epoch of 10 consecutive minutes with 9 minutes scored as immobile.

Sleep questionnaires

The Pittsburgh Sleep Quality Index (PSQI) (21), Epworth Sleepiness Scale (ESS) (22), Athens 

Insomnia Scale (AIS) (23) and the Sleep Disorders List (SDL) (24;25) were used to evaluate 

respectively the subjective sleepiness, subjective sleep quality and the presence of common 

sleep disorders.

Statistical methods

Data were analyzed with SPSS for Windows, version 16.0 (SPSS Inc. Chicago, Illinois, USA). 

Normally distributed variables are presented as means ± SD, not normally distributed 

variables as median (range) and categorical variables as counts (percentages). Group 

differences in numerical variables were evaluated using the student’s t-test for normally 

distributed variables and the Mann-Withney U test for not normally distributed parameters. 

The Chi-square test was used to analyze differences between categorical data in both 

groups. If the sample size was small or cells had an expected count less than 5, the Fisher 

exact test was used. Multiple linear regression analysis was conducted to determine 

whether CC influenced total sleep duration after adjusting for other possible confounding 

factors. We therefore performed univariate analysis to assess the associations between 

total sleep duration and respectively age, gender, body mass index, a history of cranial 

radiotherapy and a history of surgery. Variables from this univariate analysis with p < 

0.20 were included in the multivariable model and backward eliminated to a significance 

level of p < 0.10. For each regression model, we checked assumptions for linearity and 

constant variance. These were assessed by plotting residuals against predicted values, and 

investigate deviations for linearity and inconsistent variance. The statistical significance 

level for all analyses was set at p = 0.05 (two-sided) unless otherwise mentioned.
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RESULTS

Patients

We included 56 patients in the present study: 38 patients with and 18 patients without CC. 

Actigraphy data were missing in two cases and excluded in one case. Of two patients no 

complete datasets were obtained, and one patient became ill at time of the measurements 

precluding a good reflection of normal sleep pattern.

Sleep data from the SDL, AIS and PSQI were available from 53 patients and total ESS score 

was available in 50 patients, as questionnaires could not be retrieved or were incomplete. 

In all patients at least either actigraphy data or questionnaires were available.

The clinical characteristics are summarized in table 1. Hydrocortisone tablets were used 

bid or tid by all ACTH deficient patients. Their timing and total hydrocortisone dosage did 

not differ between patients with and without CC (21.1 ± 7.7 vs. 21.7 ± 5.2 mg/24h, p = 

0.806). In addition, serum cortisol levels 240 minutes after ingestion of the morning dose, 

which gives a reliable and convenient assessment of circulating cortisol levels in these 

patients(26), were comparable in both groups (266.3 ± 139.9 vs. 373.0 ± 213.0 nmol/L, p 

= 0.10). Age-adjusted IGF-1 levels were not different between patients with and without 

CC (-0.62SD ± 1.18SD vs. -0.70SD ± 1.19SD, p = 0.811), neither was there a difference in 

age-adjusted IGF-1 levels between growth hormone-treated patients with and without CC 

(-0.38SD ± 1.31SD vs. -0.35SD ± 1.42SD, p = 0.954). Moreover, no differences were found 

in serum free T4 levels, 24-hour urine production and urine osmolality between the groups 

(p-values 0.352, 0.951, 0.556 respectively) (table 2).

Before treatment of the tumour, 36 patients had visual field defects, nearly always 

accompanied by loss of visual acuity. Impaired bilateral visual acuity without visual field 

defects was present in 1 patient and impaired visual acuity without information about 

visual field defects was also present in 1 patient. 

Actigraphy

Total sleep duration was 36 minutes shorter in the patients with CC compared to the 

patients without CC [454 (295 - 553) vs. 490 (432 - 740) min, p = 0.034] (figure 1). 

Moreover, the group with CC had a significant later sleep onset than the group without CC 

[23:57 (22:31 – 01:33) vs. 23.16 (19:47 – 03:04) h, p = 0.020]. We found no differences 

between the groups in any other objective sleep estimate from the actigraphic recordings 

(table 3).

Self-reported sleep and sleepiness

Subjective sleep quality measured by the PSQI and the experienced intensity of insomnia 

complaints measured by the AIS did not differ between the two groups [PSQI: 4.5 (1.0 – 

15.0) vs. 7.0 (1.0 – 13.0) p = 0.283 and AIS: 3.0 (0.0 – 14.0) vs. 6.0 (0.0 – 12.0) p = 0.279].
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TABLE 1. Clinical characteristics

History of compression of the optic chiasm

Yes (n = 38) No (n = 18) p-value

Age - yr 

mean ± SD 55.7 ± 13.1 53.3 ± 16.6

Male sex - no.(%) 27 (71.1) 7 (38.9) 0.021

Body mass index - kg/(height)2

median (range) 30.4 (24.2 - 52.6) 27.3 (21.8 - 41.9) 0.023

Time between diagnosis and this study - yr

mean ± SD 15.8 ± 11.6  19.2 ± 8.8

Tumour type* - no.(%) 

Macroadenoma:

    prolactinoma 6 (15.8) 5 (27.8)

    GH producing 2 (5.3) 4 (22.2)

    gonadotropinoma 2 (5.3)

    non-functioning 18 (47.4) 1 (5.6)

Craniopharyngioma 8 (21.1) 2 (11.1)

Lymphocytic hypophysitis 2 (5.3)

Microadenoma: 

    ACTH producing 3 (16.7)

Ependymoma 1 (5.6)

Dysgerminoma 2 (11.1)

Previous therapy - no.(%)

radiotherapy 16 (42.1) 14 (77.8) 0.012

surgery 35 (92.1) 14 (77.8)

Hypothalamic-pituitary axis deficiency - no.(%)

ACTH deficiency 33 (86.8) 15 (83.3)

GH deficiency 27 (71.1) 10 (55.6)

TSH deficiency 32 (84.2) 14 (77.8)

LH/FSH deficiency 32 (84.2) 14 (77.8)

ADH deficiency 8 (21.1) 5 (27.8)

Sum of deficient axes per person - no.(%)

1 deficient axis 2 (5.3) 1 (5.6)

2 deficient axes 6 (15.8) 6 (33.3)

3 deficient axes 7 (18.4) 2 (11.1)

4 deficient axes 18 (47.4) 6 (33.3)

5 deficient axes 5 (13.2) 3 (16.7)

p-values are presented if significant for the comparison between both groups. No statistical analyses were 
performed on tumour types. * All diagnoses were histopathologically confirmed
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TABLE 2 Biochemical parameters

History of compression of the optic chiasm

Yes (n = 38) No (n = 18) p-value

All patients *

   - fT4 - pmol/L 14.6 (9.5 - 22.2) 14.1 (6.3 - 22.4) 0.352

   - age-adjusted IGF-1 - SD - 0.62 ± 1.18 - 0.70 ± 1.19 0.811

   - urine osmolality - mOsm/kg 520 ± 230 483 ± 179 0.556

   - urine production - mL/24h 2088 ± 941 2187 ± 1155 0.951

ACTH deficient patients *

   - HC dosing scheme over the course of the day §

10 - 5 - 5 mg 46.9% 46.7%

10 - 0 - 10 mg 28.1% 33.3%

other 25.0% 20.0%

   - cortisol‡ - nmol/L 266.3 ± 139.9 373.0 ± 213.0 0.100

   - total HC dosage - mg/24h 21.1 ± 7.7 21.7 ± 5.2 0.806

rhGH-treated patients ** (n = 23) (n = 7)

   - age-adjusted IGF-1 - SD - 0.38 ± 1.31 - 0.35 ± 1.42 0.954

Values are presented as mean ± SD or median (min - max) and compared using respectively the independent 
samples t-test or the Mann Whitney U test. HC = hydrocortisone. § The proportions of the different HC dosing 
schemes did not differ between ACTH-deficient patients with and without CC (0.904; Chi-square test). * 
L-thyroxine, vasopressin analogues and HC tablets were used by, respectively, all TSH deficient, all ADH deficient 
and all ACTH deficient patients. ** 30 out of 37 GH deficient patients were treated with recombinant growth 
hormone (rhGH) therapy. ‡ Cortisol levels 240 min after HC ingestion.

FIGURE 1. Scattergram of the actigraphically 
assessed total sleep duration (minutes per night) 
in patients with hypopituitarism and a history of 
chiasm compression (CC+) and those without a 
history of chiasm compression (CC-). Horizontal lines 
represent median values. The Mann Whitney U test 
was used for comparison between both groups.
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However, the PSQI indicated that the group with CC had a significant later habitual 

bedtime than the group without CC [23:15 (22:30 – 03:00) vs. 22:45 (20:00 – 02:00) h, p 

= 0.044] but that no significant differences were seen in habitual rise-time.

Excessive daytime sleepiness, defined as total ESS scores equal or above 10, was present in 

2 out of 35 patients with and 2 out of 15 patients without CC (p = 0.574). Total ESS scores 

were comparable in both groups [4 (0 - 12) vs. 3.5 (1 - 24), p = 0.879], and there was no 

correlation between ESS scores and total sleep duration (r2 = 0.02, p = 0.318).

The two groups did not differ with respect to the frequency of patients scoring above 

cut-off on the narcolepsy, insomnia, apnoea, and restless legs subscales of the SDL. None 

of the patients were suspected for the diagnosis of narcolepsy. According to the apnoea 

subscale, 6 out of 36 patients with and 0 out of 17 patients without CC suggested the 

presence of apnoea (p = 0.585).  According to the restless legs subscale, 2 out of 36 

TABLE 3 Sleep variables

History of compression of the optic chiasm

Yes No p-value

Objective Sleep recordings

Total sleep duration - (min) 454 (295 - 553) 490 (432 - 740) 0.034

Sleep latency - (min) 7 (0 - 23) 8 (1 - 32)

Sleep efficiency - (%) 85 (65 - 94) 85 (80 - 96)

Wake after sleep onset - (min) 52 (18 - 152) 52 (11 - 122)

Mean sleep bout duration - (min) 18 (9 - 37) 23 (12 - 117)

Mean wake bout duration - (min) 2 (1 - 5) 2 (1 - 3)

Sleep onset - clock time (hh:mm) 23:57 (22:31 - 01:33) 23:16 (19:47 - 03:04) 0.020

Sleep end - clock time (hh:mm) 07:41 (06:22 - 10:23) 07:40 (03:55 - 10:32)

Self reported sleep and sleepiness

Pittsburgh Sleep Quality Index - global score 4.5 (1.0 - 15.0) 7.0 (1.0 - 13.0)

Habitual Bed Time - clock time (hh:mm) 23:15 (22:30 - 03:00) 22:45 (20:00 - 02:00) 0.044

Habitual Rise Time - clock time (hh:mm) 07:15 (05:00 - 11:00) 07:32 (04:30 - 09:30)

Eppworth’s Sleepiness Scale - total score 4 (0 - 12) 3.5 (1 - 24)

Sleep Diagnosis List - insomnia subscale 1.9 (1.1 - 3.6) 2.4 (1.0 - 3.1)

Sleep Diagnosis List - restless legs subscale 1.6 (1.0 - 3.3) 1.7 (1.0 - 4.1)

Sleep Diagnosis List - apnea subscale 1.8 (1.0 - 4.0) 1.4 (1.0 - 2.7)

Sleep Diagnosis List - narcolepsy subscale 1.0 (1.0 - 2.9) 1.1 (1.0 - 1.9)

Athens Insomnia Scale - total score 3.4 (0.0 - 14.0) 6.0 (0.0 - 12.0)

Values are presented as median (range) and compared using the Mann Whitney U test. P-values are presented if 
significant for the comparison between both groups. Scores on the Pittsburgh Sleep Quality Index range from 0 
to 21, higher scores indicate more severe sleep problems. Scores on the Eppworth’s Sleepiness Scale range from 
0 to 24, higher scores indicate increased daytime sleepiness. Scores on the subscales Sleep Diagnosis List equal 
or above 3 reflect suspicion for the primary sleep disorder. Scores on the Athens Insomnia Scale range from 0 to 
24, higher scores indicate more severe insomnia complaints.
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patients with and 2 out of 17 patients without CC suggested the presence of restless legs 

(p = 0.585). According to the insomnia subscale, 5 out of 36 patients with and 2 out of 17 

patients without CC suggested the presence of insomnia (p = 1.000) (table 3). 

Factors influencing total sleep duration in patients with a tumour with 
suprasellar extension 

Univariate linear regression analysis showed that gender, age and body mass index were 

not associated with total sleep duration measured by actigraphy [p = 0.085, p = 0.188 and 

p = 0.695 respectively]. A history of radiotherapy (p = 0.010) and a history of surgery (p = 

0.007) were both associated with longer objective total sleep duration (table 4). 

The univariate association between total sleep duration and CC showed a 55 minutes 

decrease in total sleep duration of 510 minutes when CC was present (p = 0.006; r2 = 

14.0%) (table 4). After adjusting for radiotherapy, surgery, age and gender, CC was still a 

significant determinant of total sleep duration and responsible for 22.7% of this models’ 

total goodness-of-fit (r2 = 39.8%). In this model, we found significant associations between 

total sleep duration and surgery and age (table 5).

TABLE 4 Univariate linear regression analysis of Total Sleep Duration

Variable Intercept Estimate SE p-value

Age - yr 423.1 0.9 0.7 0.188

Male (Female) * 492.7 -33.9 19.1 0.085

Body Mass Index - weight/(height)2 494.9 -0.7 1.9 0.696

History of radiotherapy (no radiotherapy)* 446.8 48.5 18.1 0.010

History of surgery (no surgery) * 402.0 79.5 28.3 0.007

History of chiasmcompression (no chiasm 
compression)*

509.9 -55.2 19.1 0.006

Values for Total Sleep Duration are expressed in minutes. SE indicates standard error of estimate. * The reference 
group for the categorical control variables is in parenthesis

TABLE 5 Multiple linear regression analysis of Total Sleep Duration

Variable Estimate SE p-value

Intercept 330.1 40.4 0.000

Age - yr 1.7 0.5 0.003

History of surgery (no surgery) * 109.4 24.2 0.000

History of chiasmcompression (no chiasm compression)* -72.4 16.3 0.000

Values for Total Sleep Duration are expressed in minutes. SE indicates standard error of estimate. * The reference 
group for the categorical control variables is in parenthesis. Total goodness-of-fit = 39.8%
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DISCUSSION

This study shows that CC due to a tumour with suprasellar extension is associated with 

objective changes in total sleep duration in patients with pituitary insufficiency. The 

association persists after correction for other factors affecting sleep, i.e. age, gender, body 

mass index, a history of cranial radiotherapy and a history of surgery. 

Although the cross-sectional design of the study is not suitable to prove causality, this 

is very plausible from a biological perspective. Visual disturbances caused by optic 

chiasm compression are a consequence of a large expanding tumour in direction of the 

hypothalamus (27). Despite improvement of vision after decompression of the optic chiasm, 

it is conceivable that mechanic pressure of the tumour has induced permanent functional 

changes of adjacent tissues or structures. For instance, optic chiasm compression may 

affect the retinohypothalamic tract (RHT) and the SCN. The RHT contains axons arising 

from the retina which project mainly to the SCN via the optic nerve and the optic chiasm, 

and is involved with the synchronization of the SCN to the light-dark cycle (15;28). Since 

the SCN is thought to be the main circadian pacemaker and the RHT mediates light 

entrainment of circadian rhythms, subtle alterations of the sleep/wake cycle might occur in 

the event of optic chiasm compression .  

It is unlikely that differences in socioeconomic obligations, for example less social pressure 

to get up in the morning, account for the difference in sleep time, since patients with 

and without CC appeared to have the same actigraphic sleep end and habitual rise-time. 

Furthermore, the reported difference in habitual bed-time and actigraphic sleep onset fit 

with the observed total sleep duration, i.e. patients with CC have a later habitual bed-time, 

a later actigraphic sleep onset and objective shorter total sleep duration than patients 

without CC. Obviously patients anticipate according to their need for sleep by modifying 

their habitual bed-time and actigraphic sleep onset. 

Previous studies have investigated sleep patterns in patients with a distinct type of tumour 

in the pituitary or hypothalamic region, such as craniopharyngioma or non-functional 

macro adenoma (2;4;11). However, a recent study reports that distortion of sleep patterns 

in patients treated for a (para)sellar tumour is a general consequence of expanding 

tumours and/or their treatment rather than a specific feature of the type of tumour 

(4). In line, the present study focuses on the extensiveness of the tumour in relation to 

sleep patterns, irrespective of histopathological diagnosis. In addition, many interactions 

between nocturnal secretion of pituitary hormones and polygraphic sleep recordings have 

been reported. Altered sleep patterns can induce changes in pituitary hormone secretion, 

and conversely, endocrine deficiencies are associated with changes in sleep patterns 

(6-9). As a consequence, pituitary hormone deficiencies are possible confounders of the 

relationship between CC and sleep. We compared CC patients with patients on comparable 

replacement therapies which argues against differences in hormonal substitution strategies 
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as a causative factor for the shorter total sleep duration in patients with CC as observed 

in the present study.

Although we screened for symptoms of comorbid sleep disorders, we did not obtain 

polysomnography to fully exclude primary sleep disorders. However, the frequency of 

patients scoring above the cut-off on the SDL-subscales did not differ between the groups 

and total sleep duration was still shorter after excluding patients scoring above the cut-off 

(data not shown). These findings suggest that any presence of a primary sleep disorder is 

not a major determinant of the outcome of the study.

Surprisingly, shorter total sleep duration estimated by actigraphy in patients with CC 

was not reflected in differences in self-reported sleep parameters in our study. Previous 

studies have indicated increased self-reported sleepiness scores in patients after successful 

treatment for non-functioning macroadenoma, acromegaly and craniopharyngiomas, but 

always in comparison to healthy controls (2;4;12;29). Nevertheless, it is not unusual that 

subjective sleep experience does not correspond to objective measurements. Subjective 

reports of sleep quality and daytime functioning reflect a person’s experience of sleep. 

It has been reported that this provides only an approximation and sometimes even an 

inadequate experience of the type and severity of objective sleep impairment (30). It is 

therefore important to consider objective sleep data in addition to subjective measures for 

better understanding of sleep problems. 

In conclusion, the present study shows that CC due to a tumour with suprasellar extension 

is associated with objective changes in total sleep duration in patients with pituitary 

insufficiency. Although the exact cause is not known, one intriguing possible explanation 

might be that large tumours with suprasellar extension giving rise to optic chiasm 

compression may lead to a permanent impaired SCN function.
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ABSTRACT

The hypothalamus is crucially involved in the circadian timing of the sleep-wake rhythm, 

yet also accommodates the most important thermoregulatory neuronal network. We have 

shown before that adults with pituitary insufficiency and a history of chiasm compression 

due to a tumor with suprasellar extension fall asleep later and sleep shorter than those 

without such history, and presume hypothalamic involvement. To solidify the hypothesized 

link between vigilance and thermoregulation by the hypothalamus, we aimed to test 

the hypothesis that the presumed hypothalamic impairment in these patients also 

affects skin temperature and its association with sleep onset. In a case-control study of 

50 patients (54.7 ± 14.5 yrs of age, 30 males) with pituitary insufficiency, of whom 33 

had a history of chiasm compression, ambulatory distal and proximal skin temperatures 

were assessed continuously for 24 h. Sleep parameters were assessed via questionnaires. 

