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A B S T R A C T   

The hypothalamus-pituitary-thyroid axis is one of several hormone regulatory systems from the hypothalamus to 
the pituitary and ultimately to the peripheral target organs. The hypothalamus and the pituitary gland are in 
close anatomical proximity at the base of the brain and extended through the pituitary stalk to the sella turcica. 
The pituitary stalk allows passage of stimulatory and inhibitory hormones and other signal molecules. The target 
organs are placed in the periphery and function through stimulation/inhibition by the circulating pituitary 
hormones. The several hypothalamus-pituitary-target organ axis systems interact in very sophisticated and 
complicated ways and for many of them the interactive and integrated mechanisms are still not quite clear. The 
diagnosis of central hypothyroidism is complicated by itself but challenged further by concomitant affection of 
other hypothalamus-pituitary-hormone axes, the dysfunction of which influences the diagnosis of central hy-
pothyroidism. Treatment of both the central hypothyroidism and the other hypothalamus-pituitary axes also 
influence the function of the others by complex mechanisms involving both central and peripheral mechanisms. 
Clinicians managing patients with neuroendocrine disorders should become aware of the strong integrative in-
fluence from each hypothalamus-pituitary-hormone axis on the physiology and pathophysiology of central hy-
pothyroidism. As an aid in this direction the present review summarizes and highlights the importance of the 
hypothalamus-pituitary-thyroid axis, pitfalls in diagnosing central hypothyroidism, diagnosing/testing central 
hypothyroidism in relation to panhypopituitarism, pointing at interactions of the thyroid function with other 
pituitary hormones, as well as local hypothalamic neurotransmitters and gut-brain hormones. Furthermore, the 
treatment effect of each axis on the regulation of the others is described. Finally, these complicating aspects 
require stringent diagnostic testing, particularly in clinical settings with lower or at least altered à priori like-
lihood of hypopituitarism than in former obvious clinical patient presentations.   

1. Introduction 

The hypothalamus-pituitary-thyroid axis is one of several hormone 
regulatory systems, each of them designated an axis from the hypo-
thalamus to the pituitary and ultimately to the peripheral target organs 
(Lechan et al., 2016) (Fig. 1). The hypothalamus and the pituitary gland 
are in close anatomical proximity. The hypothalamus is located at the 
base of the brain and is connected by the stalk-like infundibulum to the 
pituitary gland which is located in the sella turcica. The pituitary stalk 
carries both blood vessels and nerve fibres allowing the passage of 
stimulatory and inhibitory hormones and other signal molecules 
(Lechan et al., 2016; Santisteban and Costagliola, 2021). The target 

organs are placed in the periphery and functionally working through 
stimulation/inhibition controlled by the circulating pituitary hormones. 
The several hypothalamus-pituitary-target organ axis systems interact in 
very sophisticated and complicated ways and for many of them the 
interactive and integrated mechanisms are still not quite clear (Santis-
teban and Costagliola, 2021). Therefore, the clinical management of 
patients with disease involving one or more of these axes is a challenge, 
because physicians must consider the interaction between the axes and 
not only the single axis currently managed. Such is also the case with the 
hypothalamus-pituitary-thyroid axis, which is furthermore complicated 
by a series of peripheral metabolic adjustments, and degradation and 
binding protein adaptations (Feldt-Rasmussen, 2020; Mariotti et al., 
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2016; Santisteban and Costagliola, 2021). 
Thyrotropin-releasing hormone (TRH) is produced in hypophysio-

tropic neurons in the paraventricular nucleus of the hypothalamus. TRH 
stimulates the secretion of pituitary thyrotropin (TSH) from the thyro-
trophs in the anterior pituitary, where it is transported via the hypo-
physeal portal system. TSH, in turn, stimulates thyroid follicular cells to 
release thyroxine (T4) (80%), and triiodothyronine (T3) (20%). Overall 
maintenance of normal thyroid function is dependent upon a negative 
feedback control system. Circulating concentrations of the thyroid 
hormones (T4 and T3) thus influence the biosynthesis and secretion of 
TRH in hypothalamus (Fig. 2) and TSH in the anterior pituitary (long 
feedback) (Lechan et al., 2016). Moreover, a feedback of TSH at the 
hypothalamic (short feedback) and the pituitary (ultra-short feedback) 
levels exists (Fekete and Lechan, 2013; Prummel et al., 2004). The most 
common affection of the hypothalamus-pituitary-thyroid system is 
related to failure of the hormone production leading to hypothyroidism. 
When hypothyroidism is caused by an insufficient stimulation of an 
intact thyroid gland by TSH, hypothyroidism is characterized as central 

hypothyroidism. The term central hypothyroidism includes the previ-
ously used terms secondary and tertiary hypothyroidism, which distin-
guish between pituitary (secondary) and hypothalamic (tertiary) origin 
of the defect. However, nowadays the terminology acknowledges that 
defective TSH secretion can be caused by conditions affecting either 
hypothalamus or pituitary or both (central) (Persani et al., 2000; 
Yamada and Mori, 2008). 

The diagnosis of hypothyroidism is in the routine clinical setting 
based on a TSH screening strategy (Baloch et al., 2003; Feldt-Rasmussen 
and Klose, 2020), but this strategy is useless in case of central hypo-
thyroidism where an inappropriately low/normal serum TSH concen-
tration is seen (Feldt-Rasmussen et al., 2018; Persani et al., 2018). 
Patients with central hypothyroidism have vague and unspecific clinical 
symptoms such as fatigue that are often overlooked (Seshadri et al., 
1989; Zulewski et al., 1997). Furthermore, the biochemical hormonal 
changes of central hypothyroidism are not very different from those of 
critical illness and other situations of non-thyroidal illness (Baloch et al., 
2003; Feldt-Rasmussen, 2020; Peeters and Boelen, 2021; Van den 

Fig. 1. The hypothalamic–pituitary–target organ axes are a complex set of direct influences and feedback interactions among three components: the hypothalamus, 
the pituitary gland and the target glands. The production and secretion of hormones by the anterior lobe of the pituitary are under the regulation of the hypo-
thalamus. The anterior lobe of the pituitary consists of at least five different types of cells, each of which secretes a different hormone(s). The corticotrophs, syn-
thesize and secrete adrenocorticotropic hormone (ACTH; corticotropin). ACTH is derived from the proteolytic cleavage of the pro-hormone proopiomelanocortin 
(POMC) by tissue specific pro-hormone convertases. The presence of pro-hormone convertases 1 and 3 in the anterior pituitary enables the processing of POMC to 
ACTH, while the presence of pro-hormone convertase 2 in the hypothalamus and skin causes the further cleavage of ACTH to α-Melanocyte–Stimulating Hormone 
(α-MSH). Pro-hormone convertase 2 is also found in the pars intermedia of the pituitary, which is present in rodents and the fetal human pituitary but rudimentary in 
adult humans. αMSH stimulates the production of melanin from the skin melanocytes. The thyrotrophs produce thyrotropin (thyroid-stimulating hormone; TSH); the 
somatotrophs, growth hormone (GH; somatotropin); the lactotrophs, prolactin; and the gonadotrophs, both luteinizing hormone (LH) and follicle-stimulating 
hormone (FSH). The target organs are placed in the periphery and functionally working through stimulation/inhibition controlled by the circulating pituitary 
hormones. The several hypothalamus-pituitary-target organ axis systems furthermore interact in very sophisticated and complicated ways. IGF-I: Insulin-like growth 
factor I. 
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Berghe, 2014) (Fig. 3). Often the diagnosis is not even looked for due to 
lack of recognition of the rare possibility of its existence and as 
mentioned the TSH screening strategy, even if adding measurement of 
fT4, will give a false interpretation of the true 
hypothalamus-pituitary-thyroid function in central hypothyroidism 
(Baloch et al., 2003; Beck-Peccoz et al., 2017; Benvenga et al., 2018; 
Waise, 2000). 

