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Preface

This book is a culmination of expertise contributed by specialists and experts from
a wide spectrum of medical fields. It serves as a testament to the profound impact of
pituitary diseases, which transcend across various medical disciplines.

The first chapter, “Acromegaly: Overview and Current Management Options” of
the book delves deeply into the management of acromegaly, providing an overview
of epidemiology, comorbidities, and management algorithms in line with the latest
treatment guidelines. In Chapter 2, “Using a Precision Approach to Optimize the
Drug Therapy of Patients With Acromegaly Syndrome”, Dr. Pronin and colleagues
offer a comprehensive insight into the precision-based management techniques
currently in use.

In Chapter 3, “Diaphragma Sellotomy: A Safe Technique to Confirm Adequate
Decompression of the Optic Chiasm”, our respected neurosurgery colleagues, includ-
ing Dr. Chakravarthy, Dr. Gospodareyv, and others, shed light on the intricacies of
diaphragma sellotomy. This chapter serves as a comprehensive guide for address-

ing pituitary adenomas during surgery, catering to both surgical and non-surgical
practitioners.

In Chapter 4, “Role of the Pituitary Gland in Fertility Preservation”, Dr. Kadir et al.
underscore the critical importance of understanding pathways for preserving
patients’ fertility. It is a valuable resource for healthcare providers.

In Chapter 5, “Perspective Chapter:Stimulation and Activation of the Pituitary
Gland”, Dr. Dongre offers a fresh and complementary viewpoint, enriching this
edition with invaluable insights.

I would like to express my deep appreciation to the chapter authors and the staff at
IntechOpen for their invaluable contributions. To you, our esteemed readers, I extend
my sincere gratitude for your unwavering commitment to the pursuit of knowledge
and your dedication to staying updated in this ever-evolving field of medicine.

With warm regards,

Maleeha Ahmad, MD FRCS (SN) FACS
Department of Neurosurgery,

Loma Linda University Health,

Loma Linda, California, USA
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Chapter1

Acromegaly: Overview and Current
Management Options

Maleeha Ahmad and Robert ]. Weil

Abstract

Growth-hormone-producing pituitary adenomas in adults will be the focus of
this review acromegaly is a disorder caused by pathologically excess levels of growth
hormone (GH), nearly always secondary to a pituitary somatotroph adenoma, which
account for 10-20% of all pituitary adenomas. Acromegaly is a pan-systemic disease,
including but not limited to effects of excess growth hormone on the cardiovascu-
lar, respiratory, gastrointestinal, metabolic, and reproductive systems. This raises
the concern for clinicians and patients alike in diagnosing the underlying disease
when multiple systems are involved. Numerous organ systems may be differentially
affected, and the multiplicity of signs and symptoms possibly overlap with other
conditions, with the typically slow progression of the disease, it may take years from
the initiation of biochemical GH excess before a diagnosis of acromegaly is made.
The goal of effective treatment of acromegaly is to eliminate hypersecretion of GH
and normalize the production of IGF-1 while preserving normal pituitary function.
Medication, radiotherapy, and surgery, often in combination, and over time, are
required to mitigate, reduce, and eliminate the morbidity and excess, premature
mortality caused by GH elevation.

Keywords: pituitary, adenoma, growth hormone, insulin-like growth factor 1, surgery,
medication, radiation, radiosurgery, somatostatin ligand receptors, growth hormone
receptor antagonists, dopamine agonists

1. Introduction

Acromegaly, constructed from the Ancient Greek, akpov, meaning higher,
extreme, or tip, and peyag, for large or bigger, is an uncommon disorder, with an
annual incidence in most countries of roughly 5 cases per million population per year.
Due to the insidious nature of the signs and symptoms in patients with acromegaly,
the overlap of some features, such as weight gain, hypertension, obesity, arthropa-
thies, glucose intolerance, and metabolic syndrome with other, more common
disorders, is felt that the true incidence may be higher. Because of this, the prevalence
of acromegaly is thought to be underestimated, with figures ranging from 40 to 130
million cases globally [1]. Based on 2010 regional referral practices in the United
Kingdom, Brazil, and Belgium, the prevalence of acromegaly may be as high as
400-1000 individuals per million [2].
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2. Pathogenesis

In brief, acromegaly is caused by abnormally elevated levels of growth hormone
(GH), which stimulates the synthesis and excess production of insulin-like growth
factor 1 (IGF-1), principally from the liver, the small intestines, and within the bones
and other tissues in an autocrine/paracrine loop [3, 4].

Under normal conditions, the production and secretion of GH by somatomam-
motroph cells in the anterior pituitary gland are balanced by stimulatory and inhibitory
factors. Growth hormone-releasing hormone (GHRH), produced in the arcuate nucleus
of the hypothalamus, is a 44 amino acid peptide that is carried via the hypothalamic-
hypophysial portal circulation to the anterior pituitary, where it binds the GHRH recep-
tor and stimulates GH production [5]. GH, a191 amino acid protein, with a circulatory
half-life of several hours, is produced in surges and secreted in a pulsatile manner into
the circulation throughout the day and night in a non-circadian pattern, at 3-5 hour
intervals [6]. Age, gender, diet, exercise, stress, and other hormones affect GH secretion.
Nadirs and zeniths in circulating GH levels may be above or below normal age- and sex-
adjusted ranges in both normal patients and those with acromegaly [7].

GH interacts with a cell-surface receptor, the GHR, located in liver, fat, and
muscle. Activation of the GHR induces synthesis and secretion of IGF-1 into the
systemic circulation [8]. IGF-1 can be produced in local tissues, such as bone, in an
autocrine/paracrine fashion. IGF-1 is a 70 amino acid protein with 3 intramolecular
sulfide links; in the bloodstream, 98% of IGF-1 is bound to one of six binding pro-
teins (IGF-BPs), which increases IGF-1’s stable and effective half-life, on the order of
days to weeks. IGF-1 binds the IGF-1 and insulin receptors, more effectively to the
former. IGF-1 receptors are found on cells in skeletal and cardiac muscle, bone, carti-
lage, kidneys, liver, lung, nerves, skin, and hematopoietic system cells. This explains
the myriad effects of the GH system [2, 9, 10].

Negative feedback (inhibition) of the GHRH-GH-IGF-1 axis occurs locally, via
somatostatin receptor ligand inhibition, as well as systemically, via elevated levels of
IGF-1, which act to decrease GH secretion from somatomammotrophs in the anterior
pituitary. In the setting of a GH-secreting adenoma, this negative inhibition is muted
or absent. This is discussed in detail in the review by Melmed [8].

There are three ways in which acromegaly may result: primary, extra-pituitary,
and excess GHRH [10]. Extra-pituitary GH excess is exceptionally uncommon, seen
in rare patients with GH-producing abdominal or pancreatic islet tumors. latrogenic
administration of GH in excess can be seen. Sustained, pathological elevations of
GHRH have been reported in patients with a hypothalamic tumor (e.g., a hamartoma)
or a peripheral (non-CNS) neuro-endocrine lesion such as a bronchial carcinoid,
small cell lung cancer, or adrenal tumors or thyroid medullary cancers. All these
conditions are rare and likely require specialist referral and evaluation, over time.

For this review, however, we will concentrate on approximately 95% of patients in
whom acromegaly is caused by an adenoma of the anterior pituitary gland.

3. Pathology of pituitary adenoma formation

3.1 General aspects

Pituitary adenomas are benign tumors that are monoclonal in origin and arise
from a lineage of differentiated anterior pituitary cells, including gonadotrophs,
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corticotrophs, thryotrophs, and somatomammotrophs [8, 11]. In the general popula-
tion, 5-10% of patients may have an adenoma that can be seen on sellar magnetic
resonance (MR) imaging, which has a resolution of roughly 1-3 mm; most of these
small tumors do not secrete excess hormone and are called incidentalomas [12, 13].
Tumors less than 10 mm are called microadenomas; tumors bigger than 10 mm are
macroadenomas. Somewhere between 0.5 and 2% of the population, increasing with
increasing age may have a macroadenoma [13, 14]. Tumors may or may not secrete
excess levels of hormone; other tumors may not secrete but do produce hormone
within the tumor cells, as revealed by immunohistochemical staining. Non-functional
and/or non-secretory tumors are more common than adenomas that secrete hor-
mones, namely GH (acromegaly), adrenocorticotropin-secreting hormone (ACTH),
thyroid-stimulating hormone (TSH), or prolactin. Of the latter, prolactinomas are
the most common, about 20-30% of all patients with a symptomatic adenoma; while
ACTH- and GH-secreting adenomas represent 5-10% of patients. Mixed GH and
PRL-secreting adenomas are possible, as well.

3.2 What are the histopathological subtypes of somatotroph adenomas?

Pure-growth hormone-secreting adenomas are divided into two subtypes: densely
granulated growth hormone [DGGH] cell adenoma and sparsely granulated growth
hormone [SGGH] cell adenoma. There is a key difference between these two adenoma
sub-types: whilst there is no difference in survival or cure rate, SGGH cell adenomas
are more likely to exhibit locally invasive behaviors [15].

Additionally, GH adenomas may also express prolactin in up to half of a surgical
series undertaken, when assessed with immunohistochemical staining [15, 16]. One
may subdivide tumor types into mixed GH cell/prolactin cell adenoma, mammoso-
matroph cell adenoma, and acidophilic stem cell adenoma. In approximately a quarter
of acromegalic patients, prolactin is also secreted, and elevated levels are measured in
the circulation [17].