Group differences in mean skin temperature, calculated over the wake and sleep periods 

separately, and group differences in the strength of association between pre-sleep skin 

temperature and sleep onset latency were compared. Results showed that patients with a 

history of chiasm compression had lower proximal skin temperature during the day (34.1 ± 

0.7 vs. 34.6 ± 0.7°C, p = 0.045). Additionally, the typical association between sleep onset 

latency and pre-sleep distal-to-proximal skin temperature gradient was absent in these 

patients (r = -0.01, p = 0.96), while it was unimpaired in those without chiasm compression 

(r = -0.61, p = 0.02). Thus, patients with a history of chiasm compression show impaired 

skin temperature regulation in association with disturbed sleep. The findings support the 

hypothesis that a medical history of chiasm compression affects hypothalamic regulation of 

both vigilance and temperature, possibly by chronically affecting relevant nuclei, including 

the ventrolateral preoptic area and anterior hypothalamic preoptic area. 
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INTRODUCTION

The hypothalamus is responsible for many of the body’s homeostatic processes, including 

pituitary function, osmoregulation, sleep-wake cycle, appetite control, and regulation of 

body temperature. Tumors invading the hypothalamus may give rise to dysfunction in 

any of these domains, resulting in distinct clinical conditions, e.g., pituitary insufficiency, 

diabetes insipidus, somnolence or hyperactivity, hypothalamic obesity, and dysthermia 

(1). More subtle abnormalities in these domains may easily go unnoticed in patients 

treated for pituitary insufficiency or be considered part of intrinsic imperfections of 

hormone substitution therapy (2). We and others have demonstrated that patients with 

pituitary tumors and history of visual impairment due to compression of the optic chiasm 

have shorter sleep duration and increased daytime somnolence (3;4) that could not be 

attributed to differences in hormone replacement therapy. The hypothesized mechanism 

is mechanical impairment of the hypothalamic area containing several nuclei, including 

the suprachiasmatic nucleus (SCN), the biological clock of the brain, which plays a critical 

role in the sleep-wake cycle (5). Within close vicinity of the SCN lies the preoptic area 

(POA) containing thermosensitive neurons that play a central role in the control of core 

body temperature (for review on functional architecture of the thermoregulatory system 

see Romanovsky (6)). When core body temperature rises, the firing rate of warm-sensitive 

neurons increases, inducing a heat defense response that includes skin vasodilatation and 

sweating via a complex and incompletely understood pathway. Vice versa, on exposure 

to cold, warm-sensitive neurons decrease their firing rate, ultimately resulting in skin 

vasoconstriction and shivering. Dysthermia, sometimes perceived as thermal discomfort, 

has been reported in patients with hypothalamic lesions (1). In these patients, temperature 

defense responses may be impaired and consequently patients poorly adjust to changes in 

ambient temperature. Impairment of body temperature regulation may contribute to the 

previously observed changes in sleep-wake rhythm in patients with pituitary insufficiency, 

as recent studies showed an association between spontaneous fluctuations in skin 

temperature and sleepiness or vigilance (7-12). Skin temperature may also play a role in 

the effect of early morning light on sleep and vigilance (13;14). Indeed, mild warming 

of the skin within the thermoneutral range - insufficient to alarm the thermoregulatory 

mechanisms - enhances sleep propensity (15-18). Given the hypothalamic involvement 

in the regulation of skin temperature and its association with sleep regulation, we here 

investigated skin temperature and its association with sleep and sleepiness in patients with 

presumed hypothalamic damage. For this purpose, we conducted a cross-sectional study in 

patients with pituitary insufficiency to investigate the 24-h profile of skin temperature and 

its association with sleep. We hypothesized that in the group with chiasm compression, 

thermoregulation and its association with sleep would be disturbed as compared to the 

group without chiasm compression.
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MATERIALS AND METHODS

Patients

Patients between 18 and 80 yrs of age with pituitary insufficiency, i.e., at least one 

impaired central endocrine axis, were recruited through our Endocrine Outpatient Clinic 

(Academic Medical Centre of the University of Amsterdam). Patients who had previously 

been treated for a tumor with suprasellar extension were invited between December 

2006 and December 2008 to participate in this cross-sectional study. Shiftworkers were 

excluded. All patients were seen on a regular basis by an internist-endocrinologist for 

clinical and biochemical evaluation. Conventional hormone replacement therapy was 

given if appropriate according to the standard clinical practice, consisting of L-thyroxine, 

hydrocortisone, sex hormones, growth hormone (GH), and/or vasopressin analogs. To 

exclude possible confounding effect of hormonal deficiencies, only patients with pituitary 

insufficiency on hormone replacement therapy were included. 

Excessive production of pituitary hormones had not been present for at least 5 yrs in 

patients with a history of a hormone producing tumor. GH deficiency was defined as a 

serum GH-peak <9 mU/L during an intravenous insulin tolerance test or GHRH-arginine 

test. Body mass index (BMI)-dependent cutoff amounts have become available, with values 

for lean (BMI <25), overweight (25≤ BMI<30), and obese (BMI ≥30) patients of 11.5, 8.0, 

and 4.3 μg/L, respectively (19). In our laboratory, the cut-off for the GHRH-arginine test of 

a GH peak <9 mU/L corresponds to 1.6 μg/L (20). This indicates that our diagnosis of GH  

deficiency is based on reliable test results. Thyroid stimulating hormone (TSH) deficiency 

was defined as serum TSH within or below the reference range (0.5-5.0 mU/L) and free 

T4 below reference range (<10 pmol/L). In men, luteinizing/follicle stimulating hormone 

(LH/FSH) deficiency was defined as serum testosterone below the reference range (<11 

nmol/L). In postmenopausal women LH/FSH deficiency was defined as gonadotropins 

below normal postmenopausal range (<20 U/L). In pre-menopausal women, LH/FSH 

deficiency was defined as secondary amenorrhoea lasting for at ≥ 1 yr. Adrenocorticotropic  

hormone (ACTH) deficiency was defined as a serum cortisol peak <550 nmol/L after 1 

μg intravenous infusion (i.v.) of synthetic ACTH (Synacthen), cortisol peak <550 nmol/L 

during an i.v. insulin tolerance test, or serum 11-deoxycortisol <200 nmol/L after overnight 

metyrapone. All blood samples were drawn between 08:00 and 10:00 h after an overnight 

fast. Diabetes insipidus was defined as persistent polydipsia and polyuria in the absence of 

hyperglycemia or hypercalcemia after pituitary surgery. A water-deprivation test was used 

to confirm the diagnosis if necessary. Fifteen out of 20 female patients had hypogonatropic 

hypogonadism of which 10 received estrogen replacement therapy. Four out of 5 patients 

with an intact hypothalamic-pituitary-gonadal axis were premenopausal. Unfortunately, we 

did not collect information on the menstrual phase of these four patients when studied. 

Patients with hypogonadotropic hynogonadism were evenly distributed among the 
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groups. All included patients had history of masses in the sellar region that were typically 

benign, non-metastasizing, non-invasive, and slow-growing tumors. Pituitary adenomas 

are the most common mass lesion seen, and they are simply classified by size: lesions 

<10 mm transversely are termed microadenomas and those >10 mm are macroadenomas. 

The clinical classification separates adenomas into those that are hormonally active (e.g., 

prolactinomas) and those that do not have measurable evidence of hormonal activity, 

referred to as non-functioning adenomas. We reviewed reports from ophthalmologic 

examinations at initial presentation of the tumor in all patients. Patients were defined as 

having optic chiasm compression when the ophthalmologist in attendance at that time 

diagnosed visual impairment, i.e., visual field defects or progressive loss of visual acuity in 

the presence of a tumor with suprasellar extension. None of the patients had cranial nerve 

involvement (N III, IV, V, or VI) due to lateral tumor extension.

Protocol

The protocol applied validated methods to assess skin temperature over 24 h by means of 

miniature loggers (21) and to assess sleep timing, sleep quality, and daytime sleepiness by 

means of questionnaires (22;23), as described in detail below. Assessments were wireless 

and unrestrained under naturalistic conditions allowing for one’s habitual sleep-wake 

pattern. The study protocol was approved by the Medical Ethics Committee of the 

Academic Medical Centre of the University of Amsterdam and conducted in accordance 

with the Declaration of Helsinki and conformed to international ethical standards for 

biological rhythm research (24). All participants provided written informed consent.

Skin Temperature 
Skin temperature was assessed for 24 h using iButtons (type DS1922L, Maxim/Dallas, 

USA), acquiring temperature data samples at 30s intervals with a resolution of 0.0625°C. 

The method has been validated and is described in detail elsewhere (21) . Skin temperature 

was measured at two locations. Distal temperature was obtained from the dorsal side 

of the base of the middle finger (Tdistal). Proximal temperature was obtained from the 

infraclavicular area on the chest (Tproximal). The iButtons were affixed with adhesive tape 

(Fixomull stretch, BSN medical GmbH, Germany) on the side of the non-dominant hand in 

order to prevent interference with everyday activities as much as possible.

The Association between Skin Temperature and Sleep
Previous studies showed associations of (i) sleep onset latency with pre-sleep skin 

temperature (ii) sleep depth and sleep continuity with nighttime skin temperature, and 

(iii) daytime alertness and daytime skin temperature. In order to evaluate abnormalities in 

these associations in patients with a medical history of chiasm compression as compared to 

those without, the Pittsburgh Sleep Quality Index (PSQI, (22)) was used to assess Bedtime, 

Get-up time, subjective Sleep Onset Latency, Sleep Efficiency, Sleep Duration and Daytime 
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Dysfunction, while the Epworth Sleepiness Scale (ESS, (23)) was used to assess daytime 

alertness. 

Data analysis

From the raw temperature traces, periods suspect of representing artefacts, as 

indicated by extreme outlying values of either temperature or its rate of change, 

were automatically removed and interpolated, as previously described in detail (21). 

In addition to the finger and chest temperature, we calculated their distal to proximal 

gradient (DPG). The latter has been suggested to show a stronger association with 

sleep propensity than skin temperature at any single area of the body per se (9). 

For the skin temperatures and their gradient, three averages were calculated: one for 

daytime, one for nighttime, and one for the 1.5-h interval before bedtime. This was done 

on an individual basis, based on the self-reported bedtime and get-up time. Daytime was 

defined as the period from 0.5 h after get-up time until 0.5 h before bedtime. Nighttime 

was defined as the period from 0.5 h after bedtime until 0.5 h before get-up time. The 

pre-bedtime period was defined as the 1.5-h interval before bedtime (9).

Five sleep parameters were examined. Self-reported habitual Bedtime, Get-up time, and 

Sleep Onset Latency of the PSQI were examined and additionally used to calculate the 

Sleep Period, defined as the time between Bedtime and Get-up time minus Sleep Onset 

Latency. The PSQI item sleep duration was used to calculate Sleep Efficiency, defined as 

the percentage of sleep in the Sleep Period. 

Two daytime functioning parameters with respect to sleep were examined. First, the 

PSQI Daytime dysfunction rating was used; minimum scores (0) indicate little daytime 

dysfunction, while maximum scores (3) indicate pronounced dysfunction. Furthermore, 

the ESS was used to assess alertness; minimum scores (0) indicate little sleepiness, while 

maximum scores (≥9) indicate high sleepiness.

A number of possible confounders were assessed. In order to evaluate whether possible 

group differences were not secondary to group differences in sleep complaints indicative 

of excessive daytime sleepiness (EDS), periodic limb movements (PLM) or obstructive 

sleep apnea syndrome (OSAS), patients filled out a validated Dutch version of the Sleep 

Disorders Questionnaire (SDQ (25;26)). This questionnaire also allowed for an evaluation 

of the possible confounding effect of naps on daytime temperature, because it includes 

a question that asks participants to indicate their habitual napping behavior on a 5-point 

Likert scale, ranging from never to very often or always. Given previous reports on 

their effects on skin temperature and/or sleep, we additionally evaluated as possible 

confounders: GH deficiency (27;28), age (29), and BMI (30). Possible involvement of 

these confounders was evaluated first by group differences with respect to age, napping 

behavior, GH deficiency, BMI, and SDQ subscales for sleep complaints indicative of EDS, 

PLM, or OSAS. In addition, in case group differences on one of the primary temperature 

outcome measures was found, a general linear model was run in order to evaluate whether 
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the group difference on temperature remained significant after inclusion of these possible 

confounders as covariates in the model. 

Statistical Analysis

Group measures are presented as mean ± standard deviation (SD) for normally distributed 

variables and as median (range) for not normally distributed variables. Group differences 

in the mean daytime, nighttime, pre-bedtime skin temperatures, sleep parameters, and 

possible covariates were tested using two-tailed independent samples t-tests for normally 

distributed interval variables, or Mann-Whitney U tests for not normally distributed interval 

variables as well as for ordinal variables. Group differences in categorical data were tested 

with Chi-square tests or with Fisher’s exact test in case of expected counts less than five. 

Within both groups, correlations were calculated to quantify the associations of (i) Sleep 

Onset Latency with pre-bedtime skin temperatures, (ii) habitual Sleep Efficiency and 

duration of the Sleep Period with nighttime skin temperatures, and (iii) Daytime Dysfunction 

(PSQI) and sleepiness (ESS) with daytime skin temperatures. Interval variables that were 

not normally distributed were first normalized using the Blom transformation (31) prior to 

correlation analysis. Correlations of ordinal variables were tested based on Spearman’s rho. 

Partial correlations were calculated in order to exclude possible contributions of age, sex, 

BMI, history of surgery or radiotherapy. For each of the partial correlations, these possibly 

confounding variables were included as covariates if they correlated with the outcome 

measure at a significance level of p < 0.05. Correlations between Sleep Efficiency and skin 

temperatures were calculated with the effects of Sleep Period partialled out, as earlier 

studies showed that longer sleep duration results in a lower sleep efficiency (32). Group 

differences in the strength of association between skin temperature and sleep parameters 

were evaluated by comparison of z-transformed Pearson correlation strengths. In order 

to verify that patients with and without a history of chiasm compression did not differ 

systematically with respect to the  time of year of assessment, the difference between the 

group circular day-of-the-year means and angular deviations was evaluated using a Mardia-

Watson-Wheeler test (33).

RESULTS

Out of the 75 patients who took part in the protocol, temperature data were missing in 

four cases and incomplete in one case. All data were excluded in one patient who reported 

to have fallen ill during the measurement, which was likely to confound skin temperature 

because of fever and staying in bed during daytime. Finally, sleep parameters were missing 

in one case. Of the remaining 50 subjects (30 males, 54.7 ± 14.5 yrs of age) 33 had and 

17 did not have a medical history of chiasm compression. Before treatment of the tumor, 

29 patients had visual field defects, nearly always accompanied by loss of visual acuity. 
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Impaired bilateral visual acuity without visual field defects was present in one patient, and 

impaired visual acuity without information about visual field defects was also present in 

one patient. Complete ophthalmologic information was missing in two patients.

Clinical characteristics of the groups and their biochemical parameters

Clinical characteristics are shown in table 1. The observed proportions of hormonal axis 

deficiencies did not differ between groups for ACTH deficiency (p = 0.68; Fischers exact 

test), GH deficiency (p = 0.76; Pearson’s Chi-Square), TSH deficiency (p = 1.00; Fischers 

exact test), LH/FSH deficiency (p = 0.50; Fischers exact test), or antidiuretic hormone (ADH) 

deficiency (p = 0.73, Fischers exact test). Furthermore, the proportions of total number of 

Table 1. Clinical characteristics 

History of Optic Chiasm Compression

Yes (n = 33) No (n = 17) p - value

Type of suprasellar tumor - no. (%)

Macroadenoma - prolactinoma 6 (18.2) 4 (23.5)

Macroadenoma - GH producing 2 (6.1) 4 (23.5)

Macroadenoma - gonadotropinoma 2 (6.1)

Macroadenoma - non-functioning 16 (48.5) 1 (5.9)

Craniopharyngioma 5 (15.2) 2 (11.8)

Lymphocytic hypophysitis 2 (6.0)

Microadenoma - ACTH producing 3 (17.6)

Ependymoma 1 (5.9)

Dysgerminoma 2 (11.8)

Hypothalamic-pituitary axis deficiency - no. (%)

ACTH deficiency 29 (25.7) 14 (25.0) 0.68

GH deficiency 22 (19.5) 10 (17.9) 0.76

TSH deficiency 28 (24.8) 14 (25.0) 1.00

LH/FSH deficiency 27 (23.9) 13 (23.2) 0.50

ADH deficiency 7 (6.2) 5 (8.9) 0.73

Sum of deficient axes - no. (%)

1 deficient axis 2 (6.1) 1 (5.9) 0.71

2 deficient axes 5 (15.2) 5 (29.4)

3 deficient axes 7 (21.2) 2 (11.8)

4 deficient axes 15 (45.5) 6 (35.3)

5 deficient axes 4 (12.1) 3 (17.6)

Clinical characteristics of the patients with and without a history of chiasm compression. All diagnoses were 
histopathologically confirmed. No statistics were performed on suprasellar tumor types. No significant between-
group differences were found in the observed proportions of both the axis deficiencies as well as the total 
number of deficient axes.
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deficient axes did not differ between groups either (p = 0.71, Fischers exact test). Because 

previous work indicated more disturbed sleep in patients with GH deficiency (27), a general 

linear model was run with the PSQI summary score as outcome measure and both group 

and GH deficiency as regressors. The PSQI summary score was not significantly affected by 

either factor (respectively p = 0.21 and p = 0.72). The difference with mentioned previous 

work may relate to the fact that Ismailogullari et al. investigated a different patient 

population (Sheehan’s disease) and used a different method (polysomnography) (27).

Biochemical characteristics are shown in table 2. No differences between patients with 

and without history of chiasm compression were found in serum free T4 levels (14.3 ± 3.7 

vs. 15.3 ± 3.2 pmol/L, p = 0.34) or age-adjusted IGF-1 levels (-0.63 ± 1.2 vs. -0.73 ± 1.2, 

p = 0.78). Similarly, no between-group difference in age-adjusted IGF-1 levels was found 

when only GH-treated patients were compared (-0.33 ± 1.38 vs. -0.35 ± 1.42, p = 0.98). 

Measuring age-adjusted IGF-1 is useful for monitoring proper treatment of GH disorders. As 

GH is known to affect sleep in GH deficient adults, a difference in age-adjusted IGF-1 level 

between patients with and without chiasm compression would be a potential confounder. 