The present review thus aims at examining the role and clinical 
importance of the hypothalamus-pituitary-thyroid axis, describing pit-
falls in diagnosing central hypothyroidism, diagnosing/testing central 
hypothyroidism in relation to all other hypothalamus-pituitary hor-
mones, describing interactions of the thyroid function with the other 
pituitary hormones, as well as describing the influence of treating the 
thyroid axis on the other hormone axes and vice versa. All these 
complicating aspects require stringent diagnostic testing, particularly in 

new clinical settings with lower or at least altered à priori likelihood of 
hypopituitarism. 

2. The functional anatomy and physiology of the hypothalamus- 
pituitary-thyroid axis 

Although the hypothalamus comprises less than 2% of the total brain 
volume (Lechan et al., 2016; Santisteban and Costagliola, 2021), it has a 
key role in regulating the pituitary function and homeostatic balance. It 
is composed of different nuclei with distinct functions that synthesize 
different hormones in response to physiological changes. Its rostral nu-
clear portion exerts prominent regulation of homeostatic behaviours 
related to energy balance and reproduction. The two caudal portions are 
primarily involved in ensuring adequate metabolic resources for 
defensive and exploratory behaviours and responses to sudden changes 
in endogenous and exogenous stimuli. The hypothalamic tuber-
oinfundibular and neurohypophysial systems are involved in control of 
both anterior and posterior pituitary hormone secretions, as well as 
other hormones involved in food and fluid intake, lactation, thermo-
regulation, circadian rhythmicity and the sleep-wake cycle, all of which 
are also very carefully regulated (Fig. 4) (Lechan et al., 2016). 

The hypothalamus-pituitary-thyroid axis responds to fasting by 
afferent input from neurons originating outside the paraventricular 
nucleus and can influence the secretion of the hypophysiotropic TRH- 
secreting neurons. In response to fasting or infection, the normal 
hypothalamus-pituitary-thyroid homeostatic system is altered in a way 
that is presumably and predominantly beneficial for survival. Under 
these circumstances, there is a drop in circulating thyroid hormone 
concentrations but a seemingly paradoxical reduction in TRH gene 
expression in the paraventricular nucleus (Fig. 4), resulting in reduced 
secretion of TRH into the portal blood and accompanied by inappro-
priately low or normal circulating TSH in plasma (Mariotti and 
Beck-Peccoz, 2016; Persani and Beck-Peccoz, 2021), in contrast to the 
anticipated increase in TRH and TSH as seen in primary hypothyroidism. 
Thus, during fasting the normal feedback mechanisms are bypassed, 
inducing a transient state of central hypothyroidism. Presumably by 
reducing thyroid thermogenesis and preserving nitrogen stores, this 
mechanism is an important adaptive response to reduction of energy 
expenditure until the adverse stimulus is removed (Fekete et al., 2000). 

The modulation of the hypothalamo-pituitary-thyroid axis by the 

Fig. 2. Intrinsic and extrinsic factors affecting the hypothalamic-pituitary- 
thyroid axis (HPT axis). TRH: Thyrotropin-releasing hormone; TSH: Thyroid 
stimulating hormone; CRH: Corticotropin-releasing hormone; ACTH: Adreno-
corticotropic hormone; AlphaAD: alpha adrenergic drive; TNF: tumour necrosis 
factor; IL: Interleukin; + = stimulation,- = inhibition. 

Fig. 3. Typical changes in thyroid tests during the development of and recovery from nonthyroidal illness and related to mortality. TSH, thyrotropin; TT3/TT4, total 
thyroid hormones; FT3/FT4, measured free thyroid hormone estimates; direct FT4, direct measurement of free T4 by dialysis or ultrafiltration = “True free T4”; rT3: 
reverse T3. 
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hypothalamus itself is mainly through afferent inputs and involves 
opposing functions from proopiomelanocortin (POMC)-producing neu-
rons that also co-express the cocaine and amphetamine-regulated tran-
script (CART), as well as neuropeptide Y-producing neurons that co- 
express agouti related peptide. These are anatomically distinct pop-
ulations of neurons in the arcuate nucleus, both of which express re-
ceptors for the adipose tissue-derived circulating hormone, leptin 
(Ahima et al., 2000; Feldt-Rasmussen, 2007a). Both alpha-melanocyte 
stimulating hormone (MSH) and CART induce transcription of the 
TRH gene in hypophysiotropic neurons, whereas the effect of NPY and 
agouti related peptide are inhibitory (Lechan et al., 2016). Via above 
mechanisms the threshold of feedback inhibition of hypophysiotropic 
TRH by circulating concentrations of thyroid hormone will be effectively 
lowered during fasting due to declining circulating concentrations of 
leptin (Feldt-Rasmussen, 2007a; Lechan et al., 2016). This important 
homeostatic system is present in all animal species studied including 
humans (Fig. 4). 

Circulating thyroid hormone concentrations also fall in association 
with severe illnesses and infection but use different regulatory control 
systems than the ones in food deprivation, and circulating levels of 
leptin are elevated in this situation (Lechan et al., 2016). The alterations 
in the metabolism of the thyroid hormones during illness consisting of 
the nonthyroidal illness syndrome is characterized by decreased T3 and 
normal measurable T4, and increased rT3 concentrations in the presence 
of normal or even low circulating TSH concentrations (Fig. 3). A variety 
of cytokines, such as interleukin 1, interleukin 6 and tumour necrosis 
factor-alpha are involved in the development of the syndrome, inhibit-
ing the synthesis and secretion of the thyroid hormones from the thyroid 
gland (Rasmussen et al., 2000) (Fig. 2). Moreover, 
inflammation-induced changes in the expression of deiodinases in 
different organs, like the liver and muscles, during acute or chronic 
inflammation, sepsis or critical illness contribute to the occurrence of 
the nonthyroidal illness syndrome. Animal models have shown locally 
activated type 2 deiodinase in tanycytes during severe and acute 
inflammation which results in local increase of T3 and consequently 
decrease of the TRH mRNA expression. In the clinical setting, low serum 
T4 concentrations are inversely correlated with mortality (Fig. 3). 