3.3 What genetic factors are of importance in acromegaly?

GH-secreting adenomas arise as a consequence of unrestrained somatotroph
tumor cell proliferation, with multiple defects, including intrinsic cell-cycle dysfunc-
tion, altered autocrine and paracrine factors that influence GH synthesis, and cell
growth, see Table 1. Most GH-secreting adenomas arise sporadically and may or may
not have somatic genetic alterations. The most common genetic mutation in sporadic
GH-secreting adenomas is a dominant (oncogenic) mutation of the gsp or GNAS
gene, which triggers the adenylyl cyclase system and acts as if GHRH is permissively
activated [15]. Alterations in gsp may be seen in about 30-40% of patients with a
sporadic GH-secreting tumor. Other alterations include changes in transcription
factors (e.g., CREB), cell cycle control genes, both tumor suppressors and oncogenes
(e.g., HRas, CCNB2, CCND1, HMGA2, PFGR4, PTTG, Rb, CDKN1B, among many),
which are found in 5-15% of tumors, without a clear cut pattern identified to date.
Epigenetic alterations (for example, inactivation of CDKN2A (p16), GADD45, and
MEG3) have also been identified as having a role in GH adenomagenesis [19].

Younger age of presentation with macroadenomas associated with higher GH levels
and poorer responses to medical treatment with somatostatin receptor ligands. The
onset of acromegaly in late adolescence or early adulthood is a severe form of acromeg-
aly seen in familial isolated pituitary adenoma [FIPA] associated with aryl hydrocarbon
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Disease Genetic basis Comments

Multiple endocrine 11q13.1 Rare. Autosomal dominant disorder characterized by varying

neoplasia Type combinations of tumors of parathyroids, pancreatic islets,
duodenal endocrine cells, and the anterior pituitary, with 94%
penetrance by age 50

Carney complex 2pl6 Rare.. Associated with skin myxomas 62%, cardiac myxomas

Type2 30%, Cushing’s syndrome 31%, and acromegaly 8% of the patients

McCune-Albright 20q13.32 Associated with pituitary hyperplasia. Rare.

syndrome Postzygotic somatic mutation. Classic triad: polyostotic fibrous

dysplasia, cafe-au-lait spots with precocious puberty

Familial isolated 11q13.2 Rare. Families where 2 cases develop pituitary adenomas
pituitary adenomas 20q13.32

Familial isolated 11q13.2 Younger patients. Families where 2 cases of acromegaly with no
Somatotropinomas 20q13.32 other endocrine symptoms

PRKAR1A mutations 17q24.2 Rare. Phosphorylation mediated by the cAMP/PKA signaling

pathway is involved in the regulation of metabolism, cell
proliferation, differentiation, and apoptosis

Aryl hydrocarbon 11q13.2 Rare. Ligand-activated transcription factor with resulting
Receptor-interacting complex attains binding specificity for its cognate enhancer
Protein elements to regulate transcription of a variety of xenobiotic

metabolizing enzymes.

X-linked Xq26.3 G-protein coupled receptor 101. Expression of GPR101 cells results
Acrogigantism in a dose-dependent elevation in reporter activity and intracellular
cAMP.

Note: Adapted, in part, from Cuevas-Ramos et al. [18], the Genetics Home Reference (available at: https://ghrnlm.nih.
gov), and the Online Mendelian Inheritance atlas (available at: omim.org).

Table 1.
Genetic mutations and familial acromegaly in GH-secreting pituitary adenoma.

receptor interacting protein alterations [AIP], found on chromosome 11q13 [2].
Somatotroph adenomas are seen in nearly 80% of AIP mutations; in this cohort, the
tumors are noted to be more extensive and locally invasive, frequently require re-oper-
ation due to rapid or persistent growth despite medical therapy, often require adjuvant
radiotherapy; early use of pegvisomant may be needed [20] (see below).

Acromegaly may also present in association with hereditary, autosomal dominant
syndromes, multiple endocrine neoplasia type 1 [MEN 1], and Carney Complex
[CNC]. MEN1 is caused by a mutation in a tumor suppressor gene located on chro-
mosome 11q13; penetrance is 95% by the age of 55. Roughly 95% of patients have
hyperparathyroidism; a pituitary adenoma is seen in 40% or more; and a pancreatic
or other foregut tumor is seen in 40% of patients as well. The most common pituitary
adenoma is a prolactinoma but somatotropinomas are also seen and may behave more
aggressively than sporadic GH-secreting pituitary adenomas; alterations in MEN1 are
seen in all MEN1-associated adenomas [21-24]. Mutations in MEN1 can be seen in
about 10% of sporadic tumors, similar to the rates noted above [21].

Mild elevations of IGF-1 in the context of pituitary hyperplasia may be seen in
patients with genetic syndromes such as the McCune-Albright syndrome and the
Carney complex, which clinically may manifest as a subclinical acromegalic syndrome
[2]. Lesions may, on rare occasions, grow large enough to cause mass effect and
require surgical debulking [25].
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4. What is a typical presentation of a patient with acromegaly?

Patients with acromegaly typically present in the fifth decade of life. While 40%
of patients are diagnosed by a primary care physician, many are diagnosed because
of presentations that lead them to dentists and oral and maxillofacial surgeons,
orthopedic, plastic, and podiatric surgeons. or physiatrists and others because of the
variegated nature of symptoms and signs, as outlined above [2]. Traditionally, the
most common presenting symptoms are orthodontic ones [overbite], enlargement
and coarsening of facial features, inability to wear previously well-fitting rings, and
increasing shoe size [9]. However, it is also to be noted that a significant minority of
patients may not display clear acromegalic features (Figure 1 and Table 2) [27].

5. What comorbidities are commonly associated with acromegaly?
The following co-morbidities are common in patients with acromegaly [2]:

* Cardiovascular disease caused by arterial and left ventricular stiffening, with
cardiomyopathy. This is the major cause of mortality in acromegalic patients
[28]. Cardiomyopathy excess morbidity and premature mortality can be reduced
and in some cases, reversed, by successful treatment [29].

* Hypertension is the most relevant negative prognosticator for mortality in
acromegaly and occurs in one-third of all patients [9, 10].

* Abnormal glucose regulation is found in up to a third of acromegalic patients and
is an independent prognostic factor of more aggressive disease [10].

Acromegaly clinically and biochemically confirmed ‘
&

Surgical resection Medical management
1*:line: Long acting SRL: Lanreotide or Octreotide

v v

12 weeks: Measure IGF-1 and GH; Well controlled disease: reduce SRL dose or increasing dose

If increased IGF-1/GH: consider OGTT interval to reach a stable biochemical response, using
lowest dose possible

v
Normal OGTT with discordant nadir OR

GH <1pg/l: continue biochemical and
clinical menitoring

v
Partial response: increase SRL or reduce
dose interval, Consider adding
pegvisomant

Raised OGTT: start SRL [as per medical - —

management flowchart]. Optimal, stable response to No response to addition of

Monitor IGF-1 prior to further dose pegvisomant: reduce pegvisomant pegvisomant: increase

adjustments dose and/or increase dose interval pegvisomant dose and/or add a
dopamine agonist

Figure 1.
The acromegaly algorithm. Definitions and notes: SRL: somatostatin veceptor ligand, OGTT: oral glucose
tolevance test. Algorithm adapted, in part, from Giustina et al. [26] and Capatina and Wass [4].
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System

Co-morbidities

Head and neck

Frontal bossing

Supraorbital ridge bulging
Visual field defects

Enlarged nose, tongue and lips
Prognathism

Mal-occlusion

Tongue hypertrophy +/— sleep apnea

Endocrinological

Diabetes, glucosuria, abnormal glucose tolerance test
Thyroid gland hypertrophy

Galactorrhea

Menstrual abnormalities

Sexual dysfunction

Cardio-pulmonary

.

Cardiomegaly
Systemic Hypertension

Pulmonary Hypertension

Musculoskeletal

Osteoarthritis

Carpal tunnel syndrome
Enlarged hands
Enlarged feet

Gastro-intestinal

.

Hepatomegaly
Nephromegaly
Splenomegaly

Colonic polyps

Miscellaneous

Skin tags
Hyperhidrosis

Peripheral neuropathy

Table 2.

Anatomical and physiological disturbances associated with acromegaly.

* Vascular morbidity is enhanced by abnormal glucose regulation and hypertension.

* Obstructive sleep apnea caused by swelling of the nasopharyngeal tissue and
macroglossia. It may lead to cor pulmonale and right-sided heart failure, which

exacerbates the cardiovascular issues outlined above [30]. Musculoskeletal

abnormalities: carpal tunnel syndrome and other neurological entrapment syn-
dromes as well as vertebral fractures in presence of normal bone densitometry.

* Thyroid cancer is the most common cancer associated with acromegaly [2].

* Colonic polyps are much more frequent in both incidence and number and

require a minimum of one colonoscopy at diagnosis and closer surveillance based
on clinical concern. It is controversial whether there is a clear increase in colon

cancer in acromegalic patients [26].
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* Mass effect: cranial nerve dysfunction, headache, or visual issues due to optic
nerve compression (visual field cuts: most commonly, patients present with
superior (bi-)temporal hemianopia, before developing loss in the inferior tempo-
ral fields; later still, the nasal fields may be involved, but typically not without
temporal field defects; visual acuity losses are not common unless the field cuts
are extensive) or cranial neuropathy (causing diplopia or ptosis due to involve-
ment of cranial nerves 3, 6, and 4; and rarely causing pain or sensory problems
due to involvement of branches of the trigeminal nerve) and pituitary hormonal
dysfunction due to a large tumor (macroadenoma) that compresses the normal
anterior gland (see Figure1).