When comparing all patients, urine production over the 24 h and urine osmolality did not 

differ significantly between groups (p = 0.76 and p = 0.42, respectively). The timing and 

dosage of hydrocortisone tablets did not differ between patients with and without history 

of chiasm compression (20 (15-60) vs. 20 (20-40) mg/24 h, p = 0.81). In addition, serum 

Table 2. Biochemical characteristics

History of Optic Chiasm Compression

Yes (n = 33) No (n = 17) p - value

All patients

fT4 (pmol/L) 14.3 ± 3.7 15.3 ± 3.2 0.34

Age-adjusted IGF-1 (SD) -0.63 ± 1.2 -0.73 ± 1.2 0.78

Urine production (mL/24h) 2062 ± 914 2157 ± 11.83 0.76

Urine osmolality (mOsm/kg) 542 ± 226 490 ± 182 0.42

ACTH deficient patients

HC dosage over the course of the day 1.00

10-5-5 mg 51.7 % 5.0 %

10-0-10 mg 31.0 % 28.6 %

Other 17.2 % 21.4 %

Cortisol levels after HC ingestion (nmol/L) 296.9 ± 144.7 405.8 ± 235.3 0.16

Total HC dosage (mg/24h) 20 (15 - 60) 20 (20 - 40) 0.81

rhGH-treated patients*

Age-adjusted IGF-1 (SD) -0.33 ± 1.38 -0.35 ± 1.42 0.98

Data are expressed as mean ± SD, median (range) or number (percentage). L-thyroxine, vasopressin analogs, 
and hydrocortisone tablets were used respectively by all TSH deficient, all ADH deficient, and all ACTH deficient 
patients. No significant between-group differences were observed for any of the biochemical measures. HC: 
hydrocortisone. *25 out of 32 patients were treated with recombinant growth hormone (rhGH) therapy.
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Table 3. Characteristics of the groups and their sleep and temperature parameters

 History of Optic Chiasm Compression

Yes (n = 33) No (n = 17) p - value

male/female 24 / 9 6 / 11 0.02

surgery yes/no 30 / 3 14 / 3 0.40

radiotherapy yes/no 14 / 19 14 / 3 0.008

age - yrs 56.2 ± 13.7 51.9 ± 15.9 0.32

BMI 28.3 ± 5.2 31.2 ± 5.0 0.06

Interval between diagnosis and current study - yrs 15.0 ± 10.7 19.4 ± 9.0 0.15

Interval between surgery and current study - yrs 13.2 ± 10.3 16.3 ± 7.0 0.32

Sleep parameters

Bedtime (hh:min) 23:22 (22:29 - 03:00) 22:44 (20:00 - 02:00) 0.03

Get Up Time (hh:mm) 07:22 (04:59 - 10:59) 07:19 (04:29 - 09:00) 0.56

Sleep Onset Latency (min) 10 (5 - 90) 15 (5 - 60) 0.25

Sleep Period (hh:mm) 07:39 ± 00:57 08:25 ± 01:31 0.09

Sleep Efficiency - % 95 (46 - 100) 87 (50 - 100) 0.23

Daytime Dysfunction (0-7) 1 (0 - 2) 1 (0 - 3) 0.75

ESS 3.5 (0 - 12) 4 (1 - 24) 0.71

Tdistal (˚C)

daytime 32.2 (25.4 - 34.7) 32.6 (22.8 - 34.2) 0.89

pre-bedtime 34.0 (27.6 - 36.0) 34.5 (25.3 - 36.0) 0.44

nighttime 35.2 ± 4 35.4 ± 0.6 0.17

Tproximal (˚C)

daytime 34.1 ± 0.7 34.6 ± 0.7 0.045

pre-bedtime 34.5 (32.0 - 35.5) 34.7 (33.2 - 35.9) 0.27

nighttime 35.1 (33.4 - 35.8) 35.4 (33.2 - 36.0) 0.07

DPG (˚C)

daytime -2.4 ± 2.4 -2.9 ± 3.0 0.55

pre-bedtime -0.6 (-5.0 - 1.9) -0.4 (-9.9 - 1.1) 0.52

nighttime 0.2 ± 0.6 0.2 ± 0.8 0.92

Group measures are presented as mean ± SD for normally distributed variables and as median (range) for not 
normally distributed variables. Group differences in the mean daytime, nighttime, pre-bedtime skin temperatures, 
distal-to-proximal gradient (DPG), sleep parameters, and possible covariates were tested using two-tailed 
independent samples t-tests for normally distributed interval variables, or Mann-Whitney U tests for not normally 
distributed interval variables as well as for ordinal variables. Group differences in categorical data were tested 
with Chi-square tests or with Fisher’s exact test in case of expected counts less than 5. A history of chiasm 
compression was more frequent in males and less often associated with radiotherapy. Patients with history of 
chiasm compression had later habitual bedtime and lower daytime proximal skin temperature.
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cortisol concentration 240 min after ingestion of the morning hydrocortisone dose, which 

gives a reliable and convenient assessment of circulating cortisol levels in these patients, 

were comparable in both groups (296.9 ± 144.7 vs. 405.8 ± 235.3 nmol/l, p = 0.16). 

Characteristics of the groups and their sleep and temperature parameters 

Group characteristics are shown in table 3. A medical history of chiasm compression 

was more frequent in males and less often associated with radiotherapy. Of all sleep 

parameters examined, only habitual bedtime was significantly later in patients with 

than without history of chiasm compression. There was one probable late chronotype 

in the group of patients with history of chiasm compression (PSQI indicated bedtime of 

03:00 h and get-up time of 11:00 h) and one probable early chronotype in the group of 

patients without history of chiasm compression (PSQI indicated bedtime of 20:30 h and 

get-up time of 04:30 h). Figure 1 shows the temperature and gradient curves of the two 

groups over the 24-h measurement period. Group averages and differences for the sleep 

parameters as well as daytime, nighttime, and pre-bedtime temperatures are summarized 

in table 3. Patients with history of chiasm compression versus those without such history 

had significantly lower mean proximal, but not distal, daytime temperature (34.1 ± 0.7°C 

vs. 34.6 ± 0.7°C, p = 0.045). Group differences with respect to bedtime and daytime 

proximal skin temperature could not be attributed to group differences in sex ratio or 

history of radiotherapy: Sleep Onset Latency and daytime proximal skin temperature did 

not differ between groups receiving radiotherapy (p-values 0.73 and 0.47, respectively) or 

by sex (p-values 0.60 and 0.86, respectively) as grouping variables. 

Possible confounders

Groups did not differ either with respect to age (p = 0.32), napping behavior (p = 0.75), 

GH deficiency (p = 0.76), BMI (p = 0.06), and SDQ subscales for sleep complaints indicative 

of EDS (p = 0.69), PLM (p = 0.90), or OSAS (p = 0.11). In order to evaluate whether the 

difference in daytime proximal skin temperature between patients with versus without 

a history of chiasm compression was not secondary to possible confounders, a general 

linear model was run that included the factor chiasm compression and the covariates age, 

napping behavior, GH deficiency, BMI, and SDQ subscales for PLM, EDS, and OSAS. Of 

these covariates, only napping behavior (β = 0.29 ± 0.10, p = 0.002) and OSAS score 

(β = -0.37 ± 0.14, p = 0.009) were significantly associated with daytime proximal skin 

temperature. The effect of a history of chiasm compression, however, remained significant 

(p = 0.037) after inclusion of the covariates.

Group differences in associations between temperature and sleep parameters 

Table 4 shows the correlations between skin temperature parameters and sleep 

parameters. In patients without a history of chiasm compression, Sleep Onset Latency 

correlated significantly with pre-bedtime distal skin temperature and its gradient to 
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Figure 1. 24-h group average profiles of distal skin temperature (top), proximal skin temperature (middle), 
and distal-to-proximal gradient (bottom) for patients with history of chiasm compression (solid lines) and those 
without such history (dashed lines). Median bedtime and its range are indicated at the bottom of each graph for 
both groups (bedtime for the group without history of chiasm compression, open circle and dotted line; Bedtime 
for the group with history of chiasm compression, filled square and continuous line). Note the between-group 
difference in proximal temperature throughout most of the day and night.
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proximal skin temperature, in agreement with previous studies on healthy people: sleep 

latencies were shorter for those with higher pre-bedtime distal temperatures (r = -0.59, p = 

0.02) and showed higher DPG (r = -0.61, p = 0.02). In contrast, no significant correlations 

were present in the group with a history of chiasm compression. The groups differed 

significantly in the magnitude of their correlations between Sleep Onset Latency and DPG 

(p = 0.04). This could not be attributed to lack of statistical power to detect a correlation; 

on the contrary, the number of subjects in the group with history of chiasm compression 

(n = 33) was considerably higher than the number of subjects in the group without such 

history (n = 17). The correlations represent partial correlations after partialling out BMI, 

since BMI correlated significantly with Sleep Onset Latency in the group with chiasm 

compression (r = 0.43). A scatterplot suggested a similar correlation in the group without 

chiasm compression (r = 0.09), likely nonsignificant because of the limited power to detect 

it in a group of only half the size of the group with chiasm compression. 

Table 4. Correlations between sleep and temperature parameters within-group, and between-group significance 
of the difference in correlation strength

History of Optic Chiasm Compression

 Yes No Between-group

Sleep parameter Temperature parameter r-value p-value r-value p-value p-value

Sleep Onset Latency pre-bedtime Tdistal -0.11 0.55 -0.59 0.02 0.09

pre-bedtime Tproximal -0.25 0.18 0.29 0.29 0.10

pre-bedtime DPG -0.01 0.96 -0.61 0.02 0.04

Sleep Efficiency (%) nighttime Tdistal 0.04 0.83 -0.11 0.70 0.65

nighttime Tproximal 0.36 0.05 -0.25 0.38 0.06

nighttime DPG -0.39 0.03 0.17 0.57 0.09

Sleep Period nighttime Tdistal 0.08 0.68 -0.07 0.81 0.66

nighttime Tproximal 0.23 0.24 0.44 0.13 0.49

nighttime DPG -0.18 0.34 -0.35 0.25 0.61

Daytime Dysfunction daytime Tdistal -0.24 0.20 0.22 0.41 0.17

daytime Tproximal -0.14 0.46 -0.26 0.33 0.71

daytime DPG -0.25 0.17 0.25 0.36 0.13

Sleepiness daytime Tdistal -0.36 0.04 0.25 0.40 0.08

daytime Tproximal 0.07 0.73 -0.02 0.95 0.82

daytime DPG -0.41 0.02 0.19 0.53 0.09

In the group without chiasm compression, sleep onset latency correlated significantly with pre-bedtime distal-
to proximal gradient (DPG), in agreement with previous studies on healthy controls. These correlations were 
smaller and non-significant in the group with history of chiasm compression. The right-most column shows 
the significance of the difference in correlation strength. Furthermore, in patients without history of chiasm 
compression, the DPG was significantly correlated to habitual sleep efficiency. These correlations were non-
significant in the group with a medical history of chiasm compression.
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The groups did not differ significantly in the magnitude of their correlations between Sleep 

Efficiency and distal temperature (p = 0.65), proximal temperature (p = 0.06), and DPG 

(p = 0.09). The correlations represent partial correlations with the effects of Sleep Period 

partialled out, as described earlier.

Similarly, the groups did not differ significantly in the magnitude of their correlations 

between the duration of their Sleep Period and distal temperature (p = 0.20), proximal 

temperature (p = 0.46),and DPG (p = 0.09). The correlations represent partial correlations 

with the effects of age and a history of surgery partialled out. This was appropriate 

because of the significant correlation between age and Sleep Period in the group with 

chiasm compression (p = 0.02) and the finding that in this group patients with a history of 

surgery had a longer Sleep Period (p = 0.01).

The groups did not differ significantly in the magnitude of their correlations between 

Daytime Dysfunction and distal temperature (p = 0.17), proximal temperature, (p = 0.71), 

and DPG (p = 0.13). Likewise, no significant differences were found between groups in the 

magnitude of correlations between Sleepiness and distal temperature (p = 0.08), proximal 

temperature (p = 0.82), and DPG (p = 0.09).

Finally, with respect to the time of year of assessment, the group circular means and 

standard deviations were 16 June ± 74 d (mean phase angle ± angular deviation) in patients 

with a history of chiasm compression and 7 May ± 6 d in those without such history, which 

did not differ significantly (Mardia-Watson-Wheeler Chi2 = 3.78, p > 0.15).

DISCUSSION

We hypothesized that compression of the optic chiasm would be associated with changes 

in the regulation of skin temperature and its association with sleep propensity. The two 

main findings of this study support this hypothesis.

The first major finding of the present study is that patients with history of chiasm 

compression have lower proximal temperature, reaching statistical significance during the 

daytime. Although we found significant between-group difference only in daytime proximal 

temperature, nighttime proximal temperature did show a trend toward significance (p = 

0.07). A post-hoc independent samples t-test revealed the proximal temperature averaged 

over the entire 24-h period was also significantly lower in patients with a history of chiasm 

compression (34.4 ± 0.6˚C) as compared to those without such a history (34.8 ± 0.6˚C; p 

= 0.04). This finding supports our hypothesis the altered sleep characteristics in patients 

with pituitary insufficiency and history of optic chiasm compression may result from 

hypothalamic dysfunction. This notion is further supported by the finding of a similarly 

lower proximal temperature in patients with narcolepsy, a disorder which is known to 

involve hypothalamic dysfunction (7). While the 0.5°C difference between daytime 

proximal daytime temperatures might at first seem clinically insignificant, previous studies 
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showed that manipulations of proximal skin temperature even within a narrow range of 

less than 1°C significantly affect sleep onset latency (17) and sleep depth (18).

Regarding sleep parameters and nighttime temperature, we did not find any differences 

in Sleep Efficiency or Sleep Period between subjects with or without a history of chiasm 

compression. It should be noted in the group of patients with a history of chiasm 

compression, DPG correlated negatively with Sleep Efficiency. Previous studies on healthy 

people have shown that a higher DPG is normally associated with an increased propensity 

to fall asleep (9). This seeming discrepancy between our current finding and those of 

previous studies provides another, albeit indirect, indication of a disturbance of the link 

between the regulation of sleep and temperature in patients with history of chiasm 

compression. It should be noted, however, that a major limitation of the present study was 

lack of polysomnographically assessed sleep.

Concerning the daytime sleepiness measures and daytime temperature, previous research 

showed that fluctuations in daytime proximal skin temperature are positively correlated 

with sleepiness in healthy subjects (11). Of note, the mean daytime proximal temperature 

of the patients with history of chiasm compression was lower than the range of 34.3 to 

35.7°C previously reported in healthy subjects assessed under similar circumstances (11), 

while the temperature of the group without history of chiasm compression fell within the 

lower part of this normal range. 

The second main finding was the significant correlation of Sleep Onset Latency and the 

pre-bedtime DPG, previously described in healthy controls (7;8), was present in the group 

of patients without history of chiasm compression, while it was absent in the group 

that had suffered chiasm compression. In view of this clear difference, it is tempting to 

suggest that the delayed bedtime found here and previously in patients with history of 

chiasm compression (3) might, in part, be due to lack of sensitivity of the hypothalamic 

sleep-regulating network to afferent skin temperature signals that have been demonstrated 

to promote sleep in healthy people (17;18). The fact that both groups had pituitary 

insufficiency and, therefore, both received comparable hormone replacement therapy, 

as evident by the biochemical characteristics of both groups, argues against between-

group differences in hormone concentrations as an explanation for our findings. As far 

as statistical power is concerned, the sample size of 33 patients is sufficient to detect 

regression coefficients with a medium to large effect size (f2 = 0.26, i.e., in between 

the convention of 0.35 for medium and 0.15 for small) at a power (1-β) of 0.81 and a 

two-sided α of 0.05.

Although the biochemical characteristics show no significant differences between 

groups, it could be argued that because of the inclusion of patients with several causes 

of tumor with suprasellar extension, the groups are inherently heterogeneous. However, 

since this heterogeneity would also extend, itself, within groups, finding a significant 

correlation between skin temperature and sleep onset latency in one group only and not 

in the other argues in favor of the robustness of the findings. It could be argued that 
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the thermoregulatory pathway of skin temperature and its effect on sleep are functional 

in the group without chiasm compression and dysfunctional in the group with chiasm 

compression, despite the inherent heterogeneity within each group. It is important to note 

that since our subjects no longer suffer from compression of the optic chiasm, but only 

have done so in the past, our study, combined with previous findings (3), suggests that 

past compression of the optic chiasm leads to continued hypothalamic damage.

Several hypothalamic nuclei may be involved in the finding that sleep onset latency 

and pre-bedtime distal to proximal skin temperature gradients are no longer associated 

in patients who have history of chiasm compression due to a tumor with suprasellar 

extension. One of these is the suprachiasmatic nucleus (SCN), the biological clock of the 

brain (5). SCN lesions eliminate the circadian (~24-h) rhythm that is normally present in 

most, if not all, behaviors and physiological processes (34). A second important part of 

the hypothalamus involved in sleep regulation is the preoptic area, notably the median 

and ventrolateral preoptic nuclei (35-37). Since the preoptic area of the hypothalamus 

is located just above the optic chiasm, mechanical damage due to pressure could subtly 

affect its function in sleep regulation.

The present study has a number of limitations that can be addressed in follow-up studies 

to allow for more detailed conclusions. First, unfortunately, HRT does not completely 

mimic endogenous hormone secretion profiles, and as a consequence, pituitary hormone 

deficiencies are possible confounders of the relationship between chiasm compression 

and skin temperature regulation in association with sleep. Therefore, we did not compare 

patients with a history of compression of the optic chiasm to a healthy control group, but 

rather to a control group with a similar degree of pituitary insufficiency. The presence of 

comparable proportion of various hormonal deficiencies and replacement therapies as well 

as the comparable serum hormone levels between groups argues against differences in 

hormonal substitution strategies as a causative factor for the impaired skin temperature 

regulation in association with disturbed sleep. Second, possible reasons for the lower 

daytime proximal skin temperature in patients with a history of chiasm compression need to 

be closely examined. For more definite conclusions, it is recommended that future studies 

include detailed assessment of daytime activity level and posture, both of which affect 

skin temperatures (21;38). Laboratory studies inducing postural and skin temperature 

changes would be of help elucidating causality. It is feasible that a common process can 

affect both sleep and thermoregulation without causal relationship between the two, for 

example, whether the extent of hypothalamic damage does, or does not, include both 

thermoregulatory and sleep regulating nuclei. Third, a larger sample may be necessary to 

elucidate which of the heterogeneous characteristics of patients is most closely related to 

the differences in proximal skin temperature and the association of the distal to proximal 

skin temperature gradient with sleep onset latency. Ideally, within-subject, repeated-

measures would be of value to address the latter association. Fourthly, polysomnography 
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may reveal group differences in sleep estimates and their association with skin temperature 

for which our present subjective sleep assessment was too insensitive.

In conclusion, the present study shows that chiasm compression due to a tumor with 

suprasellar extension is associated with changes in the regulation of skin temperature 

and its association with sleep regulation in patients with pituitary insufficiency. Proximal 

temperature is lower and the DPG prior to bedtime does not show the normal association 

with sleep onset latency. The findings point to hypothalamic dysfunction and may be 

involved in the delayed bedtimes in patients with a history of chiasm compression. 
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ABSTRACT  

Suprasellar tumors with compression of the optic chiasm are associated with an impaired 

sleep-wake rhythm. We hypothesized that this reflects a disorder of the biological clock 

of the human brain, the suprachiasmatic nucleus (SCN), which is located just above the 

optic chiasm. In order to test this hypothesis, we investigated the expression of two key 

neuropeptides of the SCN, i.e. arginine vasopressin (AVP) and vasoactive intestinal peptide 

(VIP), as assessed by quantitative immunocytochemistry in post-mortem hypothalamic 

tissue of patients with a suprasellar tumor inducing permanent visual field defects. 

Post-mortem hypothalamic tissue of five patients with a suprasellar tumor inducing 

permanent visual field defects (acromegaly n=2, nonfunctioning macroadenoma n=1, 

macroprolactinoma n=1, infundibular metastasis of a colorectal adenocarcinoma n=1) 

and fifteen age- and gender-matched controls was obtained from the Netherlands Brain 

Bank. Total AVP-immunoreactivity in the SCN was lower in patients with a suprasellar 

tumor than in controls (p = 0.03). By contrast, total VIP-immunoreactivity was not different 

between patients and controls (p = 0.44). Suprasellar tumors leading to permanent visual 

field defects are associated with reduced AVP-, but not VIP-immunoreactivity in the SCN. 