Ghrelin is a brain-gut peptide with growth hormone-releasing and 
appetite-inducing activities and is the endogenous ligand of the G 
protein-coupled growth hormone secretagogue receptor (Leontiou et al., 
2007). Ghrelin is mainly produced in the gastrointestinal tract and 
known to regulate several physiological functions including adipose 
tissue accumulation, gut motility and hunger sensation in combination 
ultimately leading to increased bodyweight. Studies have found a cor-
relation between the plasma concentrations of thyroid hormones and 
ghrelin, and ghrelin receptors are abundantly present in the thyroid 
gland at the surface of the thyrocytes. A thyroid cell study in primary 

cultures of human thyrocytes showed a ghrelin-induced decrease in the 
TSH-induced production of thyroglobulin and mRNA expression of 
thyroperoxidase as well as a trend towards an inhibition of 
TSH-stimulated expression of the sodium-iodine symporter and the 
TSH-receptor (Barington et al., 2017). Ghrelin receptors are also found 
in the pituitary gland particularly on GH producing cells. These studies 
thus suggested an effect of ghrelin not only in the pituitary but also 
directly on human thyrocytes and thereby emphasized the relevance of 
speculating whether ghrelin also influences the metabolic homeostasis 
through altered thyroid hormone production and consequently also the 
hypothalamic-pituitary-thyroid axis. 

The dynamic interplay between TRH and TSH and the feedback ef-
fects of circulating thyroid hormones at the hypothalamic and pituitary 
levels result in a remarkably stable morning concentration of TSH in the 
circulation and consequently little alteration in the concentration of 
circulating thyroid hormones from day to day and year to year (Feld-
t-Rasmussen et al., 2018; Mariotti and Beck-Peccoz, 2016; Persani and 
Beck-Peccoz, 2021). This regulation is genetically determined (Kuś 
et al., 2020). However, TSH has a circadian rhythm with the highest and 
lowest levels between 02:00–04:00 h and 16:00–20:00H, respectively 
(Mariotti and Beck-Peccoz, 2016; Weeke, 1973). The suprachiasmatic 
nucleus, which is considered to be the principal circadian pacemaker of 
the brain, is involved in the regulation of the circadian TSH rhythm 
(Mariotti and Beck-Peccoz, 2016; Weeke, 1973). Measurement of serum 
TSH is now considered the mainstay in deciding normal thyroid function 
whereas abnormal TSH in most patients is believed to indicate the 
presence of a disorder of thyroid gland function. The utility of TSH 
measurements has remarkably increased, due to the development of 
immunometric methodologies for its accurate quantitation in serum, 
although the criteria to define a “normal range” remain a matter of 
controversy. The normal production rate of human TSH is between 50 
and 200 mU/day and increases markedly (up to >4000 mU/day) in 
primary hypothyroidism; the metabolic clearance rate of the hormone is 
about 25 ml/min/m2 in euthyroidism, while it is significantly higher in 
hyperthyroidism and lower in hypothyroidism (Mariotti and 
Beck-Peccoz, 2016). The half-life of circulating TSH ranges from 50 to 
80 min. The bioactivity of TSH can vary (mostly related to variations in 
the TSH glycosylation) even in normal subjects during the nocturnal 
TSH surge, in normal foetuses during the last trimester of pregnancy, in 
primary and secondary hypothyroidism, in patients with TSH-secreting 
pituitary adenoma and in non-thyroidal illnesses (Feldt-Rasmussen 
et al., 2018; Mariotti and Beck-Peccoz, 2016; Persani and Beck-Peccoz, 
2021). Glycosylation of TSH can also influence its clearance from the 
circulation. 

The major regulators of TSH production are thus represented by 
inhibitory effects of thyroid hormone and the stimulatory action of TRH. 
T3 acts via binding to the thyrotroph nuclear T3 receptor, and T4 mainly 

Fig. 4. Thyrotropin-releasing hormone (TRH) is produced in hypophysiotropic neurons in the paraventricular nucleus of the hypothalamus which project to the 
median eminence. TRH then is released into the median eminence and from there transported through the portal system into the anterior pituitary, where it binds to 
TRH receptors (TRHR1) and regulates the production and secretion of TSH from thyrotrophs. TSH, in turn, stimulates thyroid follicular cells to release thyroxine or 
T4 (80%), and triiodothyronine or T3 (20%). Circulating concentrations of thyroid hormones (T4 and T3) influence the biosynthesis and secretion of TRH in hy-
pothalamus and TSH in the anterior pituitary (long feedback). 
The suprachiasmatic nucleus contains the circadian pacemaker of the brain and drives the diurnal TSH rhythm with the nocturnal TSH surge. Suprachiasmatic 
nucleus neurons project to the paraventricular nucleus. The diurnal TSH rhythm is independent of the negative feedback mechanism. 
(A) Fasting decreases leptin production, resulting in changes in the neuroendocrine axis. Leptin-responsive neurons that express leptin receptors in the arcuate 
nucleus project in the hypophysiotropic TRH neurons in the paraventricular nucleus mediating the leptin-induced downregulation of the central component of the 
HPT axis during fasting. Loss of the typical pulsatility characteristics is observed during food deprivation. In addition, peripheral thyroid hormone metabolism 
(conversion of T4 into T3 and reverse T3) is also affected by fasting. During fasting, low levels of leptin inhibit α-melanocyte stimulating hormone (α-MSH) release 
from proopiomelanocortin (POMC)-producing neurons (also co-express cocaine and amphetamine-regulated transcript (CART)) while increasing agouti-related 
protein (AGRP) release from NPY-producing neurons that co-express AGRP. The inhibition of α-MSH and the increase of AGRP inhibit TRH neurons and mediate 
fasting-induced hypothyroidism. 
(B) Acute and chronic illness result in down regulation of TRH expression in the paraventricular nucleus. The significant increase in deiodinase type 2 in tanycytes, 
cells lining the floor and infralateral 
walls of the third ventricle, increases the local T3 and consequently decrease the TRH mRNA expression production. The thyroid function and local thyroid hormones 
metabolism of peripheral tissues is impaired during non-thyroidal illness syndrome. Loss of the nocturnal TSH surge has been observed in patients with critical illness. 
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acts via its intra-pituitary or intra-hypothalamic conversion to T3, 
although a direct negative effect of T4 independent from local T3 gen-
eration on TSH β gene expression has been documented (Mariotti and 
Beck-Peccoz, 2016). Both thyroid hormones regulate directly the syn-
thesis and release of TSH from the pituitary gland and indirectly affect 
TSH synthesis via their effects on TRH and other neuropeptides. As 
mentioned above and also detailed below other hormones/factors are 
also implicated in the complex regulation of TSH-β gene expression. 