6. What is the role of radiological imaging in patients with acromegaly?

The current standard for imaging any pituitary adenoma is magnetic resonance
(MR) imaging of the brain with fine cuts (1.5 mm intervals or less) of the brain,
without and then with contrast. Field strengths of 1.5tesla or higher are optimal. In
some cases, with small or difficult-to-visualize tumors, volumetric, breath-held, fine
cut images of the sella may be added.

Over three-fourths of all somatroph adenomas are macroadenomas >1 cm in diameter
and are nearly always radiologically detected on MR imaging [31]. In the rare setting in
which a fine-cut, high-field sellar MR fails to show an adenoma, a search for an ectopic
source of GHRH may need to be done, which is beyond the scope of this review [17].

Somatotroph adenomas, on average, are smaller than most non-functioning or
non-secretory macroadenomas; frequently, the tumor will extend into the infrasellar
region and involve the sphenoid sinus and clivus [32]. This has been hypothesized
based on GH secretion from the presence of normal somatotrophs that tend to be
distributed preferentially inferiorly and laterally in the normal pituitary gland, along
with the thickening of the diaphragma sella in response to higher GH levels.

7. How is acromegaly diagnosed?

As noted above, neither phenotypic features nor radiological findings comprise
distinct, fail-safe diagnostic criteria for acromegaly.

For patients with a suspected pituitary adenoma, biochemical testing is the crux of
diagnosis. To evaluate for clinical or sub-clinical acromegaly, one typically measures
both GH and IGF-1. The stable plasma levels of IGF-1 correlate with the release of
pulsatile GH over 24 h in a log-linear fashion [2]. This pulsatile nature of GH means
that isolated, static measures of GH alone cannot be used definitively to make or
exclude a diagnosis of acromegaly, since even in the setting of acromegaly, GH
secretion remains pulsatile and patients with active disease may have nadir GH levels
below the upper limit of normal, just as some normal patients may peak above that
limit. Men have random GH levels of <5 ng/mL and women <10 ng/mL as a reference
guide in healthy persons. However, as stated above the single, static measure, the
IGF-1level, particularly if it is two times (or higher) than the upper limit of normal
for age, sex, and that assay, is the screening test of choice.

If both GH and IGF-1 are markedly elevated, this is pathognomonic for acro-
megaly, and in the presence of clinical suspicion, an oral glucose tolerance test may
not be required [33].
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If an oral glucose tolerance test is undertaken, failure of GH to suppress is diagnos-
tic for acromegaly. While the mechanism of glucose-induced GH suppression remains
incompletely understood [2] in a healthy person after 100 g of glucose ingestion the
GH suppresses to <0-2 ng/mL or undetectable. The high GH nadir value post-oral
glucose tolerance test remains the gold standard in the diagnosis of acromegaly.

8. What is the significance of biochemical discordance between GH
and IGF-1?

Biochemical discordance between GH and IGF-1 levels is seen in up to one-third
of patients with acromegaly; in most patients, the discordance is that of a normal GH
and an elevated IGF-1 level. This may be due to polymorphisms of the growth hor-
mone receptor gene [2], which results in increased sensitivity of the receptor to lower
GH levels, for example. Additionally, there may be inaccurate laboratory representa-
tion of the 24-hour dynamic, pulsatile GH output or technical problems with IGF-1
assays. Growth hormone has a short half-life of 10-20 minutes with IGF-1displaying
a longer half-life of hours, of up to a day [7]. Additionally, it has been noted radio-
therapy may cause a flat [rather than regular pulsatile] GH secretory pattern [33].

IGF-1, which is synthesized principally in the liver, may be reduced in
association with a host of disorders; hepatic failure, renal failure, nutritional
[e.g. anorexia], gastrointestinal [e.g. inflammatory bowel disease], endocrine
[e.g. hypothyroidism and exogenous estrogens] and metabolic [e.g. type I diabetes
mellitus] [2, 33, 34].

9. How is acromegaly monitored?
9.1 Biochemical monitoring of acromegaly

Total IGF-1 levels are noted to reflect GH secretory status accurately. Measurement
of free IGF-1 and/or IGF-binding proteins does not provide additional clinical
information [33]. The Acromegaly Consensus Group defines ‘controlled GH status’
biochemically, as optimal disease control, in one of three ways: age and gender-
matched IGF-1 levels in the normal range; random GH level of <1.0 micrograms/L;
or, a nadir GH, after a properly-conducted OGTT, of <0.4 micrograms/L [34]. Both
IGF-1 and GH levels correlate proportionally with mortality, with normalization and
decrease of IGF-1 and GH resulting in the mortality of patients decreasing to compa-
rable rates of the general population [33, 34]. Specifically, a random serum GH of less
than 1 micrograms/L has been shown to be an indicator of successful treatment and
better survival outcomes [30].

Patients on somatostatin receptor ligand (SRL) therapy require regular serial
IGF-1levels and correlated with random GH measurements, In SRL therapy there is
no role or indication for the oral glucose tolerance test [33]. Of note, patients on GH
receptor antagonist therapy only require serial IGF-1 measurements.

9.2 Comorbidity monitoring

The primary endpoint in the treatment of acromegalic complications is bio-
chemical normalization, which correlates directly with the lowering of the associated
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Acromegalic complications Evaluation and diagnostic tests

¢ Glucose metabolism Oral glucose tolerance test

* Diabetes acromegalic patients Fasting glucose

HbA1C

C peptide

Cardiovascular system EKG

Holter EKG monitoring

Echocardiogram

Carotid duplex

BP measurement

Respiratory system Polysomnography

Epworth sleep score

Chest CT/MR

Gastrointestinal Colonoscopy

Musculoskeletal Clinical evaluation

X ray and arthroscopy evaluations

Table 3.
Screening of complications of acromegaly.

morbidities [35]. Over the course of treatment and resultant normalization of serum GH
and IGF-1, many comorbidities are attenuated — especially cardiovascular disease, hyper-
tension, and diabetes mellitus - and become comparable to that of the general popula-
tion [17]. Changes related to bone alterations or joint arthropathies are more resistant

to change, such that overall quality of life with successful treatment can be difficult to
predict. In general, the longer the duration of untreated or incompletely treated disease,
the lower the reduction in or amelioration of acromegalic signs and symptoms (Table 3).

10. Do acromegalic patients have a higher morbidity and mortality rate
than control populations?

If untreated, acromegaly results in significant, excess morbidity and both
acromegaly-related and all-cause mortality when compared to control populations, with
standardized mortality ratios of 1.5-2.0 [36]. It is disputed in the literature whether
patients with acromegaly have an increase in mortality proportionally to higher GH and
IGF-1levels, although the fractional remission rate can be influential [37].

The increase in the mortality of acromegalic patients is multifactorial. First, there
is typically a delay in the diagnosis of acromegaly, with an average interval of 5.2 years
[2]. This can result in what may be described as a temporal clustering of patients
found in a more advanced state of disease, wherein it is harder, or takes longer, to
reverse deleterious pathophysiological effects. Second, the mortality in acromegalic
patients is primarily due to cardiovascular and pulmonary effects, which may take
longer, to reverse [2].

Other causes of the higher mortality may include cranial radiotherapy, which can
lead to accelerated cerebrovascular disease in some; and, more frequently, in between
25 and 50% of patients (depending upon the duration of follow-up and the sensitivity
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of the pituitary hormone assays that are done) iatrogenic hypopituitarism, which
is also known to increase morbidity and mortality, even in the face of appropriate
replacement [38, 39].

In 2012, the Safety and Appropriateness of Growth Hormone Treatments in Europe
[SAGhE] study evaluated the health of nearly 30,000 patients who had been treated
with recombinant growth hormone as children in 1980s. Use of GH was proportionally
related to increased bone-tumor mortality [osteosarcoma] and a 7-fold increase in
mortality secondary to cerebrovascular disease. There was no evidence of increased
risk of colon cancer nor an increase in all-type cancer-related mortality [40].

11. Are there treatment algorithms for acromegaly?

In their most recent report, from 2014, the Acromegaly Consensus Group [26]
suggested the following treatment options [4, 33]:

* Asnoted above, the goal of therapy is to achieve biochemical remission and to
maintain it, while minimizing the risk of inducing defects in other pituitary
hormones or other conditions.

* In surgically-accessible tumors, or those with mass effects causing neurological
compromise, trans-sphenoidal surgery is the treatment of choice.

* Medical treatment with somatotropin analogs in surgically-inaccessible somato-
troph adenomas without neurological compromise is reasonable. In some cases,
pre-surgical treatment in patients with significant soft tissue swelling or poten-
tial airway issues somatostatin analogs have been used, although there is no Level
I evidence to support their use. In patients in whom residual disease persists after
surgery, or there is recurrent disease that is not resectable, medical therapy is
warranted to help normal IGF-1 levels.

* The GH receptor antagonist pegvisomant is considered a treatment option if
hormone normalization cannot be not achieved with the other therapies noted
above.

* Stereotactic radiosurgery can be a useful, adjuvant treatment option, with two
long-term and complementary goals: reduction and control of mass effect and
lowering or elimination of GH hypersecretion.

12. What options are available for medical treatment?

Medication may be used as the sole first-line therapeutic option, as an adjuvant to
surgical resection in selected cases, or after stereotactic radiosurgery or fractionated
radiotherapy to reduce GH levels, after which there is an expected delay in GH levels, one
that typically takes 2-5 years for radiosurgery and 3-10 years for fractionated radiation
[41]. Periodically after radiation (at 6 or 12-month intervals), one may need to withhold
medical therapy for several weeks (for short-acting agents) or longer (for longer-acting
agents), to determine whether the radiation has been effective, and this appears to be
clinically reasonable, with no rebound hormone levels or increase in tumor size [42].
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One must recognize that all treatments for acromegaly, however effective, need
to be conceived as having helped the patient achieve remission - and that life-long,
clinical and biochemical surveillance is required. In this light, the medical treatment
of acromegaly is life-long, thereby liable to cumulative side effects, and with varying
efficacy with respect to tumor burden and resistance.