These findings raise the possibility that selective impairment of the SCN contributes to 

sleep-wake disturbances in these patients.
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INTRODUCTION

Patients previously treated for a suprasellar tumor often experience subjective sleep 

impairment. Recent studies reported altered sleep characteristics despite proper endocrine 

substitution therapy for pituitary insufficiency (2;16;19;22). The underlying mechanisms 

are incompletely understood at present, but alterations in the suprachiasmatic nucleus 

(SCN), which is the biological clock of the brain, are presumed to be a key factor.

Compression of the optic chiasm by a suprasellar tumor causes visual field defects (7), 

reflecting mechanical impairment of this anatomical structure. These tumors may cause 

injury to adjoining tissues as well, including the mediobasal hypothalamus containing the 

SCN. This hypothalamic nucleus is located immediately above the optic chiasm, and is 

responsible for maintaining circadian rhythms such as sleep/wakefulness (18). Recently, 

we demonstrated that compression of the optic chiasm due to a tumor with suprasellar 

extension is associated with permanent shorter sleep duration (4) , supporting the concept 

that expanding tumors in the sellar region may harm the SCN, which in turn leads to sleep 

disturbances. 

We were in the unique position to study a small group of deceased subjects (n=5) with 

a diagnosis of a suprasellar tumor inducing visual field defects. In these subjects and in 

matched control subjects without a suprasellar tumor, we investigated the expression 

of two key neuropeptides of the SCN, i.e. arginine vasopressin (AVP) and vasoactive 

intestinal peptide (VIP), as assessed by quantitative immunocytochemistry in post-mortem 

hypothalamic tissue.

MATERIAL AND METHODS 

Subjects

Post-mortem hypothalamic tissue of 5 patients and 15 control subjects was studied; for 

each patient, 3 age- and gender-matched control subjects were included. All patients had 

established visual field defects in the presence of a suprasellar tumor according to their 

medical records. The tumor was resected in three patients (subjects #5, #13 and #17) 

and postoperative radiotherapy was administered to one patient (subject #17). Pituitary 

insufficiency was present in three patients (subjects #1, #13 and #17) and they received 

hormonal substitution. Data on surgery, radiotherapy and pituitary insufficiency was not 

available for respectively one (subject #9), three (subjects #5, #9 and #13) and one (subject 

#5) patient(s). Clinicopathological data are described in table 1.

All brain material was obtained from The Netherlands Brain Bank at The Netherlands Institute 

for Neuroscience (director Dr. I. Huitinga) in accordance with the formal permissions for 
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brain autopsy and for the use of human brain material and clinical information for research 

purposes.

Histology   

Brains were dissected at autopsy and the hypothalamus was fixed in 10% phosphate-

buffered formalin at room temperature for 1-32 months. After dehydration in graded 

ethanol series, tissues were cleared in xylene and embedded in paraffin. Coronal serial 

sections (6mm) were cut over the entire rostro-caudal axis. For anatomical orientation, 

every 100th section was collected and mounted on chrome alum-gelatin coated glass 

slides or Superfrost plus slides (Menzel Glaser, Germany) and subsequently dried for two 

days at 37˚C, followed by Nissl staining. Two series of consecutive sections were mounted 

at 50-section intervals over the entire rostro-caudal axis of the SCN, which were used for 

AVP- and VIP- immunocytochemistry. To ensure sampling over the entire rostro-caudal axis 

of the SCN we made sure that at least one section negative for AVP- and VIP staining was 

included at the rostral as well as the caudal border of the nucleus.

Antibodies

We used polyclonal rabbit antisera raised against synthetic peptides derived from human 

AVP (Truus, 29-01-89, Netherlands Institute for Neuroscience) and human VIP (Viper, 

18-09-1986, Netherlands Institute for Neuroscience) for immunocytochemical staining. 

Antiserum from the final bleed was used without further purification. Antibody specificity 

has been described previously (6;8;23).

Immunocytochemical procedures

Sections were mounted on Superfrost plus slides and dried for at least 2 days at 37oC. 

After deparaffinization in xylene and rehydration through graded ethanol series, sections 

were washed in TBS and antigen retrieval was performed using microwave treatment (10 

min, 700W) in TBS at pH 7.6. After cooling down to room temperature (RT), sections 

were incubated in the primary antibody diluted 1:800 in SUMI [supermix: 0.05M Tris, 

0.15M NaCl, 0.5% Triton X-100 (Sigma, Zwijndrecht, The Netherlands), and 0.25% gelatin 

(Merck Darmstadt, Germany) (pH 7.6)] for AVP and 1:5000 for VIP overnight at 4oC in 

a humidified chamber. Sections were washed in TBS and incubated in the secondary 

antibody (biotinylated goat anti-rabbit, 1:400 in SUMI) for 1h at RT. After washing in 

TBS, sections were incubated for 1h at RT in avidine biotinylated complex (1:800 in SUMI; 

Vector Laboratories, Burlingame, CA) and subsequently rinsed in TBS. Finally, staining 

was visualized using 0.5 mg/ml 3,3’-diaminobenzidine (Sigma) in TBS containing 0.2% 

ammonium nickel sulfate (BDH; Brunschwig, Amsterdam, The Netherlands) and 0.01% 

H2O2 (Merck) for approximately 15 min. The reaction was stopped in distilled water. The 

sections were dehydrated in graded ethanol series, cleared in xylene, and coverslipped 

using Entellan (Merck). 
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Quantitative analysis 

For quantification of the immunoreactive signal, gray values of the DAB-Ni precipitate 

in the SCN were analyzed by computer-assisted densitometry using Image pro (Media 

Cybernetics, Silver Spring) and software developed at the Netherlands Institute for 

Neuroscience. Every 50th section containing the SCN was analyzed. The SCN was manually 

outlined by an investigator blind to the diagnosis of the studied subjects (AA). Estimates of 

the total amount of immunoreactivity were made according to Cavalieri’s principle based 

on the multiplication of the masking volume of the DAB-Ni precipitate by the sampling 

frequency, resulting in arbitrary units (a.u.) representing μm3 multiplied by staining 

intensity as determined by our image analysis system (1). 

Statistical analysis

To normalize their skewed distribution, the AVP- and VIP-immunoreactivity a.u.’s were 

log-transformed prior to statistical analysis. Mixed effect regression models (MLwiN, 

Centre for Multilevel Modeling, Institute of Education, London, UK) were used to estimate 

the group differences while accounting for the data structure of three matched controls 

for each patient. The effects on AVP- and VIP-immunoreactivity of post-mortem delay, 

fixation time, clock time of death and month of death were evaluated by including them 

as regressors in the model. z-Tests were used to obtain the significance of the effect sizes, 

where z is the ratio of the estimated difference over the standard error of its estimate (21). 

Two-sided p-values below 0.05 were considered significant.

RESULTS

In subject #1 the tumor mass invading the hypothalamus was clearly visible. In subjects 

#5, #9, #13 and #17 no gross neuroanatomical abnormalities were observed. AVP- and VIP 

-staining was observed in the SCN of all subjects. Staining intensity showed a considerable 

inter-individual variation in patients as well as in controls. The log-transformed SCN 

AVP-immunoreactivity was 18 ± 7% lower in patients with a suprasellar tumor than in 

the control group (p = 0.03) (figure 1A). Staining is illustrated in figures 1B and 1C. By 

contrast, total VIP-immunoreactivity was not different between patients and controls (p = 

0.44) (figures 1D-F). Comparison of staining intensity, and differences in the area masking 

the signal as well as the number of objects that were stained did not yield any significant 

results. There was no significant effect of post-mortem delay, fixation time, clock time of 

death or month of death on AVP-immunoreactivity (0.06 < p < 0.98, average p = 0.56) or 

VIP-immunoreactivity (0.07 < p < 0.78, average p = 0.56).
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DISCUSSION

In the present study we demonstrate for the first time a reduction of total AVP- but not 

VIP-immunoreactivity in the SCN of patients with a suprasellar tumor inducing visual 

field defects. These results provide immunocytochemical support for functional changes 

in the SCN in these patients. Comparison of staining intensity and number of objects 

stained showed no differences between our experimental groups. It therefore seems that 

neither a decrease in protein expression per neuron, nor a decrease in the number of 

neurons as estimated by the number of stained objects can fully explain the decrease in 

AVP-expression. It is feasible that the observed difference in total AVP-immunoreactivity is 

caused by a combination of factors amplifying each other.

One could speculate that the observed difference in total AVP-immunoreactivity may have 

been affected by seasonal and diurnal variations (9). Unfortunately, sleep characteristics 

were only available for subject #1. However, we did not find any statistical correlation 

between total AVP-immunoreactivity and clock time or month of death. Moreover, diurnal 

oscillations have been described only in young subjects, and were found to be blunted in 

subjects over 50 years of age (9). Since our study population consisted of older subjects it 

FIGURE 1. Graphical representation of difference in total AVP- (A) and VIP-immunoreactivity (D) in the SCN 
between patients and controls. Each dot represents one subject. B&C: Representative coronal sections of the SCN 
in a patient (#13) and control (#14) person stained for AVP. E&F: Representative coronal sections of the SCN in a 
patient (#13) and control (#14) person stained for VIP. Inserts represent high power magnifications.
Note that total AVP-, but not VIP-immunoreactivity was lower in patients than controls. Statistical analysis was 
performed using mixed effect regression models and z-tests. Scale bar for B, C, E, F = 100μm. Asterisks indicate 
the third ventricle.
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is therefore unlikely that diurnal or seasonal variations influenced our results. Although all 

brain material is processed according to standardized protocols, variation in post-mortem 

delay and fixation time cannot be excluded. However, correlation analyses of these 

Table 1. Brain Material

Subject Sex Age PMD Fix CTD MoD Cause of death, clinical diagnosis

#1 Metastasis 
infundibulum

F 55 nd nd nd nd adenocarcinoma rectum

#2 Control F 51 07:40 33 09:55 Nov sepsis, bronchopneumonia, metastasized 
appendix carcinoma

#3 Control F 49 <17 806 00:00 Jul massive pulmonary trombo-embolism, 
metastasized lungcarcinoma

#4 Control F 65 12:50 28 02:00 Apr myocardial infarction, pneumonia, sepsis, 
cervix carcinoma

#5 Acromegaly M 71 07:15 40 04:55 Dec gastrointestinal bleeding, cerebrovascular 
accident, amyloidosis Dutch type

#6 Control M 68 04:15 33 18:00 Jul aspiration pneumonia, Alzheimers disease 
(Braak 6)

#7 Control M 69 02:55 29 18:00 Nov bronchopneumonia, cerebrovascular 
accident, Alzheimers disease (Braak 6)

#8 Control M 79 17:00 31 16:40 May cerebral haemorrhage in brain stem, 
generalized atherosclerosis

#9 Acromegaly F 92 02:35 40 18:50 Feb respiratory insufficiency, hippocampal 
sclerosis

#10 Control F 91 01:35 51 12:55 Feb respiratory insufficiency, decompensatio 
cordis, hippocampal sclerosis

#11 Control F 85 04:40 26 16:30 Feb decompensatio cordis, hippocampal 
sclerosis, cerebrovascular accident

#12 Control F 94 06:35 35 02:10 Oct respiratory insufficiency, hippocampal 
sclerosis

#13 NFMA F 89 15:40 44 21:00 Dec respiratory insufficiency, cerebrovascular 
accident, atherosclerosis

#14 Control F 89 05:00 36 23:30 Apr myocardial infarction, mitral valve 
insufficiency, decompensatio cordis

#15 Control F 82 03:45 46 13:30 Nov decompensatio cordis

#16 Control F 94 04:40 29 06:10 Feb cerebrovascular accident, polymyalgia 
rheumatica

#17 Prolactinoma F 64 08:35 36 02:55 Jan probable myocardial infarction, ileus

#18 Control F 58 06:15 41 06:30 Aug multiple organ failure, chronic obstructive 
pulmonary disease, decompensatio cordis

#19 Control F 74 07:25 31 09:50 Jul myocardial infarction, atherosclerosis, 
percutaneous transluminal coronary 
angioplasty

#20 Control F 72 <24 67 00:00 Apr cardiac asthma, chronic obstructive 
pulmonary disease

CTD clock time of death; F Female; Fix Fixation time in days; M male; MoD month of death; nd not determined; 
NFMA non-functioning macroadenoma; PMD postmortem delay in hours.
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potential confounders on total AVP- and VIP- immunoreactivity did not yield any significant 

results. Interestingly, we found a decrease in AVP-, but not VIP-immunoreactivity. AVP 

and VIP are the two main neuropeptide components of SCN neurons, expressed in two 

distinct neuronal subpopulations of the SCN (17). Both are highly important in circadian 

timekeeping as evident from animal experimental studies. The SCN generates a circadian 

rhythm that is entrained by the daily light-dark changes of the environment (3;14). VIP 

expressing neurons serve as the main targets of retinal input to the SCN and play a critical 

role in transmitting the light effect to the SCN, whereas AVP neurons amplify the amplitude 

of the circadian rhythm (10;13) and translate this circadian signal to target areas (11). Why 

we only observed decreased AVP-, but not VIP-immunoreactivity remains unclear, but it 

may reflect differential susceptibility of these neuronal populations to mechanical stress. 

Human brain material of subjects who had experienced permanent visual field defects as 

a result of a suprasellar tumor is not readily available. However, we managed to include 

5 patients in our studies and matched each of them with 3 age- and gender-matched 

controls. One patient (subject #5) suffered from a very rare condition known as hereditary 

cerebral hemorrhage amyloidosis in addition to the suprasellar tumor. Hereditary cerebral 

hemorrhage amyloidosis is an inherited disease characterized by amyloid deposits in 

cerebral blood vessels, resulting in (recurrent) hemorrhagic strokes and dementia (5). 

Since we were unable to match this subject with other subjects with the same type of 

neurodegenerative disease, we matched him with two Alzheimer patients, to control 

at least for neurodegenerative disease, in addition to one control subject with cerebral 

hemorrhage. Of note, this subject #5 showed a similar expression level of AVP and VIP 

compared with the other patients. 

Whether the observed changes in the SCN contributes to the development of sleep 

disturbances in patients with expanding suprasellar tumors remains an intriguing question. 

Due to the retrospective and anatomical character of this study, we have no functional 

data on sleep characteristics in these subjects, except for one patient (subject #1). This 

subject was reported to experience not only blurring of vision in the right temporal field, 

but also to require more sleep at night (20). This information, together with previous 

studies reporting excessive daytime sleepiness and altered sleep characteristics, indicates 

that the cases we studied would likely have suffered from circadian sleep disturbances 

(1-4,7). Additionally, a recent report showed that the SCN in rats is not only involved 

in circadian regulation of the sleep-wakefulness cycle (15) but that subregions of the 

SCN can regulate sleep stages as well (12). Therefore, it is feasible that the reduction 

in AVP-immunoreactivity found in our human study contributes to sleep disturbances 

previously observed in patients with suprasellar tumors, although this is highly speculative 

at this stage. It is feasible that mechanical damage as a result of long-term compression 

could cause reactive gliosis and microglial activation. However, in three of the five subjects 

studied here the tumor was resected and compression was relieved. Therefore, we are not 
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confident that studies on gliosis and microglial activation in this group of subjects would 

yield any reliable results. 

In summary, despite the predominantly descriptive character of the study and the relatively 

low number of observations, we do find support for SCN changes in patients with a 

suprasellar tumor that induce permanent visual field defects. Therefore, we feel we provide 

valuable new data relevant for understanding the pathogenesis of sleep disturbances in 

these patients. An interesting possibility is that the reduction in total AVP-immunoreactivity 

found in this study contributes to sleep disturbances commonly seen in patients with 

suprasellar tumors. 
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ABSTRACT

Background: Serotonergic signalling has been implicated in various hypothalamic 

functions including circadian rhythmicity, feeding behaviour and neuroendocrine 

regulation. However, the functional neuroanatomy underlying serotonergic signalling in 

the human hypothalamus is largely unknown. 

Aim and methods: To increase insight in hypothalamic serotonin signalling in humans, we 

investigated the distribution of serotonin transporters (SERT) systematically over the entire 

rostro-caudal axis of six post-mortem hypothalami by means of immunohistochemistry, 

using a monoclonal antibody raised against human SERT. Immunofluorescent double-

labelling of SERT with markers for the major cell populations in the suprachiasmatic (SCN) 

and infundibular nucleus (IFN) was performed to further identify cells that showed basket-

like SERT-staining.

Results: SERT-immunoreactivity was ubiquitously expressed in fibers throughout 

the hypothalamus. A dense track of fibers was seen a) in the perifornical area, b) as a 

plexus along the ependym and c) in close proximity to the anterior commissure. The 

suprachiasmatic- and the infundibular nucleus showed strong SERT-immunoreactivity. 

Clusters of SERT-immunoreactive fibers outlining capillaries and basket cells were present in 

the SCN and IFN, highly suggestive of synaptic endings. The majority of SERT basket cells 

did not show double labelling with the major neuropeptidergic markers for SCN and IFN. 

Conclusion: We report the distribution of SERT in post-mortem human hypothalamus. 

The strong SERT-immunoreactivity in the human SCN and IFN suggests a local modulatory 

role for serotonin although the identity of the SERT-immunoreactive basket cells remains 

to be identified.
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INTRODUCTION

Serotonin is a widely expressed neurotransmitter in the central nervous system of 

vertebrates. Cell bodies of serotonergic neurons are localized in the raphe nucleus and 

their axons project to numerous areas in the brain, including the hypothalamus (1;2). As the 

hypothalamus receives dense innervations from serotonergic neurons, it is not surprising 

that serotonin has been implicated in a broad range of hypothalamic functions, including 

the regulation of circadian rhythms, feeding, metabolism, temperature, neuroendocrine 

responses, mood and behaviour (3-8). Axonal serotonin released in the synaptic cleft exerts 

its effects by actions on various pre- and postsynaptic serotonin receptors (9) or it may 

diffuse into the extracellular matrix to bind to extrasynaptic receptors (10). The amount 

of serotonin available for signalling is regulated by the serotonin transporter (SERT) (11). 

The transport of serotonin from the extracellular space by SERT results in a high affinity 

reuptake, and is believed to be the most critical element in regulating the signal amplitude 

and duration of serotonergic transmission in brain (12;13). Therefore, the expression of 

SERT has been proposed to perform a key role in determining the efficacy and the mode 

of serotonergic transmission (14).

Very few data are available on the functional neuroanatomy underlying serotonergic 

signalling in the human hypothalamus. To our knowledge, only the distribution of SERT in 

the human suprachiasmatic nucleus (SCN) has been described (15). In other species, the 

majority of the anatomical studies investigating this system in the hypothalamus have been 

performed with antisera generated against serotonin, and only few studies were targeted 

to clarify the distribution of SERT expression. In primates, dense SERT-immunoreactivity 

was observed in paraventricular- and supraoptic nuclei (16), and Moore et al. (15) localized 

SERT in the SCN and as a plexus along the ependyma of both lateral and third ventricles. 

These data fit with studies in rodents, identifying a dense plexus of SERT in the SCN (3;17).

In the present report, we systematically describe the distribution of SERT-containing 

cells and fibers in the human hypothalamus by means of immunohistochemistry, using a 

commercially available monoclonal antibody raised against human SERT. 