3. Central hypothyroidism 

Central hypothyroidism is diagnosed in 1: 16.000 to about 1: 
100.000 of the general adult or neonatal populations (Persani et al., 
2018) and accounts for about 1 of 1000 hypothyroid patients (Yamada 
and Mori, 2008). Contrary to primary hypothyroidism with a clear fe-
male predominance, central hypothyroidism affects both sexes equally. 

Diagnosing central hypothyroidism is very complicated even for 
endocrinologists highly specialized in neuroendocrinology. It is partic-
ularly –but not only– challenging in cases without any obvious 
hypothalamus-pituitary or other intracranial pathology (Table 1) 
(Feldt-Rasmussen et al., 2018; Persani et al., 2018, Persani and 
Beck-Peccoz, 2021). The general clinical pattern of central hypothy-
roidism is dominated by vague clinical symptoms and signs which are 
usually much milder than those of primary hypothyroidism. In addition, 
there are no good and reliable biomarkers of peripheral thyroid hor-
mone action at the tissue level, even though both sex hormone binding 
globulin, bone markers and cholesterol have been suggested, and do 
provide some guidance in specific and complicated situations (Feld-
t-Rasmussen and Klose, 2020). However, a careful history and thorough 
clinical examination sometimes provide sufficient clues to suspect hy-
pothalamic or pituitary disease such as symptoms due to 
space-occupying lesions in the sella turcica, to overproduction of one or 
more pituitary hormones or multiple hormone insufficiencies, to a his-
tory of previous head trauma, or treatment with retinoid X-receptor--
selective ligands or other immune modulating therapies. On the other 
hand, clinicians must also be aware of less prevalent and less 
well-known causes of central hypothyroidism (Benvenga et al., 2018a, 
2018b) (Fig. 5). When hypopituitarism arises from space occupying le-
sions in the sella turcica or subsequent to irradiation, deficiency of 
gonadotropin production typically occurs before the onset of TSH defi-
ciency; therefore, the presence of regular menstrual cycles in fertile 
women and normal potency in men renders central hypothyroidism 
highly unlikely (Fig. 6) (Feldt-Rasmussen et al., 2018; Persani et al., 
2018). 

Biochemical analytical methods for measurement of thyroid related 
hormones and proteins are the mainstay in the diagnosis of central hy-
pothyroidism most often supplemented with cranial/pituitary imaging 
or assessment of potential variants in genes related to pituitary or thy-
roid diseases. Much has improved in the general quality, such as sensi-
tivity, precision and accuracy, of the analytical biochemical methods 
used for measuring pituitary and target organ hormones over the past 
several decades by the introduction of modern immunometric methods. 
Nevertheless, the analytical methods are unfortunately still character-
ized by unpredictable uncertainties, flaws and confounders (Table 1) 

(Baloch et al., 2003; Feldt-Rasmussen, 2020; Feldt-Rasmussen and 
Klose, 2016; Grebe, 2019; Persani, 2012; Persani and Beck-Peccoz, 
2021; Stockigt, 2011). Diagnosing central hypothyroidism biochemi-
cally is therefore still challenging for most clinicians. Serum TSH is 
crucial for distinction between primary and central hypothyroidism. A 
repeatedly low serum-free T4 concentration in the absence of elevated 
serum TSH should always raise suspicion towards the possibility of a 
pituitary or hypothalamic abnormality. Yet, immunoreactive serum TSH 
is often measurable in patients with central thyroid deficiency, a phe-
nomenon resulting from dissociation between biological and immuno-
logical TSH activity (Fig. 7) (Oliveira et al., 2001; Feldt-Rasmussen and 
Klose, 2016; Persani 2000). Hence, normal or even elevated serum TSH 
concentrations should not be interpreted as conclusive evidence against 
central hypopituitarism. Low free T4 combined with inappropriately 
low or normal TSH is also frequent in several other situations where 
treatment is not required, e.g. due to heterophilic antibodies or other 
interfering factors in the serum of the patient/person under study 
(Favresse et al., 2018). It also occurs during the various stages of critical 
illness, where almost any combination of elevated or low peripheral 
thyroid hormones and ditto serum TSH can be seen e.g.transitory high 
TSH in the recovery phase after the critical illness or non-thyroidal 
illness (Baloch et al., 2003; Esfandiari and Papaleontiou, 2017; Feld-
t-Rasmussen et al., 2020; Feldt-Rasmussen and Klose, 2020; Peeters and 
Boelen A., 2020). The same pattern can also be seen in many cases of 
transitory thyroiditis (Table 1 and Fig. 3). The temporary elevation of 
serum TSH during the restoration should not be confused with the 
concentrations seen in primary hypothyroidism. Most clinicians only 
measure serum TSH and fT4 for routine purposes of diagnosing hypo-
thyroidism probably due to health care constraints of laboratory ex-
penses and introduction of routine automated laboratory platforms 
(Baloch et al., 2003; Grebe, 2019). In complicated situations of a dif-
ferential diagnosis between e.g. central hypothyroidism and 
non-thyroidal illness it is imperative to have laboratory access to mea-
surement of T3 (which is low in non-thyroidal illness), a T3 or T4 uptake 
test (which is high in non-thyroidal illness), and if possible an rT3, which 
is also high in this situation, while the T3/T4 ratio is low. These labo-
ratory measurements all display opposite directions in central hypo-
thyroidism, thus having the ability for a correct differential diagnosis. 
Solving a complicated clinical problem should not be limited by inad-
equate diagnostic procedures, but urge a smoother communication be-
tween clinicians and clinical biochemists (Baloch et al., 2003; 
Feldt-Rasmussen, 2020; Feldt-Rasmussen and Klose, 2020; Grebe, 
2019). 

In some clinical situations e.g. critical illness, it is therefore advisable 
to postpone thyroid function testing until after resolution of the critical 
non-thyroidal illness, in order to avoid confusing a correct management 
of such patients (Premawardhana, 2017). However, the rare occurrence 
of myxoedema coma caused by central hypothyroidism (Benvenga et al., 
2000; Iida et al., 2011) must also not be forgotten. Changes in thyroid 
hormone-binding protein concentrations and use of many drugs may 
also distort the biochemical results and their interpretation. However, 
despite a notable TSH suppressive effect from e.g. glucocorticoids and 
somatostatin analogues, they do not appear to cause clinically signifi-
cant central hypothyroidism (Haugen, 2009; Romijn et al., 2003). In 
situations of changes in binding proteins, a total T4 measurement 
combined with an assessment of the relevant binding proteins (free T4 
index) provides more information and more reliable results than mea-
surement of the apparent free thyroid hormone measurements (Baloch 
et al., 2003; Feldt-Rasmussen, 2020). As in other situations, it should 
also be acknowledged that free T4 concentrations and free T4 index in 
central hypothyroidism are subject to a high individuality index 
(intra-vs inter-individual variation ~25%), which further hampers the 
use of the population-based reference intervals for correct diagnosis 
(Andersen et al., 2002; Feldt-Rasmussen et al., 1980). Finally, estimates 
of free T4 concentrations are widely measured on different platforms in 
Clinical Biochemical Laboratories, with the unfortunate result of a huge 

Table 1 
Some biochemical features and conditions that could lead to misdiagnosis of 
patients with central hypothyroidism.  