12.1 Somatostatin receptor ligands (Octreotide, Lanreotide and Pasireotide)

Somatostatin receptor ligands [SRLs] are the mainstay and first line of medical
treatment of acromegaly. The first generation of SRLs, octreotide and lanreotide,
target the somatostatin receptor subtype 2 [2]. Somatostatin subtypes 1,2,4,5 are
expressed in both arterial and cardiac myocytes: use of SRLs may reduce the car-
diovascular co-morbidities, both by effects on GH excess and, to some degree, by
improving diastolic function and ejection fraction, with increased exercise capacity
[43]. The variable tumor response rate and corresponding reduction in tumor vol-
ume is dependent not only on the physiology of somatostatin receptors, but also on
E-cadherin, filamin, and p-arrestin expression (Tables 4 and 5) [46].

As noted above, SRLs are often used after subtotal resection of a somatotroph
adenoma (persistent or recurrent disease) and in the latency period while one awaits
radiation therapy to reach full effect [1]. Typically, one maintains the patient on the
same dose of SRL for 3 months to adequately assess treatment and determine the need
to titrate dosing.

Octreotide comes in two forms, a short-acting form, given three times daily, and
along-acting depot. Long-acting octreotide is administered intramuscularly every
4 weeks and normalizes GH and IGF-1 in up to 79% and 68% of patients respectively;
roughly 30-40% of patients will see tumor size reductions that are roughly 30-40%
of tumor volume [1]. Lanreotide is available as a depot injection, given every 28 days.
It is unclear whether there are significant differences in efficacy rates between
octreotide and lanreotide concerning achieving biochemical remission [1]. The
maximal benefit of SRL therapy may be achieved in the decade after commencement

Acromegaly-associated comorbidity Incidence, rate per 10,000 persons-years
Arthropathy/synovitis 4.503
Hypertension 3908
Hypopituitarism 2.267
Osteoarthritis 2.062
Impaired glucose tolerance test and Diabetes 1.931
Colon polyps 1.554
Cardiac dysrhythmias 1.357
Valvular heart disease 1.343
Sleep apnea 1.301
Menstrual abnormality 1.097
Visual field defects 0.644

Adapted, in part, from Burton et al. [44]. All incidence rates are based on vate per 10,000 person-years.

Table 4.
The incidence of co-morbidities associated with acromegaly.
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Medication Mechanism of action Goals of Comments and FDA.gov guidelines
treatment
* Octreotide e SSTR2RL To reduce Begin therapy subcutaneously in an
acetate « Long acting octapeptide mimick- GHand init.ial dose of 59 mcg three times daily
* Sandostatin® ing somatostatin IGF-1to which may be titrated.
g .
normal GH may reduce to normal range in 50%
patients
IGF-1 reduced to normal in 50-60%
of patients
* Lanreotide * SSTR2RL To reduce Dose range is 60-120 mg every
acetate + Synthetic analog of somatostatin GH and 4 we<?ks. Recommended starting
« Somtuline® IGF-1to dose is 90 mg deep subcutaneous
depot normal route every 4 weeks for 3 months,
adjustment based on GH and IGF-1
levels.
After a single injection of Lanreotide,
plasma GH levels fall rapidly and are
maintained for at least 28 days
* Pasireotide * SSTR5 > SSTR2 > SSTR3 > SSTR1 ~ To reduce Indicated in patients with an
diaspartate multireceptor SRL GHand inadequate response to surgery and/
* Signifor® * Synthetic analog of somatostatin IGF-1to or for whom Surgery 1s not an.op'Flon.
normal Recommended initial dosage is either
* Binding with high affinity to four 0.6 mg or 0.9 mg by subcutaneous
of the five SSTRs route twice a day. Titrate dosage in
response to treatment [reduction
in 24-h urinary free cortisol] and
symptomatology.
Cabergoline Long acting dopamine receptor To Cardiovascular examination prior to
dostinex® agonist with high affinity for D2 normalize therapy commencement to rule out
receptors IGF-1 levels valvulopathy.
Consider for ~ Recommended dosage for initiation
cdenoma of therapy is 1.0 mg orally once or
co-secreting  twice a week with adjustment until
PRL and normalization of IGF-1levels.
GH [45]
Bromocriptine  Ergot derivative with potent To reduce Initial recommended oral dosage
Parlodel® dopamine receptor agonist activity GH levels is 1.25 mg to 2.5 mg daily, with
Consider for  increments of 2.5 mg biweekly until
cdenoma therapeutic response.

co-secreting

Alone or as adjunctive therapy with

PRL and pituitary irradiation or surgery,
GH reduces serum growth hormone by
50% or more in approximately half of
acromegalic patients treated, although
not usually to normal levels
* Pegvisomant ¢ GH-receptor antagonist To Recommended loading dose of 40 mg
normalize given subcutaneously with increase

* Somavert®

* Analog of human growth
hormone (GH) that has been
structurally altered to actasa GH
receptor antagonist

IGF-I levels

every 4-6 weeks

Indicated in patients with an
inadequate response to surgery and/or
as a second-line treatment in whom the
above therapies are contraindicated.

SSTR Somatostatin Receptors, IGF-1 insulin-like growth factor, GH growth hormone PRL prolactin.

Tables.

Medical thevapy used in acromegaly.
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in approximately 70% of patients. SRL therapy is generally well tolerated, with 1 in

10 patients describing transient gastrointestinal symptoms (like diarrhea, abdominal
discomfort, nausea, and flatulence) due to the inhibition of pancreatic exocrine
secretions [47]. In rare cases (less than 1 in 100 patients), side effects may include
glucose intolerance, steatorrhea requiring the introduction of pancreatic enzymes,
and hair loss due to thyroid issues [48]. A meta-analysis showed first-generation SRLs
to statistically decrease fasting serum insulin, with minor overall clinical impact on
acromegaly, irrespective of the use of octreotide or lanreotide [49]. Medical treatment
pre-operatively with SRL, as discussed above, has not been demonstrated, in any
controlled, randomized, and blinded studies, to improve surgical outcomes or reduce
any post-operative complications [8].

The options for patients with resistance to first-generation SRLs include, but are
not limited to: higher dosing, combination with pegvisomant and/or cabergoline,
and, more recently, the use of pasireotide [46]. Pasireotide is a next-generation SRL
with broader somatostatin receptor patterns of interaction with 4 of the 5 SST recep-
tors, particularly somatostatin receptor 5. Pasireotide is given as an intramuscular
injection, every 4 weeks. The side effect profile of intramuscular pasireotide is similar
to that of first-generation agents, however, a for a higher incidence of hyperglycemia-
related adverse events with pasireotide, requiring closer monitoring of the patient’s
glycemic status [50].

12.2 Growth hormone receptor antagonist (Pegvisomant)

Pegvisomant is a mutated analog of human growth hormone, with highly selective
ligand affinity for growth hormone receptor binding sites 2 and 5. When it binds
to the GH receptor, it prevents functionally correct receptor dimerization [51].
Pegvisomant is administered subcutaneously once daily.

The ACROSTUDY showed pegvisomant to be an effective, single medical treat-
ment option for patients with acromegaly, with approximately two-thirds (65.8%) of
subjects achieving and maintaining IGF-1 normalization at 5-year follow-up [43, 52].
Serum IGF-1 concentrations show a dose-dependent decrease, with 75% of the final
maximal reduction occurring within the first 2 weeks of administration [51]. As
would be expected in an agent that lowers IGF-1 by blocking the GH receptor, many
patients will have a compensatory rise in the GH level. The most common side effects
include liver enzyme abnormalities in 2.5% of patients, administration site reactions
in the form of lipodystrophy in 2.3%, and a comparable rate of tumor growth in 10 of
710 patients who were on pegvisomant alone [49].

In general, pegvisomant is reserved for patients with persistently elevated IGF-1
levels despite maximizing other treatment modalities [1, 2]. It may also be used in
conjunction with an SRL, or even cabergoline or bromocriptine, especially in patients
that have elevated levels of GH and prolactin (mixed somatomammotropinomas) [8].
Pegvisomant is significantly more expensive than most SLRs. Given the expense, it
has been suggested that at least a 2/3rds reduction in actual cost would make pegvi-
somant more cost effective relative to the other medical agents, certainly to become a
widely used first line medication [9].

12.3 DAs: dopamine agonist (cabergoline)

Dopamine agonists, such as cabergoline or bromocriptine, decrease GH (and
prolactin) secretion. Typically, they are used as complementary, adjuvant therapy
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with SRLs, since monotherapy with DA is effective in roughly 10% of patients or
fewer [8]. Oral dopamine agonists, as noted above, may be useful in patients whose
tumors secrete both prolactin and GH [43].

DAs are generally not used in patients with Parkinson’s Disease patients. An asso-
ciation between long-term, high-dose therapy and clinically relevant cardiac valvular
disease remains controversial and uncertain [8].