In a second series of experiments, we attempted to determine which cell types were 

surrounded by the basket-like SERT-immunoreactive fibers in the SCN and IFN. For this 

purpose we used immunofluorescent double-labelling of SERT with markers for the major 

neuropeptidergic cell populations in SCN and infundibular nucleus (IFN), i.e. vasoactive 

intestinal peptide (VIP) and arginine vasopressin (AVP) in the SCN, and neuropeptide-Y 

(NPY), agouti-related peptide (AgRP) and alpha-melanocyte stimulating hormone (αMSH) 

in the IFN. VIP- and AVP expressing neurons are the main components of the SCN and 

are highly important in the control of circadian rhythms (18), whereas AgRP-, NPY- and 

α-MSH expressing neurons in the IFN play a pivotal role in the regulation of energy 

homeostasis, with anorexigenic properties of α-MSH- and orexigenic properties of NPY- 
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and AGRP synthesizing neurons (19). Together, these studies provide more insight in the 

neuroanatomical pathways involved in hypothalamic serotonergic signalling in humans.

MATERIALS AND METHODS

Subjects

Post-mortem hypothalamic tissue was studied of 6 subjects (3 men and 3 women) without 

neurodegenerative disease ranging in age between 67 and 86 years. Clinicopathological 

data are presented in table 1. Brain material was obtained from The Netherlands Brain 

Bank at The Netherlands Institute for Neuroscience (director Dr. I. Huitinga) on the basis 

of written informed consent of the subject according to the Declaration of Helsinki and in 

accordance with the formal permissions for brain autopsy and for the use of human brain 

material and clinical information for research purposes, approved by the Medical Ethics 

Committee of the VU Medical Centre. 

Table 1. Brain material

Subject Sex Age PMD Fix Cause of death, clinical diagnoses

99101 M 69 19 41
Respiratory insufficiency, infarction distal 
brainstem, alcohol abuse, hypertension

00007 M 85 15 35 Myocardial infarction, bladder carcinoma

03054 M 67 4.5 50
Cardiogenic shock, multi organ failure, type II 
diabetes, COPD

98056 F 83 5 41
Respiratory insufficiency, colon carcinoma, type II 
diabetes, cataract, arthrosis

95016 F 86 13.5 30
Decompensatio cordis, type II diabetes, angina 
pectoris, nephropathy, retinopathy

01005 F 76 20 36
Respiratory insufficiency, Non-Hodgkin 
lymphoma, hypertension, basalar cell carcinoma

Fix: duration of fixation in days; PMD: post mortem delay in hours

Histology

Brains were dissected at autopsy and the hypothalamus was fixed in 10% phosphate-

buffered formalin at room temperature (RT) for 1-2 months. After dehydration in graded 

ethanol series, tissues were cleared in toluene and embedded in paraffin. Coronal 

serial sections (6mm) were cut over the entire rostro-caudal axis of the hypothalamus. 

For anatomical orientation, every 100th section was collected and mounted on chrome 

alum-gelatine coated glass slides and subsequently dried for two days at 37oC, followed 

by Nissl staining. 
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Antibody characterization

Mouse monoclonal anti-human SERT antibody was purchased from Millipore, MAb 

Technologies Inc. (Stone Mountain, GA; catalogue no Mab5618). Antibody specificity has 

been reported before and was supported using Western blotting (20-23). Rabbit polyclonal 

anti-human AgRP antibody was obtained from Phoenix Pharmaceuticals (Belmont, CA; 

catalogue no. H-003-53). AgRP staining disappeared after preadsorption with AgRP, and 

was not affected by cross adsorption using the NPY peptide (24). The α-MSH antibody was 

raised against the α-MSH C-terminal, which is modified in α-MSH free acid, and absent in 

ACTH, minimizing cross reaction with other POMC products. Staining was abolished after 

pre-adsorption with the α-MSH peptide (25).

The AVP antibody (Truus) was raised in rabbit against vasopressin in its processed form, 

although this antibody has been reported to cross react with oxytocin (26;27). NPY 

(Niepke) and VIP (Viper) antibodies were raised in rabbit against NPY and VIP in its 

processed form and specificity was previously tested by pre-immune staining and antibody 

pre-adsorption (28) (24;29). No staining was seen after omission of the primary antibodies. 

Optimal antibody concentrations were determined experimentally by testing of dilution 

curves. Characteristics of the antibodies are given in Table 2.

Immunohistochemistry

For SERT-immunohistochemistry, a series of coronal sections at 100-section intervals over 

the entire rostro-caudal axis of the hypothalamus was mounted on Superfrost plus slides 

Table 2. List of primary antibodies used for immunolabelling

Antibody Immunogen Host Manufacturer, Catalogue#

Serotonin Transporter 
(SERT)

Synthetic peptide from the human 
serotonin transporter

Mouse 
monoclonal

Millipore, MAb Technologies 
Inc. Stone Mountain, GA: 
Mab5618

Vasoactive Intestinal 
Polypeptide (VIP)

VIP coupled to thyroglobulin 
(Sigma) with glutaraldehyde 
(Merck, Rahwah, NJ)

Rabbit polyclonal
Netherlands Institute for 
Neuroscience, (Amsterdam): 
#Viper, 180886

Arginine Vasopressin 
(AVP)

Synthetic peptide Cys-Tyr-Phe-Gln-
Asn-Cys-Pro-Arg-Gly-NH2 (V-9879, 
Sigma, St. Louis, MO) coupled 
to thyroglobulin (Sigma) with 
glutaraldehyde (Merck, Rahwah, 
NJ)

Rabbit polyclonal
Netherlands Institute for 
Neuroscience, (Amsterdam): 
#Truus, C.P.180985

Neuropeptide-Y (NPY)

porcine NPY(1–36) (Sigma, St. 
Louis, MO) coupled to thyroglobulin 
(Sigma) with glutaraldehyde (Merck, 
Rahwah, NJ)

Rabbit polyclonal
Netherlands Institute for 
Neuroscience, (Amsterdam): 
#Niepke C.P.261188

Alpha-Melanocyte-
Stimulating-Hormone 
(α-MSH)

α-MSH coupled to bovine 
thyroglobulin 

Sheep polyclonal
Millipore, MAb Technologies 
Inc. Stone Mountain, GA: 
Mab5087

Agouti-Related Protein 
(AgRP)

human AGRP(83–132) Rabbit polyclonal
Phoenix Pharmaceuticals Inc., 
Belmont, CA: #H-003-57
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(Menzel Glaser, Germany) and dried for at least 2 days at 37oC. Next, antigen retrieval 

was performed using microwave treatment (30) and sections were stained using the 

avidine biotinylated complex method (31), according to the following protocol: Sections 

were deparaffinised in xylene and rehydrated through graded ethanol series. After rinsing 

in distilled water, the sections were washed in TBS (pH 7.6) and antigen retrieval was 

performed using microwave treatment (10 min 700W) in TBS (pH 7.6). After adjustment 

to RT, sections were incubated in the primary antibody diluted 1:5000 in SUMI [supermix, 

0.05M Tris, 0.15M NaCl, 0.5% Triton X-100 (Sigma, Zwijndrecht, The Netherlands), and 

0.25% gelatine (Merck Darmstadt, Germany) (pH 7.6)] overnight at 4oC. The slides 

were rinsed in TBS (pH 7.6, 3x5min) and incubated for 1h at RT in the second antibody 

(biotinylated horse anti-mouse 1:400 in SUMI; Vector Laboratories, Burlingame, CA). After 

rinsing in TBS (pH 7.6, 3x5min), the sections were incubated 1h at RT in avidine biotinylated 

complex (1:800 in SUMI; Vector Laboratories, Burlingame, CA) and subsequently rinsed in 

TBS (pH 7.6, 3x5 min). Finally, sections were incubated in 0.5 mg/ml 3,3’-diaminobenzidine 

(Sigma) in TBS containing 0.2% ammonium nickel sulphate (BDH; Brunschwig, Amsterdam, 

The Netherlands) and 0.01% H2O2 (Merck) for approximately 15 min. The reaction was 

stopped in distilled water. The sections were dehydrated in ascending series of ethanol, 

cleared in xylene, and coverslipped using Entellan (Merck, Darmstadt, Germany). 

Double-labelling by immunohistochemistry

To identify cell types showing basket-like staining of SERT-immunoreactive fibers, we 

performed immunofluorescent double labelling followed by confocal laser scanning 

microscopy for SERT (1:5000) with respectively AVP (1:800) and VIP (1:600) in hypothalamic 

sections containing the SCN of all 6 subjects. In addition, we performed immunofluorescent 

double staining of respectively SERT with αMSH (1:20000), NPY (1:1000) and AgRP 

(1:3000) in hypothalamic sections containing the IFN of all 6 subjects. 

After overnight primary antibody incubation at 4oC the slides were rinsed in TBS (pH 7.6, 

3x5min) and incubated in the secondary antibodies (biotinylated horse anti-mouse 1:400 in 

SUMI; Vector laboratories, Burlingame, CA) for 1h at RT. Following rinsing in TBS (pH 7.6, 

3x5min), the sections were incubated 1h at RT in avidine biotinylated complex (1:800 in 

SUMI; Vector Laboratories, Burlingame, CA), subsequently rinsed in TBS (pH 7.6, 3x5min) 

and incubated in biotinylated tyramide (1:750 in SUMI, 0.01% H2O2 (Merck, Darmstadt, 

Germany)) for 15 min at RT followed by rinsing in TBS (pH 7.6, 3x5 min). SERT was detected 

in green by streptavidin-Alexa488 (1:1000; Invitrogen, Eugene, Or). The other peptides 

were visualized in red by respectively anti-rabbit Alexa594 (1:1000; Invitrogen, Eugene, 

Or) for AVP, VIP, NPY or AgRP and anti-sheep Alexa594 (1:1000; Invitrogen, Eugene, Or) 

for αMSH. This fluorochrome-conjugated antibody incubation was performed for 1h at 

RT, followed by overnight incubation at 4oC. Vectashield with DAPI (Vector laboratories, 

Inc, Burlingame, CA) was used for nuclear staining and cover slipping. The sections were 

stored under dark conditions at 4oC until further analysis. 
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Photomicrographs

The immunoperoxidase images were captured with a Zeiss Axioplan 2 microscope 

with 5 megapixel colour Evolution MP camera (MediaCybernetics, Bethesda, MD, USA) 

and the double labelling immunofluorescence images were taken on a confocal laser 

scanning microscope (Leica TCS-SP5, Wetzlar, Germany). The emission signals of Alexa 

488 (SERT) and Alexa 594 (AVP, VIP, NPY, AgRP and αMSH) were assigned to green 

and red, respectively. All photomicrographs were then opened in Adobe Photoshop. The 

immunoperoxidase images were converted to black-white images and blue and green 

channels were switched off. 

RESULTS

SERT expression in the human hypothalamus

Many SERT-immunoreactive fibers and few scattered SERT-containing cells were found 

throughout the entire hypothalamus, with the exception of white matter tracts (figure 1 

and figure 2A). The general distribution of SERT was similar in all subjects studied. There 

was, however, strong interindividual variation in staining intensity. 

The SERT-positive fibers were present throughout the entire hypothalamus, with a denser 

track of SERT-immunoreactive fibers in the perifornical area and in close proximity to 

the anterior commissure. A plexus along the ependym of the third ventricle wall showed 

also strong SERT-immunoreactivity (figure 2B). In addition, the highest fibre density 

was observed in the SCN (figure 2C) and IFN, which is the human equivalent of the 

Figure 1. Schematic illustration of 
the distribution of immunoreactive 
serotonin transporter (SERT) fibers 
in coronal sections of the human 
hypothalamus. Abbreviations: see 
page 155. 
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arcuate nucleus (figure 2D). In these areas, cell bodies and capillary vessels were directly 

surrounded by clusters of SERT-immunoreactive fibers, highly suggestive of SERT-positive 

nerve endings in contact with SERT-negative perikarya and capillaries (high power inserts 

of figure 2C and 2D).  

The supraoptic nucleus, paraventricular nucleus, lateral tuberal nucleus and tuberomamillary 

nucleus contained relatively small numbers of SERT-immunoreactive fibers. 

Double labelling of SERT with AVP, VIP, NPY, AgRP, and αMSH

To further characterize the cell types showing basket-like staining of SERT-immunoreactive 

fibers in the SCN and IFN, we performed immunofluorescent double staining of SERT with 

AVP or VIP on sections containing the SCN, and with NPY, AgRP or αMSH on sections 

containing the IFN.

SERT-expressing fibers were present at all levels in all studied subjects. Many single labelled 

cells expressing AVP or VIP were found in the SCN. Likewise, a large number of NPY, 

AgRP- and αMSH-immunoreactive cells were found in the IFN in all subjects. However, 

only sporadic basket-like SERT staining was observed surrounding neurons which were 

immunoreactive for AVP, αMSH and AgRP. As SERT did not co-localize with VIP or NPY, 

Figure 2. A series of high 
magnification photomicrographs of 
coronal hypothalamic sections showing 
immunoreactivity of the serotonin 
transporter (SERT). (A) SERT staining, 
overview. Note a large number of 
darkly stained SERT-positive fibers. 
(B) Dense SERT-immunoreactivity 
was seen along the ependym of the 
third ventricle (C) SERT-staining of 
the suprachiasmatic nucleus. Note 
darkly stained SERT immunoreactive 
fibers surrounding unstained cell body 
and capillary (high power insert). 
(D) SERT-staining of the infundibular 
nucleus. Note darkly stained SERT 
immunoreactive fibers surrounding 
unstained cell body and capillary 
(high power insert). Bars: 100μm for 
A and B; 250μm for C; 500μm for D. 
Asterisks indicate third ventricle.

106



Distribution of hypothalamic SERT

Figure 3. A series of immunofluorescent photomicrographs showing serotonin transporter (SERT)-immunostaining 
(shown in green) combined with markers for major cell types (shown in red) of suprachiasmatic nucleus (SCN) 
and infundibular nucleus (IFN). Cell nucleoli are shown in blue. (A) The SCN of subject 03054, SERT-staining 
with arginine vasopressin-staining. Arrow shows one of the sporadic AVP-expressing neurons surrounded by 
SERT-immunoreactive fibers. (B) The SCN of subject 00007, SERT-staining with vasoactive intestinal polypeptide-
staining. Note that VIP-expressing cells are not surrounded by SERT-positive fibers. (C) The IFN of subject 00007, 
SERT-staining with neuropeptide Y-staining. (D) The IFN of subject 00007, SERT-staining with α-MSH-staining. 
Arrow shows one of the sporadic α-MSH-expressing neurons surrounded by SERT-immunoreactive fibers. 

Figure 4. Immunofluorescent photomicrographs showing serotonin transporter (SERT)-immunostaining (shown 
in green) combined with immunostaining for Agouti Related Peptide (AgRP) (shown in red). Cell nucleoli are 
shown in blue. (A) The IFN of subject 00007. Note heavily stained SERT-positive fibers. The high power insert 
shows basket-like SERT staining surrounding neurons which are not immunoreactive for AgRP (B) The IFN of 
subject 010005. The high power insert shows an AgRP immunoreactive cell surrounded by SERT-positive fibre, 
suggesting nerve ending.
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neurons showing basket-like SERT-staining remained largely unidentified (figure 3 and 

figure 4). Of note, the labelling of SERT in the IFN was predominantly localized more lateral 

to the NPY-, AgRP- and αMSH-immunoreactive cells. Together, our results indicate that 

SERT axons project to currently unidentified subgroup of neurons both in the SCN and in 

the IFN.

DISCUSSION

In the present study we describe the distribution of SERT in the post-mortem human 

hypothalamus. Our results show ubiquitous SERT-staining throughout the hypothalamus 

with denser immunoreactivity in the perifornical area, SCN and IFN, in close proximity to 

the anterior commissure and along the ependymal lining of the third ventricle. 

We observed strong interindividual variation in staining intensity for which we found no 

clear explanation. This may be partly due to illness-related and therapy-related pre-mortem 

factors that are known to alter post-mortem observed protein expression (32-34). 

Additionally, nuclear imaging studies have reported a significant association between the 

duration of sunlight exposure and SERT availability in the human brain, considered to be 

responsible for seasonal serotonin changes (35). Also age (36), body mass index (37) and 

gender (38) might affect the SERT availability in human brain. Therefore, it is conceivable 

that these factors have influenced the observed staining intensities. However, the present 

qualitative study in a small sample does not allow for a quantitative comparison of 

SERT-expression levels between subjects. 

The serotonergic system has been extensively studied in other species using antibodies 

against serotonin itself (39). As neurotransmitters dissipate rapidly from neurons after 

death in human post-mortem tissue, we used an antibody against SERT, and compared 

their distribution with known other SERT distribution studies. Our findings are in general 

agreement with those reported on rodent- (3;17), primate- and human SCN (15). The 

SCN is the biological clock of the brain and known to control circadian rhythmicity (40). 

The abundant expression of SERT in this area suggests that the serotonergic system 

may play an important role in the regulation of day- and night rhythms. Indeed, a 

variety of pharmacological studies in rodents have implicated the serotonergic system 

as a direct regulator of circadian rhythm phase (see for review (41)). Moreover, it has 

been suggested that SERT distribution in human overlaps with that of the VIP neuronal 

population in SCN (15). Interestingly, we showed that basket cells in the SCN surrounded 

by SERT-expressing fibers were not immunoreactive for VIP and only sporadic for AVP, the 

two key neuropeptides of the SCN which are highly important in circadian timekeeping 

(18). Therefore, we did not find evidence supporting an important direct effect of the 

serotonergic system on VIP- or AVP-expressing neurons. 

108



Distribution of hypothalamic SERT

Interestingly, we found strongest SERT-immunoreactivity in the IFN. Immunoreactivity for 

serotonin has been reported before in this nucleus, especially in the immediate vicinity of 

capillaries and cells (42;43). Our double labelling study indicates that SERT-immunoreactive 

fibers in the IFN were mostly situated lateral from the neuronal populations expressing NPY, 

AgRP and αMSH, although occasionally AgRP and αMSH was expressed in basket cells. 

Future research is needed to identify the majority of SERT-positive basket cells in the IFN, 

targeting e.g. substance P, neurotensin, galanin, and dopamine (44). Moreover, it would 

be interesting to know whether the cells surrounded by basket-like SERT-immunoreactive 

fibers are neurons. Theoretically, neuronal staining can be achieved using the NeuN 

antibody (45). A complication is that both NeuN and SERT are monoclonal antibodies to 

mouse antigens.

High concentrations of SERT-immunoreactive fibers were also observed along the 

ependymal lining of the third ventricle. Except for minor disparities regarding the density 

of immunoreactive fibers, this pattern was also reported in rodents (3;17), primates and 

humans (3). The function of SERT-immunoreactive fibers that constitute this network is not 

known, but one could speculate that these fibres are involved in exchange of substances 

between the cerebrospinal fluid and nervous tissue of the brain.

In contrast to dense SERT-staining in supraoptic nucleus and paraventricular nucleus in 

rodents (16), we did not see an intense SERT-staining in these areas. A species-related 

difference may explain this discrepancy, but it might also be related to pre-mortem 

disease. Several studies reported that serotonin influences endocrine functions, such 

as the regulation or secretion of growth hormone, thyrotropin-releasing hormone, 

adrenocorticotropic hormone, prolactin, renin, oxytocin and corticosterone (6). Those 

studies implicate the paraventricular nucleus and supraoptic nucleus as major sites of 

serotonergic actions. The presence of SERT-immunoreactivity as described here in humans 

indicates that the wiring for similar effects in humans is present, but that these actions 

may be impaired at the end stage of life or that in humans other signalling systems may 

be of more importance.