Methodological interferences (assay problems or interference) 

TSH-reflex strategy 
Measurement of total T4 (defects in thyroxine-binding globulin) 
Non-thyroidal illness 
L-T4 withdrawal syndrome 
Recovery from thyrotoxicosis 

Recovery from transient thyroiditis 
Isolated hypothyroxinaemia  
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interlaboratory variability (Baloch et al., 2003; Esfandiari and Papal-
eontiou, 2017; Feldt-Rasmussen, 2020; Welsh and Soldin, 2016). For 
that reason, it is recommended that patients with central hypothyroid-
ism undergoing L-T4 replacement therapy (as for other situations of 
thyroid dysfunction), always have their blood samples performed at the 
same laboratory when monitoring serum-free T4 over time, to avoid 
misinterpreting analytical method differences with true changes in the 
thyroid hormone status. So, finally the diagnosis of central hypothy-
roidism will in most cases be based on the finding of a low (or low in the 
normal range) free T4 estimate combined with an inappropriately low or 
normal serum TSH, excluding confounders, and in the appropriate 
clinical context. A TRH test has been advocated as adding information to 
the diagnosis of central hypothyroidism (Mariotti and Beck-Peccoz, 
2016), and it can in some cases assist in the differential diagnosis be-
tween secondary (pituitary) and tertiary (hypothalamic) hypothyroid-
ism (Grunenwald and Caron, 2014). Mostly, however the results are not 
any better than the abovementioned algorithm (Hartoft-Nielsen et al., 
2004) (Fig. 8). 

4. Central hypothyroidism in the context of hypopituitarism 

Central hypothyroidism is mostly diagnosed among patients with 
hypothalamus–pituitary disorders, usually in combination with other 
pituitary hormone defects (Fig. 5). Most cases are acquired, caused by 

anatomical and/or functional disorders of hypothalamus and/or pitui-
tary. However, central hypothyroidism may also be congenital due to 
genetic or other developmental defects. Depending on the cause of the 
disease, TSH secretion deficiency can be quantitative (reduction in TSH- 
secreting cell number) or qualitative (impaired bioactivity of the 
secreted TSH) (Beck-Peccoz and Persani, 1994; Persani et al., 2000). 

The congenital forms of central hypothyroidism mostly result from 
structural lesions such as pituitary hypoplasia, Rathke’s pouch cysts, or 
midline defects, causing mostly quantitative defects in TSH secretion. 

Fig. 5. Differential diagnoses of central hypothyroidism: Congenital and acquired causes of central hypothyroidism. The list of the known gene defects causing 
central hypothyroidism and their OMIM numbers in parenthesis is presented. 

Fig. 6. Sequence of pituitary hormone loss in relation to increasing mass effect 
from a pituitary tumour. Adapted from Feldt-Rasmussen and Klose Endo-
crine (2016).. 

Fig. 7. Lack of correlation between immunoreactive TSH and FT4 serum levels 
in central hypothyroidism. The vertical dotted lines indicate lower and upper 
limits of the normal TSH-I range. The horizontal dotted line indicates the lower 
limit of the normal FT4 range. Note that serum TSH levels can be low, normal, 
or high (Reproduced with permission from Persani et al., 2000.). 

U. Feldt-Rasmussen et al.                                                                                                                                                                                                                     



Molecular and Cellular Endocrinology 525 (2021) 111173

8

However, functionally defects in TSH biosynthesis and/or release are 
caused by loss-of-function mutations in genes encoding for different 
receptors (such as the TRH receptor and TSH-beta subunit) or pituitary- 
specific transcription factors (PROP1, POU1F1, HESX1, LHX3, LHX4), 
and LEPR or IGSF1 (Fig. 5) (Grunenwald and Caron, 2014; Persani, 
2012; Persani et al., 2018). 

Craniopharyngiomas are the leading cause of acquired central hy-
pothyroidism in children, followed by cranial irradiation for other 
childhood brain tumours such as dysgerminomas or malignant haema-
tological diseases (Gurney et al., 2003; Lando et al., 2001; Schmiegelow 
et al., 2003). TSH deficiency occurs in up to 25% of children with cra-
niopharyngiomas, the second pituitary deficit to develop after growth 
hormone deficiency (Karavitaki et al., 2005). In adults, acquired central 
hypothyroidism is most often caused by neoplasia in the 
hypothalamus-pituitary area (macroadenomas of the pituitary gland, 
craniopharyngiomas) as well as therapeutic interventions in the region 
(pituitary surgery or now more commonly also cranial irradiation) 
(Persani and Beck-Peccoz, 2021). Traumatic brain injury has been sug-
gested a frequent cause of hypopituitarism at all ages with a prevalence 
of central hypothyroidism between 5% and 29% (Fernandez-Rodriguez 
et al., 2015; Krewer et al., 2016). However, the significance of traumatic 
brain injury in hypopituitarism is still under debate (Garrahy et al., 
2017; Klose and Feldt-Rasmussen, 2017). 

Response to direct or indirect irradiation of the hypothal-
amic–pituitary region is insidious and radiation-induced hypopituita-
rism does not commence until 2 years or more after the irradiation, 
continuing probably for more than 10 years (Astradsson et al., 2017; 
Roug et al., 2010). Hypothyroidism has been described in up to 65% of 
cases many years after conventional radiotherapy (Constine et al., 1993; 
Kyriakakis et al., 2015; Snyder et al., 1986). However, neither ran-
domized trials nor large cohorts following development of central hy-
pothyroidism or hypopituitarism after radiotherapy exist. A recent 
metanalysis has suggested that radiosurgery resulted in fewer cases of 
hypopituitarism (hypopituitarism incidence of 26% and 8% for secreting 
tumours and non-secreting tumours, respectively) than conventional 
radiotherapy (Heringer et al., 2020). Central hypothyroidism in patients 
with acromegaly and Cushing’s disease (Cai et al., 2020; Mathioudakis 
et al., 2012) occurs more often due to influence from the hormonal 
overproduction or the treatment (with e.g. somatostatin analogues) 
rather than tumour compression. 