13. What are the surgical options in acromegaly?

Surgical resection is the first-line, gold standard, and the most efficacious
treatment option for patients with microadenomas and macroadenomas without
extracellular invasion [1, 9, 42, 53]. Both the microsurgical transsphenoidal and
endonasal, endoscopic transsphenoidal routes are utilized to access pituitary adeno-
mas. Surgical resection results in both a rapid reduction of the tumor mass effect on
surrounding structures (cranial nerve palsies and optic chiasm) and a reduction in
hormonal secreting tumor bulk, with normalization of IGF-1 levels in 6-12 weeks
after total resection (recognizing the half-life of IGF-1).

After surgery, biochemical normalization is seen in 50-95% of patients. Tumor
volume and invasion of parasellar structures (bone, dura, or cavernous sinus walls or
contents) as the best predictors of both the limits of resection and of hormone nor-
malization [54]. Thus, hormone control rates are lower in patients with macroadeno-
mas when compared to those with microadenomas; and patients in whom the bone,
dura, or cavernous sinus are invaded, have continued reductions in surgical remission
rates associated with lower control rates [42]. Even with large and invasive tumors,
remission rates in patients where trans-sphenoidal surgery is combined, deliberately,
with adjunctive multimodal therapy, long-term remission rates can exceed 80% [55].

In cases with residual disease, medication [usually SRLs] or postoperative radiation
therapy is recommended [56]. The complication rate for transsphenoidal surgery is
surgeon experience dependent, usually quoted as less than 5% and this includes infec-
tion (sinusitis; less commonly, meningitis), hyponatremia, CSF leak, anterior pituitary
hormone deficiencies, diabetes insipidus, cranial neuropathies, and vision perturbations.

Cranial approaches are rarely needed and are generally reserved for patients with
large tumors that invade the intracranial spaces and cause neurological compromise.
The craniotomy is done to achieve maximal, safe resection as part of a multi-modality
approach that will likely also include medication and radiation to achieve long-term
mass and hormone control.

14. What is the role of radiation therapy in acromegaly?

Conventional radiotherapy is delivered as single beams of high-energy radiation
in fractionated, daily doses given over 5-6 weeks, typically for a cumulative dose in
the range of 50 Gy [53, 57]. The risk of adverse effects is proportional to the daily
fractionated dose and the maximal dose. At present, most centers use conformal tech-
niques of intensity-modulated radiation therapy [IMRT] to reduce the radiation dose
to normal intracranial structures. IMRT may be considered a safe alternative option
for residual or recurrent tumors close to the optic chiasm [within 2 mm] [42].

The pre-radiotherapy levels of GH and IGF-1 are the most important factors in
the eventual success of radiation therapy in acromegaly [30]. In patients undergoing
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IMRT, the higher the pre-treatment GH and IGF-1 levels (off medication), the longer
it takes to achieve remission and the lower the overall success remission rate with
radiation alone [57]. Although the greatest reduction in GH levels after IMRT is in the
first 24-36 months, it may take a decade or longer to achieve biochemical remission
and normalization of IGF-1levels [57]. As one may conceive, this long latency period
means that radiation is not a first-line treatment option for patients with acromegaly,
for the reasons discussed above. Depending upon how long (years versus decades)
and how extensively one screens patients for hypopituitarism after radiation, anterior
hormone deficiency ranges from 25% to as high as 80% in some studies [1, 35, 51, 57].
Other delayed deficits of radiation therapy include visual deficits (approximately 5%),
radiation necrosis (on the order of 1%), and an increase in cerebrovascular disease
since the large cerebral vessels at the base of the skull are included in the field [57].

15. What is the role of stereotactic radiosurgery (SRS) in acromegaly?

Stereotactic radiosurgery (SRS) has emerged as a useful, adjuvant treatment
modality option for well-selected patients with residual tumors after surgery and some
on medical treatment. Typically, to be a candidate, the tumor needs to be at least 2 mm
from the optic nerve, chiasm, or radiation; this may be the lower limit for frame-based
methods — it may be greater than 2 mm when treating with frameless techniques, since
the former may have slightly better accuracy, because the head is fixed rigidly during
treatment [1, 42, 53]. SRS consists of multiple, low-energy beams forming a dosimetric
map around the target, with a suprathreshold integral dose, but sharp radioactivity falls
off beyond the target [57]. There are several brands of SRS that differ in the method
used, including Gamma Knife® (Elekta, Stockholm, Sweden), which uses a cobalt-60
source to generate gamma rays; Cyberknife® (Accuray, Sunnyvale, CA), alinear par-
ticle accelerator that generates 6MV x-ray irradiation); or proton-beam radiosurgery.

SRS is usually administered as an outpatient, one-day, single-dose treatment. Over
the long-term of 3-5 years, SRS may be more cost-effective than the life-long medical
treatment options of SRLs and GHRAs [1]. The mean radiation dose to the margin of
the pituitary adenoma in most patients is 16-20Gy, striving to at least achieve 15Gy to
the equivalent of the 50% local isodose line (the outer aspect of the tumor, with doses
increasing inside the mass of the tumor to essentially twice the 50% isodose) [57, 58].
One strives to minimize the dose to normal, para sellar structures, especially the optic
apparatus, trying to keep the dose to 9Gy or less, if possible [53]. IMRT and SRS have
comparable incidences of hormone normalization and hypopituitarism, although SRS
tends to effect biochemical remission faster, typically in 2-5 years in 70-80% of those
patients treated with SRS, compared to 3-10 years for IMRT [42, 53].

There are several key points to consider:

* The greater the maximal radiation dose (that can be delivered safely) signifi-
cantly predicts hormonal remission. Interestingly, the marginal radiation dose is
not prognostically significant [53].

* The radiation dose to the pituitary stalk directly correlates to the degree of
hypopituitarism [42].

* Mass control means the tumor stays the same size as well as, in many patients,
becoming smaller. However, not all tumors get smaller, even if the tumor cells no
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longer secrete or die. It is therefore important to recognize that in some patients,
hormone normalization is not directly associated with a reduction in the tumor
size post-radiation. In this setting, neuroimaging may be misleading; biochemi-
cal monitoring of IGF-1 is the crux of long-term follow-up [35, 57].

* Some small, non-controlled, retrospective studies in which somatostatin analogs
were given at the time of radiation, suggested that concurrent use may decrease
the efficacy of radiation by decreasing the proliferation rate of the adenoma,
as indicated by lower GH levels [35, 53]. Some advocate holding off on medical
therapy for 1-2 months and 1-3 months after radiation, to take advantage of any
DNA damage that radiation may cause to proliferating tumor cells. This remains
an unclear area.

» Compared to radiation therapy, SRS has a shorter mean remission time, of
3.3 years, with late-onset hypopituitarism (more than 5 years later), which may
affect up to 50% of patients [1, 42]. The second most common adverse effect is
optic neuropathy, which occurs in fewer than 1% of patients [57].

16. Conclusion

This paper reviews the current management options for the management of
acromegaly, including the various options of medical treatment, radiation therapy,
and surgical options.

Learning objectives

Identify the clinical and biochemical features of acromegaly.

Discuss the treatment options for patients with acromegaly to compare and under-
stand the risks and rationale of each treatment strategy.

Understand the accompanying comorbidities of acromegaly requiring long-term
surveillance and treatment.

Key points

In approximately 95% of patients, acromegaly is caused by a somatotroph ade-
noma, with excess secretion of growth hormone after epiphyseal plate closure result-
ing in symptoms and signs due to hypertrophic changes in bones, muscles, joints, and
soft tissues without changes in height. Before epiphyseal plate closure this results in
excessive vertical and appendicular growth in children and adolescents.

In <5% of the patient population, acromegaly is secondary to ectopic growth hor-
mone releasing hormone (GHRH) or a growth hormone-secreting neuroendocrine
tumor.

* Acromegaly is characterized by chronically elevated growth hormone [GH] and
insulin-like growth factor-1 [IGF-1] serum levels.

* On presentation, acromegalic patients may have involvement of multiple
systems: cardiovascular, respiratory, metabolic, bones, and joints, resulting in
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elevated morbidity and premature mortality rates compared to age- and sex-
matched patients without acromegaly.

* For most patients, trans-nasal surgical resection of the adenoma is the preferred
option, due to its ability to effect rapid and lasting biochemical cure, with long-
term (5+ years) remission rates of 80-90% in microadenomas, with decreasing
surgical efficacy as tumors increase in size and extent of parasellar invasion of
the bone, dura, cavernous and paranasal air sinuses, and intracranial spaces.

* Other therapeutic options for acromegaly include lifelong medical treatments
with one or more of a variety of agents, including somatostatin ligand recep-
tors, growth hormone receptor antagonists, and dopamine agonists. For some
patients, especially those with invasive tumors and those who have incomplete
responses to medical treatment, radiotherapy may be useful. Both stereotactic
radiosurgery and fractionated radiation therapy can treat both the mass effect
and reduce and, possibly, eliminate the hypersecretory states.
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Abstract

Modern problems of acromegaly treatment are associated with the heterogeneous
composition of somatotrophic tumors, differing in clinical course and sensitivity to
the proposed therapy. Under these conditions, the achievement of acromegaly control
depends on the stratification of clinical, laboratory and instrumental data in order
to identify significant biomarkers that allow predicting the receptor phenotype and
biological behavior of the tumor, the tendency to relapse and the long-term effective-
ness of drug therapy. The review discusses modern predictor models reflecting the
radicality of surgical treatment, the risk of the continued growth of a resident tumor,
the long-term results of clinical use of first-generation somatostatin receptor ligands
(fg-SRLs), as well as the possibilities of therapeutic maneuver. It is proposed to use
pharmacotherapeutic testing to evaluate the receptor expression of tumor cells and
predict the effectiveness of long-term treatment of fg-SRLs. Summary data character-
izing various morphotypes of somatotrophic tumors are presented. It is shown that
the use of a precision approach can significantly accelerate the time to achieve control
and improve the quality of the treatment aid in patients with acromegaly syndrome.