It was long believed that serotonin is released and taken up by SERT exclusively in terminal 

endings at the synaptic cleft. However, Zhou et al (46) showed with electron microscopy 

that a great majority of SERT are distributed on axonal plasma membranes far beyond 

synaptic junctions. Indeed, we observed that SERT-immunoreactivity is prominent in long 

fibers and not in close proximity to cells exclusively. This supports the notion that SERT may 

regulate serotonin through extrasynaptic transmission in addition to synaptic termination. 

The clinical importance of SERT is evident from the role of specific serotonin reuptake 

inhibitors in the treatment of psychiatric and neurological disorders, in particular major 

depression These widely prescribed drugs are believed to act on SERT, thereby inhibiting 

the reuptake of serotonin (47). Interestingly, side effects of specific serotonin reuptake 

inhibitors include changes in sleep, appetite, bodyweight, autonomic dysfunction and 

mood (48). These functional domains show major overlap with the diverse functions of the 
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hypothalamus, which harbours control centres for diurnal rhythmicity, energy homeostasis 

and autonomic regulation. Our description of SERT distribution in the human hypothalamus 

provides an anatomical framework for future investigations on the role of the serotonergic 

system in the human hypothalamus in health and disease.  
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ABSTRACT

Background: Serotonergic neurons in the rodent hypothalamus are implicated in key 

neuroendocrine and metabolic functions, including circadian rhythmicity. However, the 

assessment of the serotonergic system in the human hypothalamus in vivo is difficult, 

as delineation of the hypothalamus is cumbersome with conventional region-of-interest 

analysis. In the present study, we aimed to develop a method to visualize serotonin 

transporters (SERT) specifically in the hypothalamus. Additionally, we tested the hypothesis 

that hypothalamic SERT binding ratios are different between patients with hypothalamic 

impairment (HI) or pituitary insufficiency (PI) and control subjects.

Methods:  SERT availability was determined in 17 subjects (6 HI, 5 PI and 6 healthy controls), 

2 hours after injection of 123I-N-ω -fluoropropyl-2β-carboxymethoxy-3β-(4-iodophenyl)

nortropane ([123I]FP-CIT), using SPECT (performed on a brain-dedicated system) fused 

with individual MRIs of the brain. The hypothalamus (representing specific SERT binding) 

and cerebellum (representing non-specific binding) were manually delineated on each MRI 

to assess [123I]FP-CIT binding and specific to non-specific binding ratios.

Results: In each healthy subject, [123I]FP-CIT binding was higher in the hypothalamus than 

in the cerebellum, and the mean hypothalamic binding ratio of SERT was 0.29 ± 0.23. We 

found no difference in hypothalamic binding ratios between HI, PI and control subjects [HI 

0.16 ± 0.24, PI 0.45 ± 0.39, C 0.29 ± 0.23, p-value 0.281].

Conclusions: We were able to demonstrate SERT binding in the human hypothalamus 

in vivo. However, we did not find altered hypothalamic SERT binding in patients with 

hypothalamic impairment.
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BACKGROUND

The human hypothalamus is a small brain structure of only 4 ml in the diencephalon that 

directs a multitude of important functions in the body, including pituitary hormone release, 

diurnal rhythmicity, energy homeostasis and autonomic regulation (1). The serotonergic 

system is one of the key regulators of these functions (2-6). Animal studies showed 

that numerous hypothalamic areas receive axon collaterals from serotonergic perikarya 

located in the midbrain (7;8). Hypothalamic microinjection of serotonergic agents into 

brain-cannulated rats produces potent and selective effects on feeding patterns and 

food-choice (9). Moreover, serotonergic stimulation of selected hypothalamic areas in 

rodents affects energy metabolism (10), circadian rhythmicity (11) and cardiovascular 

responses (4). By inference, dysfunction of the serotonergic system is likely to be one of 

the determinants of symptoms in patients with hypothalamic dysfunction such as obesity, 

disturbed sleep and drowsiness (12-14).

Imaging of serotonin transporters (SERT) with single photon emission computed tomography 

(SPECT) or positron emission tomography (PET) provides an important opportunity to 

study the serotonergic system in vivo. SERT are expressed exclusively in the membrane of 

serotonergic neurons and regulate intrasynaptic neurotransmitter levels. The concentration 

of transporters is assumed to reflect the homeostatic tone of neurotransmitter systems 

(15). Several studies have investigated SERT in vivo in the diencephalon in humans (16-19), 

providing strong evidence for expression of SERT in the human diencephalon. However, the 

expression of SERT in the hypothalamus was poorly defined, as spatial resolution of nuclear 

imaging techniques is limited and delineation of a structure as small and heterogeneous as 

the hypothalamus is cumbersome with conventional region-of-interest (ROI) analysis (20). 

To our knowledge only one study demonstrated specific hypothalamic SERT binding using 

PET and [11C]DASB, although the delineation of the hypothalamus was not strictly defined 

(21). 

The aim of this study was to evaluate whether SERT binding can be demonstrated in 

the human hypothalamus in vivo using SPECT imaging and 123I-N-ω -fluoropropyl-

2β-carboxymethoxy-3β-(4-iodophenyl)nortropane ([123I]FP-CIT). For this purpose we 

combined conventional magnetic resonance imaging (MRI) for anatomical reference with 

SPECT imaging of the SERT with [123I]FP-CIT using a brain-dedicated system (22;23). This 

radiotracer is approved to visualize and quantify dopamine transporters at early as 3 hours 

after injection (24), but more recent studies showed its capacity to assess binding to 

extrastriatal SERT as well, optimally between 2 and 3 hours after injection (23;25). 

As a next step, we investigated if hypothalamic specific-to-nonspecific [123I]FP-CIT binding 

ratios are impaired in patients treated for a large sellar tumour giving rise to visual field 

defects. These tumours are highly suspect for giving rise to hypothalamic impairment by 

various factors including direct tumour invasion or involvement, trauma related to surgery, 

and radiation (26). As these patients suffer from pituitary insufficiency, we included a third 
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group with pituitary insufficiency without a history of visual field defects, radiotherapy and 

surgery to correct for potential confounding by endocrine factors. 

METHODS

Subjects

Six healthy control subjects were included in the present study. Exclusion criteria were age 

below 18 or above 65 years, the use of medication interfering with serotonin or dopamine 

metabolism (e.g. psychotropic medication like SSRIs or other antidepressants), life-time 

ecstasy, amphetamine or cocaine use, intravenous drug abuse as measured by self report, 

participation in another study associated with exposure to ionizing radiation during the 

last 12 months, pregnancy and the presence of any contra-indication for MRI. All subjects 

completed the Beck Depression Inventory, the Mini-Mental State Examination (MMSE), the 

Symptoms Checklist (SCL-90) and Snaith-Hamilton Pleasure Scale (SHAPS) before inclusion 

to exclude subjects with severe neuropsychiatric problems.

Furthermore, eligible patients with clinical suspicion of hypothalamic impairment and 

patients with pituitary insufficiency, i.e. at least one impaired anterior pituitary hormonal 

axis, were recruited from the outpatient clinic of the department of Endocrinology and 

Metabolism of the Academic Medical Centre and the department of Endocrinology of the 

VU Medical Centre. All patients were seen on a regular basis by an internist-endocrinologist 

for clinical and biochemical evaluation. They received conventional hormone replacement 

therapy consisting of L-thyroxine, hydrocortisone, testosterone, recombinant human 

growth hormone (rhGH) and/or vasopressin analogues when indicated. Exclusion criteria 

were identical to those for healthy control subjects. 

We selected three groups that were carefully matched for age and gender: 1) control 

subjects; 2) those with probable hypothalamic impairment (HI), defined as having a 

history of surgery in the sellar region, cranial radiotherapy as well as compression of the 

optic chiasm; 3) those with pituitary insufficiency, without a history of cranial surgery, 

radiotherapy or compression of the optic chiasm (PI). Written informed consent was 

obtained from all subjects and the study was approved by the Medical Ethical Committee 

of the Academic Medical Centre from the University of Amsterdam and performed in 

accordance with the Declaration of Helsinki. 

[123I]FP-CIT Brain SPECT imaging

Subjects were examined using SPECT with the ligand [123I]FP-CIT, which has a high affinity 

for the dopamine transporter and somewhat lower affinity for the SERT. Radiosynthesis of 

[123I]FP-CIT was performed as described earlier (27). To block uptake of free radioactive 

iodide in the thyroid, each subject received 300 mg of potassium iodide in the 24 hours 
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before the SPECT imaging. Acquisition of the SPECT images took place at 2 hours after an 

intravenous bolus injection of approximately 115 MBq [123I]FP-CIT (range, 110–120 MBq). 

They were performed using a 12-detector single-slice brain-dedicated scanner (Neurofocus 

810, which is an upgrade of the Strichmann Medical Equipment) with a full-width at 

half-maximum (FWHM) resolution of approximately 6.5 mm throughout the 20-cm field 

of view (https://cc3yr1-j8owgedrpj8vz-hh.sec.amc.nl). Subjects were positioned with their 

head parallel to the orbitomeatal line to acquire axial slices parallel and upward from this 

line to the vertex in 5 mm steps. The energy window was set at 135–190 keV. Attenuation 

correction of all images was performed as described earlier (28) and all images were 

reconstructed in 3-D mode.

Figure 2. (A) Coronal SPECT image of a healthy subject 2 h after injection of approximately 115 MBq [123I]FP-CIT 
at the level of the hypothalamus. (B) Coronal T1 weighted MRI image of the same subject with region of interest 
(ROI) drawn in the hypothalamus. (C) Coregistered SPECT and T1-weighted MRI image with ROI drawn in the 
hypothalamus. The SPECT images are colour encoded for low (black) to high activity (yellow).

A B C

Figure 1. Schematic illustration of delineation of the hypothalamus in coronal view. (A), (B) and (C) represent 
different levels of the hypothalamus, from rostral (A), middle (B) to caudal (C). Note that only one side of the 
hypothalamus is shown.

A B C
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MRI

For anatomical reference, a T1-weighted 3-D MRI scan was acquired in each individual 

using a 3-T Philips Intera scanner (Philips Healthcare, Best, The Netherlands) with a 

standard head coil.

Image Analysis

To analyze the brain SPECT images, we defined ROIs for hypothalamus and cerebellar 

cortex (excluding vermis) for each participant. These unique ROIs were manually drawn by 

experienced researchers in the field of the hypothalamus (AA and EF) on each individual 

T1-weighted 3D MRI scan using in-house developed software (29). AA and EF were blinded 

to the clinical data. Using the same software, SPECT scans of the subjects were matched 

with their individual T1-weighted 3D MRI scan and the mean amounts of radioactivity/

voxel were determined for each ROI. Activity in the cerebellar cortex (excluding vermis) was 

assumed to represent non-specific binding. The specific-to-nonspecific binding ratios were 

calculated as follows: binding in hypothalamus minus non-specific binding in cerebellar 

cortex / non-specific binding in cerebellar cortex (30;31).

Delineation of the hypothalamus on MRI

We delineated the hypothalamus as visualized schematically in Figure 1, using anatomical 

landmarks wherever possible. Rostral border: lamina terminalis, where the optic chiasm 

attaches to the mediobasal hypothalamus. Lateral border: as indicated in Figures 1 and 

2. Dorsal border: septum verum. We included the area of the bed nucleus of the stria 

terminalis and the lateral septum. At a more caudal level (Figure 1B) we used the sulcus 

hypothalamicus as dorsal border. Caudal border: we included the mammillary bodies as 

most caudal hypothalamic structures.

Sample size calculation

In a previous study by Booij et al. [123I]FP-CIT binding ratios to SERT in the diencephalon 

of healthy subjects was 0.51 ± 0.17 (22). Blocking of SERT in the diencephalon by 

paroxetine (a selective serotonin reuptake inhibitor) decreases this binding ratio to 0.17 

± 0.15. As no preliminary data were available regarding the effect of HI on serotonergic 

neurotransmission in the hypothalamus, we used these values to calculate our sample 

size assuming that healthy controls will have a binding ratio of [123I]FP-CIT to SERT in 

the diencephalon of 0.51 ± 0.17, that HI patients will have a the binding ratio of  0.17 ± 

0.15 and that PI patients will have a binding ratio of 0.34 ± 0.16. To detect a difference 

between the three groups (hypothalamic impairment vs. pituitary insufficiency without 

hypothalamic impairment vs. healthy controls) with significance level α = 0.05, power = 

80%, variance of means = 0.019 and a common standard deviation = 0.16, we needed 

6 subjects per group (used software: nQuery Advisor 7.0, 1995-2007, Janet D. Elashoff).
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Statistics

Statistical analysis was done using PASW Statistics for Windows, version 19.0 (SPSS Inc. 

Chicago, Illinois, USA). Numerical variables were presented as mean ± SD and categorical 

variables as counts (percentages). Interobserver variability in the hypothalamic specific-

to-nonspecific binding ratios was assessed using intraclass correlation coefficient (ICC). 

Differences between the three groups were tested with one-way ANOVA, or Chi-square 

test where appropriate. A two-sided p-value < 0.05 was considered statistically significant.

RESULTS

Subjects

Seventeen subjects were included in this study: 6 healthy control subjects, 6 subjects with 

HI, and 5 subjects with PI. The HI group consisted of subjects treated for non-functioning 

macroadenoma (n=3), craniopharyngioma (n=1), GH-producing macroadenoma (n=1) or 

dysgerminoma (n=1). All subjects with HI were ACTH-, TSH- and LH/FSH deficient, n=5 

had GH deficiency and n=2 had ADH deficiency. In the PI group, n=3 subjects had Sheehan 

syndrome and n=2 subjects had pituitary apoplexy. All subjects with PI were ACTH-, GH-, 

and LH/FSH deficient and n=4 were TSH deficient.

As expected, the three groups were comparable with respect to age, sex and body mass 

index (table 1).

SPECT measures of SERT in the hypothalamus in healthy control subjects

In each healthy control subjects, [123I]FP-CIT binding was higher in the hypothalamus than 

in the cerebellum, and the mean hypothalamic binding ratio of SERT was 0.29 ± 0.23. 

Table 1. Clinical Characteristics

HI 
n=6

PI 
n=5

Controls 
n=6

p-value

Age - yr 51.0 ± 6.0 53.8 ± 6.1 49.7 ± 7.4 0.590

Male/Female (n) 2 / 4r 2 / 3 2 / 4r 0.966

Body mass index - kg/(height) 2 32.7 ± 10.1 29.3 ± 5.5 26.6 ± 2.0 0.333

ACTH deficiency 6 (100%) 5 (100%) 0 (0%)

GH deficiency 5 (83.3%) 5 (100%) 0 (0%)

TSH deficiency 6 (100%) 4 (80%) 0 (0%)

LH/FSH deficiency 6 (100%) 5 (100%) 0 (0%)

ADH deficiency 2 (33.3%) 0 0 (0%)

HI = patients with probable hypothalamic impairment, defined as having a history of surgery in the sellar region, 
cranial radiotherapy and compression of the optic chiasm; PI = subjects with pituitary insufficiency but without a 
history of cranial surgery, radiotherapy or compression of the optic chiasm.
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We found no difference in hypothalamic binding ratios of SERT between HI, PI and control  

subjects [HI 0.16 ± 0.24, PI 0.45 ± 0.39, C 0.29 ± 0.23, p-value 0.281]. Of note, there 

was a very good inter-observer agreement between the two independent observers (ICC 

0.951, 95% CI 0.872 – 0.982).

DISCUSSION

This study is the first to demonstrate in vivo SERT binding in the human hypothalamus 

using [123I]FP-CIT SPECT. We were able to demonstrate hypothalamic SERT binding 

by fusing SPECT scans with individual conventional MRIs. Previous SPECT studies have 

reported SERT binding in the thalamus/hypothalamus region, hypothalamic/midbrain area 

or diencephalon (18;22;32) and one study examined hypothalamic SERT binding using PET 

imaging and [11C]DASB (21). However, the delineation of the hypothalamus in those studies 

was not as precise as in our present method. We used 3T-MRI for anatomical reference to 

manually draw unique templates of each hypothalamus. The used technique overcomes 

the lack of anatomical reference on SPECT images, which has often been a methodological 

limitation. Moreover, two experts with extensive knowledge on the neuroanatomy of 

the human hypothalamus delineated the hypothalamus, with a very good inter-observer 

agreement. This is an important aspect, as the exact borders of the hypothalamus are not 

a matter of clear-cut certainty (33;34) and the distribution of important cell types is not 

necessarily limited by classical hypothalamic neuroanatomical landmarks as visualized by 

Nissl staining. 

The mean hypothalamic SERT binding ratio of the present study appeared to be lower than 

previously reported in the diencephalon (23), possibly related to a more precise delineation 

of the target area in the present study and to age differences. Central SERT availability 

declines with physiological aging (35) and our study included older subjects than the study 

by Koopman et al (23).

We observed a relatively large interindividual variation in SERT binding potential. This 

is in line with previous observations of SERT in the midbrain and diencephalon areas 

(21;23;36;37). We cannot rule out to have systematically underestimated the binding 

ratio as the cerebellum contains small amounts of SERT and due to partial volume effects 

(38;39). Using the cerebellum to correct for non-specific binding, this underestimation is 

expected to be 7% at most (40). 

Contrary to our hypothesis, we were unable to demonstrate differences in hypothalamic 

SERT binding ratios between HI, PI and control subjects, suggesting that hypothalamic 

serotonergic neurotransmission is not severely affected in patients suspect for hypothalamic 

impairment. This is remarkable, as serotonin plays a very important role in the hypothalamus 

(2-6), which is supported by immunohistochemical studies in animals (2;41;42) and humans 

(43) showing strong SERT immunoreactivity in the hypothalamus. Moreover, patients 
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treated for a sellar tumour giving rise to compression of the optic chiasm often continue 

to experience some physical and mental impairment despite proper endocrine substitution 

therapy (44-50). Interestingly, their impairments show many similarities with the diverse 

functions of the hypothalamus and the serotonergic system. However, several limitations 

of our study should be mentioned. First, subjects having HI and PI are not readily available 

as their disease is a relatively rare condition (51). We managed to include 6 patients with 

HI, in line with our power calculation, and matched each of them with 6 age- and gender 

matched controls and 5 subjects with PI. Moreover, the power calculation was based on 

the effect of blocking agents on SERT availability. We cannot exclude that the effect of 

hypothalamic impairment is more subtle and therefore not detectable with the current 

design. Furthermore, a straightforward clinical definition for HI is lacking. Subjects in the 

HI group were selected on the basis of a history of cranial radiation therapy, cranial surgery 

and expanding tumour of the sellar region. Unfortunately, conclusive proof of hypothalamic 

impairment is difficult to establish, as the functions of the hypothalamus are highly diverse 

and validated clinical tests or imaging modalities to assess the integrity of hypothalamic 

function are lacking. Therefore, it is possible that some of our HI patients have only minor 

hypothalamic impairment which may mitigate overt serotonergic dysfunction. 

CONCLUSIONS

We were able to demonstrate SERT-binding in the human hypothalamus in vivo. We did 

not find altered specific-to-nonspecific [123I]FP-CIT binding ratios in patients treated for a 

large sellar tumour giving rise to visual field defects, although a number of methodological 

issues preclude a definitive conclusion. 
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The main objective of this thesis was to increase our understanding of hypothalamic 

(dys)function in patients with pituitary insufficiency. This goal was driven by the clinical 

experience of persisting symptoms in patients adequately treated for pituitary insufficiency. 