Pituitary hormone defects often develop in sequential order, with 
growth hormone and gonadotropin secretions being affected first, fol-
lowed by occurrence of TSH deficiency, and finally ACTH and while 
prolactin deficiency rarely occurs (Fig. 6). However, lymphocytic 
hypophysitis presents commonly with isolated ACTH deficiency, with or 
without TSH deficiency, while gonadotropins tend to be preserved 

Fig. 8. Flow chart for the diagnosis and management of central hypothyroidism. Adapted from the “2018 European Thyroid Association Guidelines on the Diagnosis 
and Management of Central Hypothyroidism” (Persani et al., 2018). 
MRI, magnetic resonance imaging; rhGH, recombinant human growth hormone. 
1 Confirm low free T4 and inappropriately low/normal TSH, and exclude the following conditions: Non-thyroidal illness; Isolated maternal hypothyroxinemia; L-T4 
withdrawal syndrome; Recovery from thyrotoxicosis; Technical assay problems or interference, or defects in thyroxine-binding globulin; Drugs reducing TSH 
secretion (glucocorticoids, dopamine, cocaine, anti-epileptics or anti-psychotics, metformin); Premature birth (delayed TSH rise in hypothyroid infants); 
Allan-Herndon-Dudley syndrome (MCT8 mutations); THRA mutations (Resistance to thyroid hormone alpha); TSHβ mutations with conserved bioactivity but lost 
immunoreactivity of circulating TSH. 
2 Tests and findings useful to support the diagnosis of central hypothyroidism in uncertain conditions: Evidence of central hypothyroidism in first-degree relatives; 
Delayed growth, macroorchidism, hearing loss, other signs of hypothyroidism; Causative mutation(s) in central hypothyroidism candidate gene(s); Insufficiency of 
other pituitary hormone secretion; Blunted or delayed TSH responses to TRH; Blunted nocturnal TSH surge; Low TSH index; Otherwise unexplained alterations in 
variables of thyroid hormone action (e.g., high cholesterol, bradycardia, low body temperature, echocardiographic findings). 
3 See Fig. 5. 
4 Tumour, hypophysitis, empty sella; pituitary stalk interruption; pituitary infiltrative disease. 
5 Traumatic brain injury; vascular accident; iron overload or haemochromatosis. 
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(Fukuoka, 2015). This is of significant clinical importance as the 
recently developed anti-CTLA4 (cytotoxic T lymphocyte protein 4) 
antibody treatments may result in the occurrence of hypophysitis in up 
to 10% of treated patients (Lam et al., 2015) with central hypothy-
roidism being the most frequently reported deficiency in the early phase 
(Faje, 2015). Since many of these reports describe the early alterations 
in thyroid function variables, it cannot be excluded that they were rather 
part of critical illness than due to a chronic disturbance. Dysfunction of 
the hypothalamus–pituitary–thyroid axis (and other hypothal-
amus–pituitary hormone axes deficiencies) can be reversible after se-
lective removal of a pituitary macroadenoma or other 
hypothalamic–pituitary mass lesions (Arafah, 1986; Feldt-Rasmussen 
and Klose, 2017). This is not the case after irradiation induced tumour 
shrinkage. 

Other possible causes of central hypothyroidism have been 
described, e.g., in relation to some medications including glucocorti-
coids, dopamine agonists and somatostatin analogues (Burch, 2019; 
Feldt-Rasmussen and Rasmussen, 2018). Fortunately, most of these 
medications do not cause clinically evident central hypothyroidism. On 
the other hand, retinoids, mitotane and several drugs modulating the 
immune system and used for antineoplastic purpose may result in 
hypophysitis and cause clinically significant central hypothyroidism 
(Burch, 2019; Feldt-Rasmussen and Klose 2020; Feldt-Rasmussen and 
Rasmussen, 2018), as may head trauma including those related to sport 
and blast injuries (Benvenga et al., 2018). The challenge in many of 
these new possible indications has been (and still is) how to define the 
diagnostic criteria and stringency in relation to a much lower a priori 
likelihood of deficiency in these disorders, which has been described in 
detail for GH, but is equally relevant for other deficiencies, including 
TSH (Klose and Feldt-Rasmussen, 2015). 

5. Interactions of hypothalamus–pituitary–thyroid hormones 

It is important to realize that all the various hypothalamus–pituitary- 
target organ hormones affect the regulation of each other to some degree 
(Filipsson and Johannsson, 2009). This has important clinical and 
biochemical implications, some of which are summarized in Table 2. 
The complexity of these interactions is one of the important reasons for 
the inherent imperfections in endocrine replacements in hypopituita-
rism (Romijn et al., 2003) and emphasizes the importance of special 
attention in patients with multiple pituitary hormone deficiencies 
whenever replacements are introduced or dose adjusted. 

Interactions between thyroid hormones and GH follow a variety of 
pathways. Hypothyroidism reduces GH secretion and is correlated with 
a significant decrease in IGF-1 which normalizes following the admin-
istration of thyroid hormone in both humans and rodents (Chernausek 
et al., 1983; Feldt-Rasmussen 2007b; Giustina and Wehrenberg, 1995; 
Tsai and Samuels, 1974). Thyroid hormones were also shown to increase 
GH, GHRH receptor and GH secretagogue receptor mRNA levels as well 
as the rate of GH gene transcription (Kamegai et al., 2001; Valcavi et al., 
1992). Consistently, clinical studies have confirmed that hypothyroid 
individuals demonstrate a blunted GH response to GHRH that is 
correctable with thyroid hormone replacement (Williams et al., 1985). 
Accordingly, hypothyroidism should be appropriately substituted prior 
to testing of the somatotroph axis (Brauman et al., 1973; Iwatsubo et al., 
1967; Soliman et al., 2008) as undertreatment may result in a false 
insufficient GH rise and thereby impact evaluation of the somatotroph 
function. Furthermore, introducing levothyroxine replacement in-
creases GH sensitivity, thus resulting in larger increments in both IGF-I 
and acid-labile subunit, and eventually increases the metabolic and 
growth promoting effects of GH (Schmid et al., 2006). 

The effects of GH on the TRH–TSH–thyroid hormone axis occur most 
likely through peripheral mechanisms (Feldt-Rasmussen 2007b; Feld-
t-Rasmussen et al., 2018; Filipsson and Johannsson, 2009). Hypopitu-
itary patients without defined TSH deficiency and not on levothyroxine 
replacement were shown to demonstrate a reduction in the serum T4 
concentration after initiation of GH replacement and decompensate the 
axis into a hypothyroid state, although serum T3 remained constant 
(Agha et al., 2006; Jørgensen et al., 1992, 1994) or increased (Portes 
et al., 2000). Accordingly, patients treated with thyroxine replacement 
will generally need to increase the dose after GH therapy has started 
(Filipsson Nyström et al., 2011; Jørgensen et al., 1992; Klose et al., 
2013). This seemingly enhanced peripheral conversion of T4 to T3 by 
GH is not followed by an increase in serum TSH in the central hypo-
thyroid patients. However, at least in children, GH replacement seems 
also to have a central inhibitory effect on TSH release if the hypothal-
amus–pituitary–thyroid axis is intact. Clinicians should therefore be 
aware that the hypothalamus–pituitary–thyroid axis can very easily be 
both underdiagnosed and underreplaced in hypopituitary patients with 
GH deficiency, and after initiation of GH replacement therapy (Filipsson 
Nyström et al., 2011; Klose et al., 2013; Laurberg et al., 1994). Initiation 
of GH replacement may unmask not only latent central hypothyroidism, 
but also latent hypoadrenalism (Behan et al., 2011; Filipsson and 
Johannsson, 2009; Toogood et al., 1998). The latter can theoretically 
develop into Addisonian crisis with a potential lethal outcome, although 
we are not aware of any published cases. The possible influence of 
glucocorticoid replacement in demasking central hypothyroidism is on 
the other hand controversial. 