Keywords: acromegaly syndrome, somatotrophic tumors, prognostic factors, drug
therapy, somatostatin analogs

1. Introduction

Acromegaly is an insidious chronic disease with a great burden resulting from:
insufficient medical awareness, delayed diagnosis and undifferentiated formal
therapy. The cumulative effect of excessive secretion of growth hormone (GH)
and insulin-like growth factor — 1 (IGF-1) contributes to the formation of specific
somatic, systemic and metabolic disorders in the body, often of an irreversible nature.
In the absence of adequate treatment, the disease is characterized by high rates of
morbidity and premature mortality associated with the development of cardiovas-
cular, respiratory, metabolic and neoplastic disorders. A direct correlation between
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the duration of uncontrolled disease and the severity of combined life-threatening
complications has been proven. Independent predictors of premature death include:
cardiovascular disorders; arterial hypertension; diabetes mellitus; high levels of GH
and IGF-I persisting, despite ongoing treatment; long duration of the active stage;
elderly age of patients [1-3].

According to epidemiological data, the prevalence of acromegaly in terms of circula-
tion is 28-137 cases and the incidence is 2-11 cases per 1 million inhabitants [4]. An
important problem is the delayed diagnosis of acromegaly, which is associated with the
slow course of the disease, insufficient awareness of this pathology among practitioners,
as well as alow level of dispensary supervision. It is shown that in 54% of patients, the
prediagnostic period is more than 10 years, which contributes to the development of
irreversible multiple organ complications and negatively affects the quality and life
expectancy of patients. At the time of detection, most of the tumors are macroadenomas
possibly relating to diagnostic delays and posing challenges in surgical management.
Currently, the direction of early diagnosis of the disease is actively developing, including
various methods of mass and selective screening, proving that the actual prevalence of
acromegaly significantly exceeds the existing indicators for the treatment [5-7].

2. Acromegaly syndrome

Contrary to previous ideas, acromegaly is not a monomorphic disease but is a syn-
drome that unites a group of morphologically and functionally different formations.
In the 5th Edition of the 2022 WHO Classification of Head and Neck Neuroendocrine
Neoplasms, pituitary somatotrophic adenomas are referred to as somatotrophic
pituitary neuroendocrine tumors (PitNET). There are at least six distinct geneti-
cally determined or sporadic morphologic types PitNET, which, despite belonging
to a single PIT1-dependent family and a common acidophilic cell line, nevertheless
differ in histological structure, hormonal and proliferative activity, aggressiveness of
intracranial growth and sensitivity to the treatment presented [8, 9].

From differentiated histological subtypes, pure—Densely Granulated and Sparsely
Granulated Somatotroph Tumors, Mammosomatotroph Tumors and mixed—somato-
troph-lactotroph tumors are distinguished. Low-differentiated morphotypes (Mature
Plurihormonal Tumors of PIT1-Lineage, Immature PIT1-Lineage Tumors, Acidophil
Stem Cell Tumors), characterized by low secretory activity but accelerated invasive
growth are also described [10, 11].

The most common variant, occurring in 30-50% of cases, are sporadic Densely
Granulated Somatotroph Tumors (DGST), formed during 4-6 decades of life and
characterized by preserved species specialization, slow growth and high secretory
activity. In addition to GH, DGST secretes an a-subunit (a-SU), the determination of
which may have differential diagnostic value. This form of acromegaly is character-
ized by late manifestation, latent nature of the course and poorly expressed orofacial
changes, which is manifested, as a rule, by delayed diagnosis and a wide range of dis-
abling multiple organ and metabolic disorders that negatively affect the quality and
life expectancy of patients. Nevertheless, the preservation of the receptor phenotype
with the dominant expression of the 2nd subtype of somatostatin receptors (SSTR2)
in DGST cells is manifested by good sensitivity to first-generation somatostatin recep-
tor ligands (fg-SRLs) [12, 13].

In 15-35% of cases, the cause of acromegaly is less differentiated Sparsely
Granulated Somatotroph Tumors (SGST), manifested by accelerated extracellular
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and invasive growth, leading to the development of intracranial compression, visual
and neurovascular disorders. These tumors are typically invasive macrotumors

with extrasellar invasion at the time of diagnosis. In SGST cells, there is a relatively
lower density of SSTR2, which causes resistance to fg-SRLs. Increased proliferative
index Ki-67 (>3%) and low content of the adhesive protein E-cadherin contribute to
the active and invasive character of tumor growth. This subtype of somatotrophic
adenomas, which is the most problematic for curation, manifests at a young age and
is characterized by a pronounced mass effect, a reviving course and resistance to
radiation and drug effects. Due to the high risk of malignancy, SGST is included in
the group of aggressive neuroendocrine pituitary tumors requiring active combined
treatment and lifelong dynamic control [10, 14].

The biological behavior of mixed somato-lactotrophic tumors and their sensitiv-
ity to treatment are determined by the cytological composition of the somatotrophic
component of a bicellular tumor and, in the presence of rarely granular cells, these
tumors also differ in a negative therapeutic prognosis. Mammosomatotrophic tumors
belong to monocellular adenomas, in which each cell secretes GH and prolactin, and
are characterized by hereditary predisposition, early manifestation (active linear
growth) and high secretory activity. Since these tumors consist of densely granular
cells, they differ in sensitivity to fg-SRLs and low signal intensity on T2-weighted MR
images. In addition, rare PIT1-line tumors (plurihormonal and poorly differentiated
neoplasms, as well as acidophilic stem cell tumors) are isolated, which are character-
ized by invasive growth and a negative prognosis.

Most of the GH-secreting tumors are sporadic. In 40% of cases, a somatic muta-
tion of the gene encoding the synthesis of the alpha subunit of the receptor G protein
(GNAS]) is observed, contributing to an increase in the secretory and mitogenic
activity of cells. Approximately 4-12% of patients have a congenital mutation of the
gene responsible for the synthesis of aryl hydrocarbon receptor-interacting protein
(AIP). This form occurs in young patients and is manifested by accelerated and inva-
sive growth of the pituitary tumor. In about 5% of cases, clinical symptom complexes
are observed due to congenital genetic disorders (MEN syndromes of types 1 and 4,
Carney complex, McCune-Albright syndrome, familial isolated pituitary adenoma,
X-linked acrogiantism, etc.). These tumors manifest at an early age, are clinically
manifested by gigantism, and are characterized by rapid growth, aggressive course
and resistance to treatment. The extrahypophysial causes of acromegaly, detected in
1% of cases, include ectopic neuroendocrine tumors secreting GH or somatoliberin,
the visualization and treatment of which are often a clinical problem [13-15].

3. Tumor-oriented diagnosis and treatment

Thus, the existing intra-group differences in the biological behavior of
GH-secreting adenomas, their ability to residual growth, and susceptibility to drugs
dictate the need for a tumor-oriented differential diagnostic search to establish a
specific immunohistochemical subtype of a somatotrophic tumor as an indispens-
able condition for the development of an effective therapeutic aid. Unfortunately,
the neglect of the syndrome approach observed in clinical practice manifests itself in
the unified pharmacotherapy schemes of the acromegaly method “a trial-and-error”
with the “blind” selection of a suitable drug, which, in case of an incorrect decision, is
fraught with further progression of the disease and shortening of the survival period.
The precision approach in endocrinological practice involves the use of clinical,
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humoral, imaging and pathomorphological predictors for preliminary stratification
of clinically homogeneous patients with a clear clinical prognosis and response to
treatment [16, 17].

Currently, individual biomarkers capable of predicting the possibility of postop-
erative remission, the risk of recurrence (or continued growth of a residual tumor),
as well as the long-term effectiveness of drug therapy (DT), taking into account the
immunological phenotype and clinical characteristics of PitNET, are widely discussed
in the scientific literature. For example, it has been established that the intensity
of the tumor signal on T2-weighted magnetic imaging can indirectly indicate the
morphological variant of somatotrophic tumors and, accordingly, predict sensitivity
to SRL treatment. Thus, DGST is manifested by a low signal intensity compared to
surrounding formations (the intact part of the pituitary gland, gray or white matter
of the cerebral cortex), whereas SGST is characterized by a high signal intensity. The
introduction of this diagnostic feature into domestic clinical practice will make it
easier to choose a treatment strategy [18-20].

It is proved that persistent biochemical control is the main factor determining the
quality of life and survival of patients with acromegaly. The modern medical manual
includes methods of surgical treatment, drug therapy and radiation exposure. Each
of these options has variable effectiveness and specific side effects that must be taken
into account when planning a medical program. The criteria for biochemical remis-
sion in the treatment of acromegaly are: the age-appropriate level of IGF-1, sporadic
level of GH <1 mcg/I and the value of GH nadir when using OGTT with 75 g of glu-
cose <0.4 mcg/l (when using a highly sensitive method for determining GH). Taking
into account age and laboratory fluctuations of the normal values of the IGF-1, it is
recommended to use a unified indicator of the IGF-1 index, reflecting the amount
of excess of the IGF-1 above the upper limit of age norm (IGF-1 index = IGF-1/

ULN), the target value of which should be <1. Unfortunately, in a number of national
registries and retrospective studies, free handling of the remission target is practiced,
in which an increase in the value of the IGF-1 index to 1.2 and 1.3 is allowed; which is
not consistent with consensus agreements. Such artificial improvement of statistical
indicators increases the rating of the register but negatively affects the therapeutic
prognosis, since it eliminates the need for therapeutic correction. This remark also
applies to the interpretation of cut-off points. It is clear that at different target values
of acromegaly control (for example, at values IGF-1 index <1 or < 1.3), different
indicators of cut-off points of prognostic independent variables are assumed, which
complicates the development of a consolidated prognostic protocol. Therefore,

when assessing the predictive power of the proposed predictors (or thresholds), it is
necessary to additionally indicate the remission targets IGF-1 index used in a specific
retrospective study [21, 22].