We focused primarily on patients who had a history of compression of the optic chiasm 

(CC), cranial radiotherapy (CRT) and/or pituitary surgery to optimize the chance of the 

presence of functional damage to the hypothalamus. 

At present, there are hardly any studies on hypothalamic post-mortem specimens from 

these patients. A major methodological dilemma studying hypothalamic function in vivo is 

the limited specificity of clinical and biochemical tests reflecting hypothalamic functions. 

As a consequence, disentangling hypothalamic function in patients with pituitary 

insufficiency is very challenging. To assess hypothalamic functions we made use of a 

variety of techniques focusing on 1) hypothalamic output parameters (chapters 2, 3, 4 

and 5), 2) human post-mortem hypothalamic tissue specimens (chapters 6 and 7) and 3) 

nuclear imaging of the brain (chapter 8). This chapter provides a summary of the findings 

presented in this thesis, followed by a general discussion.

SUMMARY

Chapter 1 provides an introduction to the anatomy of the pituitary gland and to the 

treatment of pituitary insufficiency. Furthermore, the hypothalamus and its main functions 

are briefly reviewed. We discuss the impairments perceived by patients with pituitary 

insufficiency and present our general hypothesis.

The effect of cranial radiotherapy on hypothalamic output parameters

Experimental studies suggest that neurons in the ventromedial hypothalamus regulate 

visceral fat content independently of food intake by modulating the sympathetic tone (1). 

The anatomical basis for his phenomenon is that distinct subsets of pre-autonomic neurons 

within the hypothalamus project to the visceral and subcutaneous fat compartments via 

the autonomic nervous system, representing a neuroanatomical network by which the 

hypothalamus may control body fat distribution (2-4). Therefore, we investigated abdominal 

fat distribution in chapter 2 as hypothalamic output parameter, and demonstrated that 

a history of CRT is associated with a higher visceral to subcutaneous fat ratio in men 

with pituitary insufficiency. An additional hypothalamic output parameter that we studied 

in the present thesis is baroreflex sensitivity (BRS). This parameter reflects the capability 

of the autonomic nervous system to detect and respond effectively to acute changes in 

blood pressure by changing heart rate (5). In chapter 3 we compared BRS in hypopituitary 

patients with a history of CRT to hypopituitary patients without a history of CRT. Our 

data indicates that a history of CRT is associated with a decreased BRS, which suggests 



Chapter 9

132

that CRT in patients with pituitary insufficiency causes reduced capability to increase 

parasympathetic activity and/or to antagonize sympathetic activity (5). 

The effect of compression of the optic chiasm on hypothalamic output 
parameters

Suprasellar tumours frequently cause pituitary insufficiency as well as visual impairments 

due to CC. In close proximity to the optic chiasm is the hypothalamic suprachiasmatic 

nucleus (SCN). This hypothalamic nucleus has been identified as the main regulatory centre 

of sleep, and of circadian organization in general (6,7). Hypothetically, expanding tumours 

not only compress the optic chiasm, but also the SCN, which harbours the biological 

clock. Therefore, we hypothesized that sleep patterns are altered in hypopituitary patients 

with a history of CC. Indeed, in chapter 4 we demonstrated that CC is associated with 

permanent shorter sleep duration in hypopituitary patients, which could not be attributed 

to differences in hormonal replacement therapy. Another hypothalamic output parameter 

that we studied is skin temperature (chapter 5). The preoptic area, a hypothalamic region 

situated in close vicinity of the SCN, is critically involved in temperature regulation (8). 

Of note, several studies reported an association between sleep and fluctuations in skin 

temperature (9-14). For instance, skin temperature modulates the effect of early morning 

light on sleep (15), and mild skin warming enhances sleep propensity (16-19). Based on the 

observation that hypopituitary patients with a history of CC have shorter sleep duration 

(chapter 4), we hypothesized that thermoregulation and its association with sleep would 

be disturbed in this group as well. Our main finding was a lower proximal skin temperature 

during the day in hypopituitary patients with a history of CC. In addition, the typical 

correlation between sleep onset latency (i.e. the required time between lights out and 

the onset of sleep) and pre-bedtime distal-to-proximal skin temperature gradient (9,20) 

was absent in these patients, whereas it was clearly present in those without CC as well as 

in healthy subjects. Thus, patients with CC show impaired skin temperature regulation in 

association with disturbed sleep. 

The effect of expanding sellar tumours on human post-mortem 
hypothalamic tissue

To further confirm our hypothesis that expanding suprasellar tumours impair the function 

of the SCN (chapter 4), we investigated the expression of two key neuropeptides in 

that area, i.e. arginine vasopressin (AVP) and vasoactive intestinal peptide, as assessed 

by quantitative immunocytochemistry in post-mortem hypothalamic tissue specimens of 

patients with a suprasellar tumour inducing permanent visual field defects. We showed in 

chapter 6 that AVP-immunoreactivity in the SCN was lower in patients with a suprasellar 

tumour than in controls. This raises the intriguing possibility that selective impairment of 

SCN neurons contributes to sleep-wake disturbances in these patients, although this is 

highly speculative.
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Serotonin transporters in the hypothalamus

Serotonergic signalling has been implicated in various hypothalamic functions including 

circadian rhythmicity, feeding behaviour and neuroendocrine regulation (21-24). These 

functions show remarkable similarities with functional impairments in hypopituitary 

patients, which rises the intriguing question whether the hypothalamic serotonergic system 

is affected in these patients. As a first step to address this research question, we studied 

the functional neuroanatomy of serotonergic signalling in post-mortem hypothalamic 

tissue specimens in chapter 7. Serotonin transporters (SERT) were ubiquitously expressed 

in fibers throughout the hypothalamus, with a very dense track of fibers in the perifornical 

area, as a plexus along the ependyma and in close proximity to the anterior commissure. 

Moreover, the SCN and the infundibular nucleus showed strong SERT-immunoreactivity, 

suggesting a local modulatory role for serotonin in these hypothalamic nuclei. We then 

went on to study in chapter 8 hypothalamic specific-to-nonspecific [123I]FP-CIT binding 

ratios in vivo using single photon emission computed tomography, in hypopituitary patients 

with a history of surgery, CRT and CC. We compared the results with similar data obtained 

in hypopituitary patients without hypothalamic damage and in healthy control subjects. 

We hypothesized that SERT expression was altered in response to CC and treatment of a 

sellar tumour. However, we could not detect a difference between the groups. This may 

be due, at least in part, to technical limitations. 

GENERAL DISCUSSION

Cranial radiotherapy and hypothalamic impairment

We showed that CRT is associated with alterations in BRS and body fat distribution 

(chapters 2 and 3). An important question is whether these findings are related to 

hypothalamic impairment. It is well-known that CRT delivered to the pituitary may induce 

adverse effects. The development and severity of such side-effects depend on the 

combination of the vicinity of healthy tissue to the radiation target, the type of tissue, 

the dose and fractioning of CRT. Damage can induce immediate lethal effects on cells, or 

induce accumulating sublethal damage that limits the potential for cell replication (25). 

Cell death after radiation which occurs in the mitotic phase of the cell cycle (late G2-early 

S), may be the reason for a delayed onset of chronic complications of radiation in slowly-

replicating cells, such as those present in the hypothalamic-pituitary unit (26,27). Ionising 

radiation is known to be able to induce degenerative changes in glial cells, leading to a 

lack of tropic neural support and demyelinisation, which in turn may cause subacute and 

chronic neural damage in the hypothalamus.

By far the most common side effect of pituitary radiation is hypopituitarism, with a 

five-year incidence of approximately 20% (28). Furthermore, visual complications due 
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to optic neuropathy (29), neurological symptoms, vascular problems resulting in stroke 

(30) and secondary tumours (31) are seen, although the incidence of these complications 

is probably less than 1% (32). Evidence for hypothalamic injury after irradiation has 

been provided by studies on the effects of CRT on the lactotropic axis. Lactotrophs are 

prolactin producing pituitary cells that receive predominantly inhibitory signals from 

the hypothalamus. It has been noted that prolactin levels increase after CRT, but that 

hyperprolactinemia does not occur when lactotrophs were directly damaged, suggesting 

hypothalamic injury or hypohalamus-pituitary disconnection after irradiation (33). Another 

clue came from studies on the differential effects of pituitary brachytherapy compared 

with CRT. Follow-up studies of patients treated with brachytherapy (instillation of Yttrium-

90 in the sella turcica, total dose 50-150Gy) for pituitary adenomas revealed a reduced risk 

of hypopituitarism when compared with external CRT with a total dose of 37.5 – 45Gy 

(34,35). Moreover, serum prolactin levels did not show an increase after brachytherapy 

(36). The lower incidence of hypopituitarism after sellar brachytherapy despite higher total 

radiation doses when compared with CRT and the preservation of normal prolactin levels 

suggest a lower threshold for radiation induced damage in hypothalamic tissue.

Both BRS and abdominal fat distribution are influenced by the hypothalamus. As the 

hypothalamus is situated in close vicinity to the sella turcica and is susceptible to radiation 

induced toxicity (37), it is conceivable that CRT for sellar tumours also inflicts some degree 

of damage to the hypothalamus. Consequently, this may lead to changes in hypothalamic 

function, resulting in altered BRS and abdominal fat distribution as shown in chapters 2 

and 3. In conclusion, based on our results in chapters 2 and 3 and on the observations 

by others we propose that hypothalamic impairment may result from CRT tumours in the 

sellar region.

Expanding sellar tumours and hypothalamic impairment

The reported alterations in sleep and skin temperature in patients with a history of CC 

(chapters 4, 5 and 6) contribute to our understanding of the functional impairments in 

patients with pituitary insufficiency. On the basis of our results, we postulate that changes 

in sleep and skin temperature were in essence caused by the expanding sellar tumour. 

Thus, growing tumours induce mechanical pressure to adjacent structures including the 

SCN, preoptic area and retinohypothalamic tract. This then causes impaired function 

of these hypothalamic nuclei, leading to alterations in circadian rhythmicity and skin 

temperature. In line with this assumption, we found lower AVP-immunoreactivity in the 

SCN in patients treated for a suprasellar tumour (chapter 6). Injury to surrounding tissue 

is highly conceivable, as tumour growth within the sella results in increased tissue pressure 

that can reach levels as high as 60mmHg (38), whereas normal intrasellar pressure is 

believed to be similar or less than the normal intracranial pressure of 7-15mm Hg (39,40). 

Additional studies have highlighted several consequences of mechanical pressure due to 

growing tumours. Visual field defects due to CC (41,42), mild hyperprolactinemia and 
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loss of pituitary hormone secretion have been demonstrated in patients with pituitary 

stalk compression (43,44). Also, increased intrasellar pressure is supposed to be a major 

mechanism involved in the pathogenesis of headaches (38). Furthermore, patients treated 

for a non-functioning macroadenoma, who had visual field defects preoperatively, display 

impaired quality of life with increased fatigue, daytime somnolence, disturbed distribution 

of sleep stages and disturbed circadian movement rhythm, possibly due to impaired SCN 

function (45-48).  Together, these studies support the concept that hypothalamic function 

may be altered by expanding pituitary tumours giving rise to CC. 

Serotonergic neurotransmission and hypothalamic impairment

The rationale to study the hypothalamic serotonergic neurotransmission (chapters 7 

and 8) was based on the striking similarity between the functions of the hypothalamus 

considered to be influenced by the serotonergic system and the functions affected 

in patients with pituitary insufficiency, including the regulation of circadian rhythms, 

appetite, obesity, and neuroendocrine responses (21-24). However, very few data are 

available on the functional neuroanatomy underlying serotonergic signalling in the human 

hypothalamus. Therefore, we took a first step to explore SERT expression in post-mortem 

hypothalamic tissue (chapter 7). We demonstrated that SERT was abundantly expressed 

in fibers throughout the hypothalamus. As a next step, we confirmed this finding in the 

human hypothalamus in vivo, showing SERT binding selectively in the hypothalamus of 

healthy subjects by fusing SPECT-scan with conventional MRI (chapter 8). Once we had 

demonstrated SERT in the human hypothalamus, we studied SERT binding in patients 

treated with cranial surgery and CRT for an expanding sellar tumour inducing visual field 

defects. We hypothesized that subjects suffering from hypothalamic impairment may have 

impaired serotonergic neurotransmission. Contrary to our expectations, hypothalamic 

binding ratio of SERT was not altered in those patients. The obvious conclusion is that 

serotonergic signalling is not involved in the pathophysiology of hypothalamic impairment. 

However, we cannot exclude that the effect was more subtle than the current design was 

able to detect. Therefore, a larger study would be needed to confirm our result. Another 

limitation is that only one molecular component of this system, i.e. the SERT, has been 

studied. Although the concentration of transporters is believed to reflect the homeostatic 

tone of neurotransmitter systems (49), it will be interesting to study serotonin release by 

fenfluramine-challenge (e.g. as in (50)) as well as synaptic serotonin levels using depletion 

with tryptophan or para-chlorophenylalanine to get a more complete picture (51).

Alternative hypotheses

The results presented in this thesis provide important clues that help to disentangle the 

question whether the function of the hypothalamus is impaired as a consequence of an 

expanding sellar tumour, CRT treatment and/or CC. It should be noted, though, that our 

studies were all cross-sectional, which hampers the possibility to study causal relations. 
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Moreover, despite a large body of evidence showing a relation between (treatment of) 

sellar tumours and hypothalamic (dys)function, conclusive evidence of hypothalamic 

impairment in patients with pituitary insufficiency has not been given to date. Therefore, 

the hypothesized direct relations between hypothalamic dysfunction and (treatment of) 

expanding sellar tumours can be questioned. 

If hypothalamic dysfunction is not directly related to the results found in this thesis, which 

other factors could be involved as underlying mechanism? Traditionally, anterior pituitary 

deficiencies and their hormonal treatment have been considered as likely candidates to 

explain increased visceral to subcutaneous fat ratio (52-55), alteration of sympathovagal 

balance (56-58) and sleep disturbances (59-62) in hypopituitary patients. To control for the 

potential confounding effect of various hormonal deficiencies, we included only patients 

with pituitary insufficiency in chapters 2, 3, 4, 5 and added a control group with pituitary 

insufficiency in chapter 8. By doing so, groups were comparable concerning biochemical 

parameters, hormonal treatment regimens and endocrine deficiencies. This method 

minimizes the possibility that differences in hormonal substitution strategy account for the 

results obtained.

Alternatively, rather than injury to hypothalamic structures per se, other structures that are 

involved in sleep, temperature regulation, BRS or abdominal body fat distribution could 

be impaired. For instance, the baroreceptor signal is relayed via the glossopharyngeal and 

vagal nerves to the nucleus tractus solitarius. Neurons of this nucleus subsequently convey 

this signal via the ventrolateral medulla and rostral ventrolateral medulla in the lower 

brainstem to the spinal cord (5). It is conceivable that CRT injures non-hypothalamic parts 

or branches of the baroreflex loop, resulting in altered excitatory/inhibitory input to several 

pre-autonomic neurons of the hypothalamus. In addition, CRT may harm forebrain regions 

or fibers of passage originating from these forebrain regions, as those are also able to 

modulate the key medullary nuclei subserving the baroreflex (63,64). Another player may 

be the retinohypothalamic tract, which transmits photic information from the retina to the 

SCN in the hypothalamus and is involved in synchronization of the SCN to the light-dark 

cycle (65,66). Injury to this tract by the tumour or the treatment may inhibit entrainment 

of the circadian clock, resulting in altered sleep characteristics.  

A final possibility is melatonin secretion, which plays a role in the regulation of human 

sleep (67-70). The pathway involved in melatonin secretion starts in the SCN, and travels 

via the paraventricular nucleus and the intermediolateral nucleus of the upper thoracic 

spinal cord to the superior cervical ganglion and finally to the pineal gland (71,72). Injury 

to part of the extrahypothalamic pathway involved in melatonin excretion is a possible 

mechanism explaining the effects on sleep (73).

Implications for clinical practice

Patients as well as doctors involved in the treatment of expanding sellar tumours are 

frequently unprepared for the development of several long-term side effects. Often, limited 



Summary and General Discussion

137

education or support is provided to patients, as physicians focus primarily on adequate 

hormonal replacement therapy and may be oblivious to subtle functional and poorly 

understood impairments that are associated with pituitary insufficiency. Consequently, 

subtle derangements of the sleep/wake cycle, transient hyperprolactinemia, slowly 

progressive obesity or autonomic dysregulation in patients with pituitary insufficiency 

may be easily overlooked. We recommend that physicians be aware of the impairments, 

even after long-term remission of the initial disease, e.g., by postgraduate training and 

continuous medical education programs. Physicians should inform the patients about 

potential long-term consequences of expanding pituitary tumours, thereby contributing 

to the process of disease acceptance. In addition, some of the strategies discussed below 

may aid to ameliorate the impairments.

In the studies presented in chapter 2 and chapter 3, patients were treated with 

conventional external beam radiotherapy, which is the most frequently used method of CRT 

to treat large remnants of pituitary adenomas with evidence of progression after surgery 

or if surgery is not able to normalize excess of hormones (74). Relatively novel treatment 

modalities for pituitary tumours are stereotactic radiosurgery techniques and intensity-

modulated radiation therapy that focuses high dose radiation at precise intracranial targets 

(75). These modalities have the clear advantage to offer a more precise radiation delivery 

in one dose in combination with a reduced amount of normal tissue exposed to high 

radiation doses compared with conventional methods. Potentially this can reduce the 

risk of long-term treatment-related morbidity like pituitary insufficiency, BRS and body 

fat distribution. However, long-term follow-up studies are needed to demonstrate their 

presumed superiority and efficacy (76).

In chapters 4, 5 and 6 we demonstrated that CC is associated with altered sleep and 

temperature regulation. Generally, the presence of visual field defects, severe headaches 

or excessive hormone secretion is a clear indication for immediate treatment (77), while 

asymptomatic patients are candidates for conservative ‘wait-and-see’ policy. The approach 

for asymptomatic patients seems to be safe for microadenomas because of a low growth 

propensity (78,79), but is questionable for macroadenomas as tumour enlargement 

is expected with increasing follow up periods (78,80,81). One may consider treating 

asymptomatic macroadenomas before they give rise to CC, as potentially this may reduce 

the risk of long-term effects such as visual abnormalities, altered sleep, temperature 

dysregulation and pituitary insufficiency. Moreover, early surgery may increase the 

chances of complete tumour removal, whereas postponement may allow tumours to 

reach dimensions or degrees of invasiveness which will make their resection more difficult. 

One should keep in mind, however, that surgical interventions may be accompanied by 

complications, although the incidence is low (82). Therefore, future randomized studies 

comparing immediate treatment of asymptomatic macroadenomas with the ‘wait-and-see’ 

approach are highly relevant.
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Another interesting therapeutic approach is to enforce circadian regulation, in order to 

improve sleep (chapter 4). This can be achieved by a regular schedule for going to bed 

and waking up, and engaging in stimulating activities in a light environment immediately 

after waking up (83). Also melatonin and bright light therapy are ways to entrain the 

circadian rhythm. Exogenous melatonin has been used in subjects over 55 years of age and 

was shown to be effective in restoring normal sleep (84). Bright light therapy is another 

method to ameliorate sleep disturbances (85). Both melatonin and light can be potential 

treatments of sleep impairments in hypopituitary patients with a history of CC. 