Gonadal hormone status also influences the GH-thyroid interaction, 
as sex hormones exert profound effect on the secretion and action of GH. 
In both men and women, local oestrogens derived from aromatization of 
androgens stimulates GH secretion (Birzniece and Ho, 2017). In post-
menopausal women oestrogen supplementation enhances the 
hypothalamo-pituitary sensitivity to ghrelin, thereby eliciting a stronger 
GH response (Kok et al., 2008). Physiologically, women are GH-resistant 
compared to men, and therefore women require a higher GH dose to 
achieve a similar increment in IGF-I during GH replacement compared 
to men. GH sensitivity is further blunted in women on oral oestrogen, 
either as replacement or oral contraceptives (Span et al., 2000; Wolthers 
et al., 2001). Transdermal oestrogen on the other hand reduces IGF-I 
generation to a lesser degree, and therefore the effect of oestrogen is 
thought to be mainly due to first-pass metabolism by inhibition of he-
patic synthesis of IGF-I (Christiansen et al., 2005; Weissberger et al., 
1991). There is strong evidence that the underlying mechanism relates 
to a liver specific suppression of the GH receptor signaling by estrogens 
stimulating the expression of proteins (SOCs-2) that inhibit cytokine 
receptor signaling. Oestrogens thereby inhibit GH activation of the 
JAK/STAT pathway, resulting in reduced IGF-I generation (Leung et al., 

Table 2 
Clinically important interactions between pituitary hormones in 
hypopituitarism.   

- GH deficiency decreases conversion of T4 to T3, thereby masking hypothyroidism 
by measuring a normal serum-free T4 estimate  

- GH replacement increases conversion of T4 to T3, thereby increasing thyroid-related 
metabolism (Filipsson, and Johannsson, 2009; Jorgensen et al., 1994)  

- GH replacement unmasks hypothyroidism and hypoadrenalism (Agha et al., 2006; 
Feldt-Rasmussen, 2007b; Toogood et al., 1998)  

- T4 treatment increases IGF-I and ALS thereby increasing GH metabolic effects 
(Schmid et al., 2006)  

- T4 treatment increases GH sensitivity during replacement therapy 
(Feldt-Rasmussen, 2007b; Filipsson Nyström et al., 2011)  

- Oestrogen replacement increases binding proteins, e.g. TBG thereby challenging 
interpretation of thyroid hormone measurements (Wolthers et al., 2001)  

- Oestrogen increases GH resistance, thereby preventing positive metabolic effects 
from GH (Feldt-Rasmussen, 2007b; Wolthers et al., 2001)  

- Testosterone decreases GH resistance, thereby enhancing positive metabolic effects 
from GH (Birzniece and Ho, 2017: Filipsson, and Johannsson, 2009)  

- GH replacement decreases active cortisol (Filipsson, and Johannsson, 2009)  
- Cortisol decreases hypothalamic–pituitary–thyroid function 

GH growth hormone, T4 levothyroxine, T3 triiodothyronine, IGF-I insulin-like 
growth factor-I, ALS acid-labile substance, TBG thyroxine hormone-binding 
globulin. 
Adapted from: Feldt-Rasmussen et al. (2018).. 
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2003). 
Testosterone stimulates GH secretion centrally and through aroma-

tization to oestrogen, but as opposed to the oestrogen concentration in 
fertile women, also amplifies GH stimulation of IGF-I by enhancing GH 
receptor expression (Saggese et al., 1996; Span et al., 2000; Weissberger, 
1993; Yu et al., 1996). The stimulation of GH secretion in presence of 
oestrogen has in either of these situations not been reported to give to 
false positive GH stimulation test outcomes for diagnosing GH 
deficiency. 

As a consequence of these changes in GH release during gonadal 
replacement therapies in men and women, respectively, the peripheral 
conversion of serum T4 to T3 will be influenced according to the 
interaction of all three axes: in females on oral oestrogen and often 
consequent under-replacement with GH, the peripheral conversion is 
diminished resulting in increasing serum-free T4 with a concomitant 
reduction in the active hormone free T3; in males replaced with an-
drogens and most often adequate GH replacement, serum-free T4 will be 
reduced while the active hormone free T3 will increase as a result of 
increased conversion. Of further importance, oral oestrogen replace-
ment increases all binding proteins by stimulating their hepatic syn-
thesis. The subsequent increased thyroxine binding globulin therefore 
challenges the interpretation of thyroid hormone measurements on the 
one hand, but also putting a further strain on the production of thyroid 
hormones in cases of mild or latent hypothyroidism on the other (Con-
stine et al., 1993; Feldt-Rasmussen, 2018; Filipsson and Johannsson, 
2009). 

6. Conclusions and take-home message 

The diagnosis of central hypothyroidism is mostly based on finding 
of a low/low normal free T4 estimate combined with an inappropriately 
low/normal serum TSH concentration. It is important to be aware of 
confounders to this simplistic procedure in cases of suspected non- 
thyroidal illness or assay interferences such as those from drugs. Cen-
tral hypothyroidism is most often combined with other hypothalamus- 
pituitary-hormone axes deficits, depending on the underlying diag-
nosis. Dysfunction of these other hormone axes interacts with the 
diagnosis of central hypothyroidism and treatment of both the central 
hypothyroidism and the other hypothalamus-pituitary axes influence 
the function of the others by complex mechanisms involving both cen-
tral and peripheral mechanisms. Clinicians managing patients with 
neuroendocrine disorders should be aware of the strong integrative in-
fluence from the other hypothalamus-pituitary-hormone axes on the 
physiology and pathophysiology of central hypothyroidism as well as 
the possibility of interferences in all the hormone assay. Unfortunately, 
diagnosing central hypothyroidism is still very complicated even for 
endocrinologists highly specialized in neuroendocrinology. In cases that 
are not straight forward a certain clinical humility is needed and advice 
from the laboratory and discussion with other colleagues are often 
necessary. Future research should be directed at finding a gold standard 
biomarker for hypothyroidism, as well as improving laboratory methods 
and optimizing guidance for clinicians. 
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Häggström, M., Jonsson, B., Johannsson, G., 2011. The metabolic consequences of 
thyroxine replacement in adult hypopituitary patients. Pituitary 15, 495–504. 
https://doi.org/10.1007/s11102-011-0356-6. 