The purpose of this work is to discuss the priority of clinical and laboratory
markers and the validation of independent variables that determine the prognosis of
the effectiveness of therapeutic measures, including surgical aid and long-term use of
first-generation somatostatin receptor ligands (fg-SRLs).

4. Predictors of the prospects and adequacy of surgical aid

According to international recommendations, transsphenoidal adenomectomy
of somatotroph pituitary neuroendocrine tumor (PitNET) is the first-line treatment
of acromegaly with a high chance of complete cure of the majority of patients with
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acromegaly. Pharmacological treatment is recommended if surgery is contraindicated
or did not lead to disease remission. The choice of treatment best fitting each patient
should be based on a thorough investigation of patients’ characteristics.

4.1 Predictors of postoperative remission

The indicators of postoperative (p/o) biochemical remission vary from 32 to
85% depending on the size of the tumor, the severity of invasion of the cavernous
sinus, the qualifications of the neurosurgeon and the control criteria used. With
delayed diagnosis and large tumor sizes with suprasellar and parasellar growth,
radical adenomectomy is possible only in 40-60% of cases. The ambiguity of surgical
outcomes contributed to the development of a prognostic direction that determines
the effectiveness of the planned surgical aid and the likelihood of adjuvant treatment.
In addition to the dynamics of p/o hormonal parameters, among the clinical biomark-
ers that allow predicting the likelihood of remission, there are: initial indicators of
hormonal and proliferative activity of tumor, its volume and the nature of extracel-
lular spread, as well as radiological signs of invasive growth. Later, radiometric and
immunophenotypic characteristics of somatotrophic tumors were added to the
general list [23, 24].

Taweesomboonyat et al. showed that the remission rate after transsphenoidal
removal of micro- and macroadenomas is 100 and 44%, respectively. The conducted
multifactorial analysis showed that the combination of a high preoperative value of
IGF-1index (> 2.5) and the presence of 3-4 degrees of adenoma enlargement on the
Knosp grade are unfavorable prognostic factors regarding the radicality of the upcom-
ing surgery and indicate the need for subsequent adjuvant treatment [25].

In a retrospective study by Cardinal et al., it was shown that the preoperative level
of IGF-1 and the value of GH on the first day after surgery are inversely correlated
with hormonal remission. A drop in the concentration of GH in the first 1-2 days
after surgery <1.55 ng/ml is a predictor of its success. At the same time, the sensitiv-
ity of this indicator, according to the authors, was 75, the specificity was 59%. The
average sporadic GH level in patients who achieved remission was 1.6 versus 9.5 ng/
ml in patients with persistent activity. In a similar work by Mohyeldin et al., it was
found that the value of GH-nadir during OGTT 24-48 hours after surgery <1.15 ng/
ml is the best predictor of remission with a sensitivity of 73% and specificity of 85%.
As a result of the multivariate logistic regression analysis Tomasik et al. have estab-
lished that such indicators, as a sporadic concentration of GH < 8.63, the maximum
diameter < 15.5 mm, the presence of normoprolactinemia, DGST, positive staining on
«-SU Ha are independent predictors of surgical remission [26-28].

Since no single marker is able to independently predict the postoperative outcome,
prognostic models and nomograms are usually used, including a complex of diverse
predictors and allowing to significantly increase their sensitivity and specificity. In
the work of Agrawal et al., a mathematical analysis of retrospective studies with the
identification of factors affecting the effectiveness of the surgical intervention is
presented. It was noted that the young age of patients, a large tumor volume, initially
high levels of GH and IGF-1 and the presence of signs of invasion of the cavernous
sinus may be predictors of non-radical adenomectomy [29].

Heng et al. proposed a predictive model that allows predicting the presence of
SGST with a high degree of probability, characterized by aggressive behavior and a
tendency to relapse. The study included 44 patients with DGST and 39 patients with
SGST. In the course of comparing the data of the preoperative examination with the
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results of the morphological diagnosis, it was found that patients with SGST were
distinguished by a young age, large adenoma sizes, a high degree of invasion and low
sensitivity to octreotide treatment. Thus, the size of the tumor, the degree of invasion
on the Knosp scale, the value of the GH index and the percentage of decrease in GH
against the background of octreotide administration are independent variables, the
combination of which made it possible to compile a graduated scale for predicting
SGST with an AUC value of 0.84 and high sensitivity and specificity. According to
Swanson et al., the absence of invasion and lower pre-operative IGF-1 index were the
only significant predictors of post-surgical remission in this cohort [30, 31].

4.2 Predictors of recurrence or continued growth of a residual tumor

A separate topic is the prediction of the risk of the continued growth of a residual
tumor and/or relapse, which seems to be important for determining the strategy of
active dynamic control. According to the data presented by Lucas et al., continued
growth is observed in 12-58% of patients with residual tumors. Even with radical
adenomectomy, 10-20% of operated patients have a relapse of the disease over the
next 5-10 years. It is noted that the very fact of the presence of residual tissue is
the leading condition for continued growth. According to observations, the overall
recurrence rate after 5, 10 and 15 years was 25%, 43% and 61%, respectively. At the
same time, an inverse correlation was found between the patient’s age and the risk of
further growth of residual tissue. It was also shown that the risk of p/o growth of the
remaining tissue outside the sella turcica was 3.7 times higher than that of resident
tumors confined to the sella turcica area. Therefore, more active treatment strategies
should be used for patients with extrasellar tumor tissue residue [32]. In the process of
conducting logistic regression analysis, Mohyeldin et al. identified three statistically
significant independent variables indicating a high risk of invasion of the medial wall
of the cavernous sinus: the degree of tumor enlargement on the Knosp scale >2; male
sex; the presence of an aggressive form of somatotrophic tumor [27].

A clinical study by Freda et al. is of interest, according to the results of which it is
concluded that the risk of p/o relapse increases in persons with achieved normaliza-
tion of IGF-1, but impaired suppression of GH against the background of OGTT.
Thus, the pathological value of the GH-nadir may indicate the presence of an autono-
mous formation [33].

In the prognostic model of continued tumor growth L. Lu et al suggest including
markers such as the young age of patients; high pre-operative level of secretory activ-
ity; signs of invasive growth; volume and localization of residual tissue; preservation
of pseudocapsules; presence of aggressive morphological subtype (SGST) [23].

In the work of Wang et al., 178 patients with pituitary adenomas were retro-
spectively analyzed with the release of predictors indicating a high level of Ki-67
(>3%). In the process of multivariate regression analysis, it was shown that young
age, the abundant blood supply to the tumor and erosion of the back of the turcica
sella are independent markers of a high value of the proliferative index Ki-67, and,
consequently, the risk of residual growth. In a study by Chen et al., it was noted that
independent factors such as BMI (> 25 kg/m2), the 4th degree of increase on the
Knosp scale, partial resection, Ki-67 (>3%) can serve as predictors of postoperative
progression of tumor growth or recurrence of pituitary adenomas [34, 35].

On the contrary, the predictor of a low risk of relapse is: older age, small tumor,
low level of secretory activity, benign morphological subtype, postoperative radiation
therapy. According to Lu et al., the recurrence rate in patients who did not receive
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radiation therapy increased progressively during the follow-up period, reaching 72%
after 15 years. On the contrary, in patients who received timely radiotherapy, the
recurrence rate stabilized at 9% after 10 years [23].

Thus, these data indicate the practical importance of improving prognostic models
that allow determining the postoperative scenario of the disease and the need for
adjuvant therapy.

5. Predictors of sensitivity to somatostatin receptor ligands

The existing problem of drug therapy (DT) acromegaly is the lack of a differ-
entiated approach when choosing a targeted drug, taking into account the receptor
phenotype of a somatotrophic tumor. Its solution is connected with the identification
and verification of clinical and biological predictors that allow identifying groups of
patients sensitive to the planned treatment [36]. Current pharmacological options
for patients with acromegaly include somatostatin receptor ligands (SRLs), growth
hormone receptor agonists, and dopamine agonists (DA). Somatostatin receptor
ligands (SRLs) have been used in clinical practice for more than 30 years and play a
leading role in the treatment of acromegaly. Currently, three extended forms of SRLs
are widely used worldwide (octreotide, lanreotide and pasireotide), which occupy an
important place in the algorithm of treatment of acromegaly. It is known that the cells
of somatotropic adenomas mainly contain the 2nd and 5th subtypes of somatostatin
receptors (SSTRs), the intensity of membrane expression of which is a key factor in
the implementation of the suppressive action of SRLs. By acting on the somatostatin
receptors of adenomatous cells, SRLs provide a dose-dependent blockade of the
rhythmic secretion of GH and inhibition of cell growth.

The binding of SRLs to SSTRs promotes the dissociation of the Gi protein receptor
complex, followed by a decrease in the activity of adenylate cyclase, leading to the
opening of potassium channels, hyperpolarization of the cell membrane and closure
of calcium channels. The changes in ion permeability resulting from the activation
of the receptor lead to a critical decrease in the intracellular concentration of calcium
ions and cAMP, which blocks the secretion of GH and the proliferation of somato-
trophs. Activation of SSTRs and specific proteins involved in intracellular signal
transmission (AIP, ZAC1, RKIP, E-cadherin, p-arrestin) promotes suppression of GH
secretion, inhibition of proliferation, cell migration and angiogenesis [16, 19, 37].