Inducing small temperature changes is also a potential mechanism to improve sleep 

(chapter 5), because changes in skin temperature could modulate sleep-regulating 

systems (18). Although there is currently no method to target skin temperature precisely, 

applying thermosuit control of skin temperature may be a potential method to enhance 

sleep quality (19).

Conclusions and directions for future research

In this thesis, we aimed to obtain insight in the (dys)function of the hypothalamus in 

patients with pituitary insufficiency with a history of CC, CRT and/or pituitary surgery. 

We used a variety of techniques focusing on hypothalamic output parameters (chapters 

2, 3, 4 and 5), human post-mortem hypothalamic tissue specimens (chapters 6 and 

7) and functional brain imaging (chapter 8). Together, our results point towards the 

sensitivity of the hypothalamus to expanding sellar tumours and CRT (chapters 2, 3, 4, 

5 and 6). Moreover, we demonstrated that SERT is abundantly expressed in the human 

hypothalamus, both post-mortem and in vivo (chapters 7 and 8). However, SERT binding 

ratio was unaltered in patients suspect for hypothalamic impairment (chapter 8), although 

we do not know if this is due to methodological limitations.

Obviously, one of the main goals in future studies should be the development of test to 

assess hypothalamic function directly. To date there are no tests or imaging modalities to 

assess the integrity of hypothalamic function. Conventional radiologic imaging identifies 

only gross anatomical abnormalities, but is not suitable to detect abnormalities at the 

cellular level. In recent years, neuroimaging techniques have expanded enormously. 

Advanced imaging protocols, development of new nuclear ligands, the use of 7-Tesla MRI 

and pharmacological MRI generate great opportunities for detailed in vivo studies of the 

human hypothalamus and pituitary. In this thesis, we reported SERT binding selectively 

in the hypothalamus in vivo (chapter 8). Although hypothalamic binding ratio of SERT 

was not altered in patients suspect for hypothalamic impairment (chapter 8), this type 

of research may mark the beginning of the development of diagnostic tests to identify 

hypothalamic impairment. 

Such studies can be further supported by post-mortem hypothalamic research. The use of 

biochemical and molecular techniques on brain tissue are likely to provide new insights or 

to confirm new findings from clinical studies (86). To date, it is difficult to obtain specimens 
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of relative rare diseases such as pituitary diseases. Over a period of 25y the Netherlands 

Brain Bank has been able to collect five specimens with a tumour with suprasellar 

extension, which we all describe in the present thesis. Potentially, patient organizations in 

the pituitary field may support brain donor programs by informing their members, who do 

not always know about the existence of human brain banks and the possibility to register 

as a donor. These strategies may stimulate basic research on hypothalamic impairment in 

patients with pathology of the pituitary and/of hypothalamus, and provide answers to 

clinical questions that need to be investigated in the coming years with the ultimate aim to 

improve pituitary patient care. 
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Hypothalame functies bij mensen met hypofyse-insufficiëntie

De hypofyse

De hypofyse is een klein, maar belangrijk kliertje ter grootte van een erwt, dat ligt in 

de holte van de schedelbasis (de sella turcica). Via de hypofysesteel is het verbonden 

met de hypothalamus en gezamenlijk hebben zij een centrale regulerende rol in de 

hormoonhuishouding. Zo geeft de hypothalamus ‘releasing hormones’ af aan de hypofyse, 

die op zijn beurt daarmee o.a. de schildklier, bijnieren en geslachtsklieren beïnvloedt en 

stimuleert. Daarnaast produceert de hypofyse ook zelfstandig werkende hormonen, zoals 

groeihormoon en prolactine.

Hypofyse-insufficiëntie

Hypofyse-insufficiëntie is een aandoening waarbij er een tekort is aan één of meerdere 

hormonen van de hypofyse. De bekendste oorzaak van hypofyse-insufficiëntie is een 

tumor (zoals een hypofysetumor, hypothalamustumor of cyste). Groei van deze tumoren 

kan zorgen voor compressie van het gezonde omliggende weefsel. Dit kan niet alleen 

leiden tot hypofyse-insufficiëntie, maar ook tot compressie van het optisch chiasma. Het 

optisch chiasma ligt tegen de hypofyse en de hypothalamus aan, en is de plaats waar 

beide oogzenuwen elkaar kruisen. Wanneer een tumor zorgt voor compressie van het 

optisch chiasma, leidt dit tot uitval van een gedeelte van het gezichtsveld.

Hypofyse-insufficiëntie kan ook veroorzaakt worden door een chirurgische ingreep in het 

hypothalame-hypofysaire gebied. Of hypofyse-insufficiëntie optreedt na een chirurgische 

ingreep, is onder meer afhankelijk van de grootte van de tumor, de mate van verdringing 

en destructie van gezond hypofyseweefsel dat aan de tumor grenst en de uitgebreidheid 

van de operatie. 

Wanneer een hypofysetumor niet volledig chirurgisch kan worden verwijderd, vindt 

vaak bestraling plaats om uitgroei van de tumor te voorkomen. Ook wordt radiotherapie 

toegepast wanneer een primaire chirurgische benadering niet mogelijk is. Omdat niet 

altijd voorkomen kan worden dat gezond hypothalaam en hypofysair weefsel zich in het 

bestralingsgebied bevindt, kan ook dit leiden tot hypofyse-insufficiëntie. 

Naast de hierboven genoemde oorzaken zijn er nog tal van andere aandoeningen die 

hypofyse-insufficiëntie kunnen veroorzaken, zoals een ontsteking, bloeding, infarct of 

aangeboren afwijking in het gebied rondom de sella turcica.

Behandeling van hypofyse-insufficiëntie

De behandeling van hypofyse-insufficiëntie bestaat uit het toedienen van de ontbrekende 

hormonen, met als doel de serumconcentraties van de hormonen van de hypofyse-

eindorganen binnen het normale gebied te herstellen. 
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Maar ondanks adequate hormonale substitutietherapie blijkt dat mensen met hypofyse-

insufficiëntie niet altijd optimaal functioneren: zij hebben vaak een verminderde kwaliteit 

van leven, een verstoord slaappatroon en een hoger risico dan gemiddeld op het krijgen 

van hart- en vaatziekten.

Tot nu toe is het onduidelijk waarom dit zo is. Een verklaring zou kunnen zijn dat deze 

substitutietherapie nooit het normale hormonale afgifteprofiel (met subtiele pulsen en 

dag-nacht ritmiek) van gezonde mensen kan nabootsen. Ook weten we niet of de juiste 

hormoonconcentratie in de weefsels wordt bereikt wanneer we het hormoon toedienen, 

aangezien de hormoonconcentratie alleen in het serum kan worden gemeten. Het ligt voor 

de hand dat deze imperfecties in hormonale substitutietherapie bijdragen aan subtiele 

fysiologische verschillen bij mensen met hypofyse-insufficiëntie. Echter, ook andere factoren 

zouden kunnen bijdragen aan de hoge morbiditeit en zelfs mortaliteit. Wat namelijk opvalt, 

is dat er veel overeenkomsten zijn tussen de functies die aangedaan zijn bij mensen met 

hypofyse-insufficiëntie en de functies die de hypothalamus heeft. De hypothalamus is een 

kleine structuur in de hersenen die vlakbij de hypofyse ligt en betrokken is bij onder andere 

hormoonhuishouding, slaap-waak ritme, temperatuurregulatie, vetverdeling, eetgedrag, 

energiehuishouding en de regulatie van de hartslag.

Tot op heden is er nauwelijks onderzoek gedaan naar het functioneren van de hypothalamus 

bij mensen met hypofyse-insufficiëntie. Dat is ook niet zo raar, aangezien er geen test of 

beeldvormende techniek beschikbaar is die kan bepalen of de hypothalamus goed werkt.

Doel van dit proefschrift

Het doel van dit proefschrift is om meer inzicht te krijgen in het (dis)functioneren van de 

hypothalamus bij mensen met hypofyse-insufficiëntie. 

Om dit doel te bereiken, hebben we ons voornamelijk gericht op patiënten met hypofyse-

insufficiëntie die een ziektegeschiedenis hebben met compressie van het optisch chiasma 

(CC), craniale radiotherapie (CRT) en/of hypofysechirurgie, aangezien de kans op 

functionele schade aan de hypothalamus bij deze mensen het grootst is. 

Voor het bepalen van hypothalame functies hebben we gebruik gemaakt van een 

verscheidenheid aan technieken, namelijk: 1) hypothalame output parameters, 2) 

post-mortem hypothalamus weefsel, en 3) nucleaire technieken waarmee de hypothalamus 

afgebeeld kan worden. 

Hoofdstuk 1 bevat een korte introductie over de anatomie van de hypofyse en de 

behandeling van hypofyse-insufficiëntie. Ook wordt er een overzicht gegeven van de 

belangrijkste functies van de hypothalamus. Vervolgens komen de problemen aan bod die 

mensen met hypofyse-insufficiëntie vaak ervaren en worden de algemene hypothese en 

de inhoud van dit proefschrift gepresenteerd.
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Het effect van craniale radiotherapie op hypothalame output parameters

Proefdierstudies laten zien dat neuronen in een bepaald deel van de hypothalamus, namelijk 

de ventromediale hypothalamus, in staat zijn om onafhankelijk van voedselinname of 

sympathische activiteit de hoeveelheid visceraal vet (vet rondom de organen) te reguleren. 

Dit mechanisme zou verklaard kunnen worden doordat afzonderlijke groepjes neuronen in 

de hypothalamus naar zowel het viscerale als het subcutane (onderhuidse) vetcompartiment 

projecteren via het autonome zenuwstelsel. Dit betekent dat de hypothalamus als het 

ware in staat is om de verdeling van lichaamsvet te controleren. 

Met dit mechanisme in ons achterhoofd, onderzochten we de vetverdeling in de buik als 

hypothalame output parameter in hoofdstuk 2. We laten zien dat CC is geassocieerd 

met een hogere ratio van visceraal vet ten opzichte van subcutaan vet in mannen met 

hypofyse-insufficiëntie. 

Een andere hypothalame output parameter die we in dit proefschrift hebben bestudeerd 

is baroreflex sensitiviteit (BRS). Deze parameter is een maat voor het vermogen van het 

autonome zenuwstelsel om acute veranderingen in bloeddruk te detecteren en daar 

effectief op te reageren door de hartfrequentie te veranderen. In hoofdstuk 3 vergeleken 

we de BRS in patiënten met hypofyse-insufficiëntie en CRT met patiënten met hypofyse-

insufficiëntie zonder CRT. Uit dit onderzoek blijkt dat CRT is geassocieerd met een 

afgenomen BRS. 

Het effect van compressie van het chiasma opticum op hypothalame output 
parameters

Grote tumoren in het hypofysaire-hypothalame gebied (zgn. suprasellaire tumoren) 

veroorzaken vaak niet alleen hypofyse-insufficiëntie maar ook visuele schade doordat 

de tumor druk uitoefent op het chiasma opticum (CC). Vlakbij het chiasma opticum ligt 

de nucleus suprachiasmaticus (SCN). Deze hypothalame kern speelt een centrale rol 

in het reguleren van circadiane ritmes zoals slaap. Het is voorstelbaar dat suprasellaire 

tumoren niet alleen druk uitoefenen op het optisch chiasma, maar ook op de SCN, 

onze biologische klok. Daarom hebben we onderzocht of slaappatronen anders zijn in 

patiënten met hypofyse-insufficiëntie en CC. Inderdaad, in hoofdstuk 4 tonen we aan 

dat CC is geassocieerd met een permanent kortere slaapduur in patiënten met hypofyse-

insufficiëntie, en dat dit verschil niet verklaard kan worden door verschillen in hormonale 

substitutietherapie.

Een andere hypothalame outputparameter die we hebben bestudeerd is huidtemperatuur 

(hoofdstuk 5). Vlakbij de SCN ligt het preoptische gebied (POA), het deel van de 

hypothalamus die belangrijk is bij temperatuurregulatie. Studies hebben aangetoond dat 

er een associatie bestaat tussen slaappatroon en veranderingen van de huidtemperatuur. 

Zo zorgt een lichte verhoging van de huidtemperatuur ervoor dat men sneller in slaap valt. 

Omdat we in hoofdstuk 4 hebben aangetoond dat patiënten met CC korter slapen, was 
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onze hypothese dat temperatuurregulatie in relatie tot het slaappatroon ook veranderd 

is in deze groep patiënten. Onze belangrijkste bevinding was dat patiënten met CC 

overdag een lagere huidtemperatuur van de romp hebben (hoofdstuk 5). Daarnaast 

bleek de typische correlatie tussen snelheid van inslapen en de distale-tot-proximale 

huidtemperatuurgradiënt afwezig te zijn, terwijl deze gewoon aanwezig is in patiënten 

zonder CC net als in gezonde personen. Hieruit kunnen we concluderen dat patiënten met 

CC een verminderde huidtemperatuurregulatie hebben in associatie met een veranderd 

slaappatroon.

Het effect van suprasellaire tumoren in humaan post-mortem hypothalamus 
weefsel

Om onze hypothese verder te onderbouwen dat suprasellaire tumoren de functie van de 

SCN kunnen beïnvloeden (hoofdstuk 4), hebben we de aanwezigheid onderzocht van de 

belangrijkste stoffen die zorgen voor het goed functioneren van zenuwcellen in dat gebied, 

te weten arginine-vasopressine (AVP) en vasoactief intestinaal polypeptide (VIP). Hiervoor 

maakten we gebruik van een kleuringtechniek om deze signaalmoleculen zichtbaar 

te maken (namelijk kwantitatieve immunohistochemie) in post-mortem hypothalamus 

weefsel van patiënten die bekend zijn met een suprasellaire tumor die geleid heeft tot 

gezichtsvelduitval. In hoofdstuk 6 tonen we aan dat AVP minder tot expressie kwam in de 

SCN van patiënten met gezichtsvelduitval dan in controles, maar dat de expressie van VIP 

gelijk was in beide groepen. Dit zou kunnen betekenen dat neuronen van de SCN selectief 

beschadigd kunnen zijn bij mensen met gezichtsvelduitval, en dat dit kan bijdragen aan de 

slaap-waak stoornissen in deze patiëntengroep.

Serotonine transporters in de hypothalamus

Serotonine speelt een belangrijke rol bij verschillende hypothalame functies, waaronder 

het slaap-waak ritme, voeding en de regulatie van hormonen. Deze functies vertonen 

opmerkelijke gelijkenissen met de functionele belemmeringen in patiënten met hypofyse-

insufficiëntie. Dit roept de intrigerende vraag op in hoeverre het serotonine systeem 

van de hypothalamus is aangedaan in deze patiënten. Om deze vraag te beantwoorden 

hebben we eerst de functionele neuroanatomie van de serotonine transporters (SERT) 

bestudeerd in post-mortem humaan hypothalamus weefsel (hoofdstuk 7). SERT kwam 

tot expressie in de vorm van vezels door de gehele hypothalamus, met dicht opeengepakte 

vezelbundels in het gebied rondom de fornix, als een netwerk langs het ependym en in de 

nabijheid van de commissura anterior. Ook kwam SERT sterk tot expressie in de SCN en in 

de nucleus infundibularis. Dit suggereert dat serotonine in deze hypothalame kernen een 

locaal modulerende rol heeft. 

Vervolgens hebben we in hoofdstuk 8 in vivo de beschikbaarheid van SERT in de 

hypothalamus bestudeerd met een nucleaire techniek: [123I]FP-CIT single-photon emission-

computed tomography (SPECT). Ook in vivo blijkt SERT in de hypothalamus aanwezig te 
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zijn bij gezonde controles. Aansluitend hebben we deze resultaten vergeleken met twee 

groepen patiënten met hypofyse-insufficiëntie: zij die gezichtsvelduitval, radiotherapie 

en hypofysechirurgie hebben gehad en zij die dit niet hebben gehad. Onze hypothese 

was dat de hoeveelheid SERT zou zijn veranderd ten gevolge van gezichtsvelduitval en de 

behandeling van de tumor. We vonden echter geen verschil tussen de drie groepen. 

Conclusie

Dit proefschrift bevat veel aanwijzingen dat het functioneren van de hypothalamus kan 

worden beïnvloed door CC en CRT. Daarnaast hebben we in dit proefschrift aangetoond 

dat SERT alomtegenwoordig is in de hypothalamus, en dat de beschikbaarheid van SERT 

gelijk is in mensen met hypothalame schade, hypofyse-insufficiëntie of gezonde controles.

Hoofdstuk 9 vormt een algemene beschouwing van de bevindingen in dit proefschrift. 

Ook bespreken we de implicaties die onze resultaten kunnen hebben voor de praktijk en 

geven we suggesties voor toekomstig onderzoek.
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ABBREVIATIONS

III  third ventricle

[123I]FP-CIT 123I-N-ω -fluoropropyl-2β-carboxymethoxy-3β-(4-iodophenyl)nortropane

AC  anterior commissure

ACTH  adrenocorticotropic hormone

ADH   antidiuretic hormone or arginine vasopressin

AgRP  agouti-related peptide

AIS  Athens Insomnia Scale

ANCOVA analysis of covariance

a.u.  arbitrary units

AVP  arginine vasopressin or antidiuretic hormone

BMI  body mass index

BRS  baroreflex sensitivity

BST  bed nucleus of the stria terminalis

CC  compression of the optic chiasm

CI  confidence interval

CRT  cranial radiotherapy

CT  computed tomography

DBB  diagonal band of Broca

DBP  diastolic blood pressure

DPG  distal to proximal gradient

EDS  excessive daytime sleepiness

ESS  Epworth Sleepiness Scale

FIX  duration of fixation

FO  fornix

FSH  follicle stimulating hormone

fT4  free thyroxine

GH  growth hormone

GHRH  growth hormone releasing hormone

Gy  Grey

HI  hypothalamic impairment

HR  heart rate

HRT  hormone replacement therapy

IFN, INF  infundibular nucleus

IGF-1  Insulin-like growth factor-1

IQR  interquartile range

i.v.   intravenous infusion 

LH  luteinizing hormone
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LV  lateral ventricle

αMSH  alpha-melanocyte stimulating hormone

βMSH  beta-melanocyte stimulating hormone

MMSE  Mini-Mental State Examination 

MRI  magnetic resonance imaging

nn.  hersenzenuwen

NPY  neuropeptide-Y

NTL  lateral tuberal nucleus

NTS  nucleus tractus solitarius

OSAS  obstructive sleep apnea syndrome

OT  optic tract

P  probability

PET  positron emission tomography

PI  pituitary insufficiency

PLM  periodic limb movements

PMD  post mortem delay

POA  preoptic area

PRL  prolactin

PSQI  Pittsburgh Sleep Quality Index

PVN  paraventricular nucleus

R2  coefficient of determination  

rhGH  recombinant human growth hormone

RHT  retinohypothalamic tract

ROI  region-of-interest

RT  room temperature

RVLM  rostral ventrolateral medulla

SBP  systolic blood pressure

SCL  Symptoms Checklist

SCN  suprachiasmatic nucleus

SD  standard deviation

SDL  Sleep Disorders List

SDN  sexually dimorphic nucleus

SDQ  Sleep Disorders Questionnaire

SE  standard error

SERT  serotonin transporters

SHAPS  Snaith-Hamilton Pleasure Scale

SON  supraoptic nucleus

SPECT  single photon emission computed tomography

T4  thyroxine

Tdistal  distal temperature
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TMN  tuberomamillary nucleus

Tproximal proximal temperature

TSH  thyroid stimulating hormone

VLM  ventrolateral medulla

VIP  vasoactive intestinal polypeptide

vs.  versus

U  units
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