Fukuoka, H., 2015. Hypophysitis. Endocrinol Metab. Clin. N. Am. 44, 143–149. https:// 
doi.org/10.1016/j.ecl.2014.10.011. 

Garrahy, A., Sherlock, M., Thompson, C.J., 2017. Management OF endocrine disease: 
neuroendocrine surveillance and management of neurosurgical patients. Eur. J. 
Endocrinol. 176, R217–R233. https://doi.org/10.1530/eje-16-0962. 

Giustina, A., Wehrenberg, W.B., 1995. Influence of thyroid hormones on the regulation 
of growth hormone secretion. Eur. J. Endocrinol. 133, 646–653. https://doi.org/ 
10.1530/eje.0.1330646. 

Grebe, S.K.G., 2019. Laboratory testing in thyroid disorders. In: Luster, M., Duntas, L., 
Wartofsky, L. (Eds.), The Thyroid and its Diseases. Springer, Cham. https://doi.org/ 
10.1007/978-3-319-72102-6_10.  

Grunenwald, S., Caron, P., 2014. Central hypothyroidism in adults: better understanding 
for better care. Pituitary 18, 169–175. https://doi.org/10.1007/s11102-014-0559-8. 

Gurney, J.G., Kadan-Lottick, N.S., Packer, R.J., Neglia, J.P., Sklar, C.A., Punyko, J.A., 
Stovall, M., Yasui, Y., Nicholson, H.S., Wolden, S., McNeil, D.E., Mertens, A.C., 
Robison, L.L., 2003. Endocrine and cardiovascular late effects among adult survivors 
of childhood brain tumors. Cancer 97, 663–673. https://doi.org/10.1002/ 
cncr.11095. 

Hartoft-Nielsen, M.-L., Lange, M., Rasmussen, Å.K., Scherer, S., Zimmermann-Belsing, T., 
Feldt-Rasmussen, U., 2004. Thyrotropin-releasing hormone stimulation test in 
patients with pituitary pathology. Hormone Res. Paediatr. 61, 53–57. https://doi. 
org/10.1159/000075239. 

Haugen, B.R., 2009. Drugs that suppress TSH or cause central hypothyroidism. Best 
Pract. Res. Clin. Endocrinol. Metabol. 23, 793–800. https://doi.org/10.1016/j. 
beem.2009.08.003. 

Heringer, L.C., Machado de Lima, M., Rotta, J.M., Botelho, R.V., 2020. Effect of 
stereotactic radiosurgery on residual or relapsed pituitary adenoma: a systematic 
review and meta-analysis. World Neurosurg. 136, 374–381. https://doi.org/ 
10.1016/j.wneu.2019.11.041 e4.  

Iida, K., Hino, Y., Ohara, T., Chihara, K., 2011. A case of myxedema coma caused by 
isolated thyrotropin stimulating hormone deficiency and Hashimoto’s thyroiditis. 
Endocr. J. 58, 143–148. https://doi.org/10.1507/endocrj.k10e-329. 

Iwatsubo, H., Omori, K., Okada, Y., Fukuchi, M., Miyai, K., Abe, H., Kumahara, Y., 1967. 
Human growth hormone secretion in primary hypothyroidism before and after 
treatment. Clin. Endocrinol. Metabol. 27, 1751–1754. 

Jørgensen, J.O.L., Møller, J., Skakkebæk, N.E., Weeke, J., Christiansen, J.S., 1992. 
Thyroid function during growth hormone therapy. Horm. Res. 38, 63–67. https:// 
doi.org/10.1159/000182572. 

Jørgensen, J.O.L., Møller, J., Laursen, T., Ørskov, H., Christiansen, J.S., Weeke, J., 1994. 
Growth hormone administration stimulates energy expenditure and extrathyroidal 
conversion of thyroxine to triiodothyronine in a dose-dependent manner and 
suppresses circadian thyrotrophin levels: studies in GH-deficient adults. Clin. 
Endocrinol. 41, 609–614. https://doi.org/10.1111/j.1365-2265.1994.tb01826.x. 

Kamegai, J., Tamura, H., Ishii, S., Sugihara, H., Wakabayashi, I., 2001. Thyroid 
hormones regulate pituitary growth hormone secretagogue receptor gene 
expression. J. Neuroendocrinol. 13, 275–278. https://doi.org/10.1046/j.1365- 
2826.2001.00623.x. 

Karavitaki, N., Brufani, C., Warner, J.T., Adams, C.B.T., Richards, P., Ansorge, O., 
Shine, B., Turner, H.E., Wass, J.A.H., 2005. Craniopharyngiomas in children and 
adults: systematic analysis of 121 cases with long-term follow-up. Clin. Endocrinol. 
62, 397–409. https://doi.org/10.1111/j.1365-2265.2005.02231.x. 

Klose, M., Feldt-Rasmussen, U., 2015. Hypopituitarism in traumatic brain injury-A 
critical note. J. Clin. Med. 14 (4), 1480–1497. https://doi.org/10.3390/ 
jcm4071480, 7.  

Klose, M., Feldt-Rasmussen, U., 2017. Chronic endocrine consequences of traumatic 
brain injury — what is the evidence? Nat. Rev. Endocrinol. 14, 57–62. https://doi. 
org/10.1038/nrendo.2017.103. 

Klose, M., Marina, D., Hartoft-Nielsen, M.-L., Klefter, O., Gavan, V., Hilsted, L., 
Rasmussen, Å.K., Feldt-Rasmussen, U., 2013. Central hypothyroidism and its 
replacement have a significant influence on cardiovascular risk factors in adult 
hypopituitary patients. J Clin. Endocrinol. Metabol. 98, 3802–3810. https://doi.org/ 
10.1210/jc.2013-1610. 

Kok, P., Paulo, R.C., Cosma, M., Mielke, K.L., Miles, J.M., Bowers, C.Y., Veldhuis, J.D., 
2008. Estrogen supplementation selectively enhances hypothalamo-pituitary 
sensitivity to ghrelin in postmenopausal women. J. Clin. Endocrinol. Metab. 93 (10), 
4020–4026. https://doi.org/10.1210/jc.2008-0522. 

Krewer, C., Schneider, M., Schneider, H.J., Kreitschmann-Andermahr, I., Buchfelder, M., 
Faust, M., Berg, C., Wallaschofski, H., Renner, C., Uhl, E., Koenig, E., Jordan, M., 
Stalla, G.K., Kopczak, A., 2016. Neuroendocrine disturbances one to five or more 
years after traumatic brain injury and aneurysmal subarachnoid hemorrhage: data 
from the German database on hypopituitarism. J. Neurotrauma 33, 1544–1553. 
https://doi.org/10.1089/neu.2015.4109. 
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