The prevalent expression of SSTR2 in GH-secreting adenomas makes it a prime
target for treating acromegaly. The first-generation SRLs (fg-SRLs) (octreotide LAR
and lanreotide autogel) preferentially bind to SSTR2, thereby suppressing GH expres-
sion. The introduction of these drugs into wide clinical practice has significantly
increased the effectiveness of acromegaly treatment and the quality of life of patients.
Comparative results of the use of prolonged forms of octreotide and lanreotide in
patients with acromegaly showed similar characteristics. In the work of Albarel et al.,
a meta-analysis of the effectiveness of treatment of fg-SRLs in 4464 patients with
acromegaly was carried out, during which normalization of levels of GH and IGF-1
was noted in 56 and 55% of patients, respectively [18, 38, 39].

The second important option of the therapeutic effect of SRLs is their antitumor
effect due to the development of apoptosis and necrosis of tumor cells. Confirmation of
the anti-proliferative effect of SRLs is in vivo studies, which revealed lower indicators of
the proliferative index Ki-67 in somatotrophic tumor tissue obtained from patients who
were previously treated with octreotide, compared with naive patients [40].

31



The Pituitary Gland — An Overview of Pathophysiology and Current Management Techniques

The presence of a direct correlation between the expression of the SSTR2 in adeno-
matous cells, on the one hand, and the degree of decrease in tumor volume, as well as
the severity of biochemical sensitivity to the LAR octreotide, on the other hand, was
revealed. According to A. Colao et al., the greatest decrease in volume (about 50% of
the initial one) is observed during the 1st year of treatment. During the PRIMARY
clinical trial, it was noted that 63% of patients receiving lanreotide Autogel achieved a
significant (> 20%) reduction in tumor volume within 48 weeks. At the same time, the
magnitude of the decrease in the level of IGF-1 during treatment was the most signifi-
cant predictor of a decrease in tumor mass. A decrease in the volume of the tumor by
more than 20% from the initial one was observed in 66% of patients receiving octreo-
tide LAR (an average decrease of 51%) and in 63% of patients receiving Lanreotide
Autogel (an average decrease of 27%). The study of Albarel et al. included a cohort of
1685 patients. Meta-analysis of the results of 41 clinical studies revealed a decrease in
the volume of tumors (by an average of 50.6%) in 66% of patients with primary DT
fg-SRLs [39, 41, 42]. Biomarkers a guiding a more precise therapy.

Clinical practice has shown that fg-SRLs have a good safety profile, with the
most common side effects being mild gastrointestinal symptoms observed in 30%
of patients and rarely leading to discontinuation of the drug. Mild hyperglycemia
was observed in 15% of patients, and cholelithiasis was observed in 35% of patients
treated with fg-SRLs for more than 3-6 months [19, 39].

5.1 The phenomenon of resistance to fg-SRLs

Nevertheless, the results of a long-term study showed that the effectiveness of
using fg-SRLs in a non-selective sample, according to various authors, does not exceed
50-55%. In a prospective study evaluating the effectiveness of lanreotide (120 mg
every 28 days) as a first-line therapy, it was shown that the normalization of GH levels
and IGF-I after 24 and 48 weeks of treatment were observed in 23.4 and 30.6% of
patients. Thus, a significant part of patients receiving fg-SRLs has partial or complete
resistance, which is a consequence of the internal heterogeneity of somatotropin in
relation to the receptor expression of SSTs and other target molecules affecting the
therapeutic response [16-18].

It should be noted that, according to consensus agreements, prolonged forms of
fg-SRLs are the starting drug therapy, while other medicinal preparations are prescribed
with fatal delay and only after realizing the obvious ineffectiveness of long-term phar-
macotherapy. Modest results of fg-SRLs treatment are the expected result of a non-
personalized approach, when with the help of a single drug the doctor tries to cure all
morphotypes of somatotrophic tumors, including those with a different receptor pheno-
type. The traditional answer to the detected low sensitivity to fg-SRLs is an escalation of
the dose of the drug (or a reduction in injection intervals), followed by the connection of
a 2nd-line drug—a selective dopamine agonist (cabergoline). Switching to taking drugs
with a different mechanism of action is recommended to be done no earlier than after
12 months of DT. According to Kasuki et al., despite the maximum doses of the drug and
the long duration of treatment of fg-SRLs, 20-25% of patients retain the activity of the
disease, fraught with the progressive development of multiple organ disorders [43, 44].

A more successful therapeutic practice in detecting resistance to fg-SRLs is switch-
ing to a multiligand analog of somatostatin of the 2nd generation of long-acting—
pasyreotide LAR, which, unlike octreotide, has half the affinity for the SSTR2 and a
higher (5 and 40 times) affinity for the SSTR3 and SSTRS. It shows more efficacious
in patients resistant to fg-SRLs.
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It is noted that in real clinical practice, biochemical remission against the back-
ground of treatment with pasireotide LAR is achieved in approximately 54% of
patients resistant to fg-SRLs. A decrease in tumor volume (> 20%) was observed
in 80.8% of pasireotide LAR and in 77.4% of patients receiving octreotide LAR. At
the same time, there is a correlation between the sensitivity to pasireotide and the
increased intensity of the MR signal in T2-weighted images [45-47].

Unfortunately, despite the high antisecretory and antitumor activity, taking this
drug in about 60% of cases is accompanied by a violation of carbohydrate metabolism,
which limits its clinical use outside the resistant group. Further development of multili-
gand drugs will allow to unify pharmacotherapy of various subtypes of somatotrophic
tumors. In this regard, great hopes are pinned on the drug Veldoreotide (Somatropim)
undergoing clinical trials, which has a lower hyperglycemic effect [19, 37].

A selective agonist of dopaminergic receptors, cabergoline (CAB) represents
another therapeutic option in acromegaly, but their efficacy to control GH secre-
tion is not related to the degree of DRD2 expression in somatotrophic tumors.
Pharmacological niches of cabergoline use are: a/small disease activity (IGF-1
index<2), b/presence of mixed somato-lactotrophic tumors, c/detection of partial
resistance to fg-SRLs as a 2nd-line drug. As monotherapy, cabergoline is effec-
tive in 20-30% of cases. In case of partial resistance to SRLs, the addition of CAB
to SRLs is an option and can lead to IGF-1 normalization in 50% of additional
patients [37, 48, 49].

Another pharmacological option for detecting resistance (or non-tolerance) of
fg-SRLs is the appointment of a GH receptor antagonist—a pegvisomant, that blocks
the biological effect of GH in peripheral tissues (primarily in the liver). The drug does
not affect tumor activity and blocks the biological effect of GH, steadfastly normal-
izing the level of IGF-1 in the blood in 63-97% of cases. Pegvisomant (Somavert)
can be used as monotherapy (for small adenoma sizes) or in combination with SRLs
(or CAB). The 14-year observation program ACROSTUDY, which brought together
2221 patients from different countries, showed the presence of persistent biochemi-
cal control in 72% of patients with acromegaly. The continued growth of residual
adenoma was observed in 3.7% of patients. For patients with initially high hormonal
activity (IGF-1index >2.7), diabetes mellitus, increased body mass index (>30 kg/
m?2), higher starting doses and accelerated titration of the preparation are required to
normalize IGF-1 [50, 51].

The indication for the appointment of pegvisomant is the preservation of the
activity of the disease after nonradical adenomectomy and ineffective second-
ary DT. The combination with pegvisomant in patients with partial response to
fg-SRLs allows disease control in 80% of patients. The advantages of combina-
tion therapy include higher efficiency with lower doses of pegvisomant, as well
as stabilization of the size of residual tissue. Thus, thanks to the appearance of
pasireotide and pegvisomant, an additional therapeutic maneuver became possible
to achieve control, but fg-SRLs, as before, occupy leading positions in the drug
treatment of acromegaly [19, 21, 52].

The gold standard for determining the drug strategy of secondary DT is the
molecular phenotyping of fragments of a removed tumor using immunohistochemi-
cal (IHC) analysis). Depending on the morphotype of the somatotrophic tumor,
there is a characteristic difference in receptor expression. Thus, DGST predominantly
expresses the SSTR2, whereas SGST, certain types of somato-lactotrophic tumors
and low—differentiated forms—mainly the SSTRS, which indicates the possibility of
differentiated DT acromegaly taking into account the receptor phenotype.
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5.2 Predictors of sensitivity to fg-SRLs

The recognition of the fact of the multiplicity of pathomorphological variants of
somatotrophic tumors contributed to the development of tumor-oriented diagnostics
by determining predictors indicating the presence of a certain morphotype and a
feature of receptor expression, including evaluation samples with octreotide and
signifor, secretory and morphological characteristics of the tumor, the results of IHC
analysis and the intensity of the tumor signal on T2-weighted MR images. Among
the predictors of sensitivity to fg-SRLs are: female sex, older age, a slight excess of the
levels of GH and IGF-1, the presence of GNAS mutation and DGST, high expression
of the SSTR?2, a low value of the proliferative index Ki-67, pronounced response to
an acute test with octreotide, as well as the detection of hypointensive adenoma on
T2-weighted MR images. On the contrary, in young male patients with a high level
of GH at diagnosis, the presence of AIP mutation, SGST and hyperintensive tumor
signal on T2-weighted images are associated with low sensitivity to fg-SRLs. It is also
noted that miRNAs might influence tumor proliferation, invasion, size, and response
to fg-SRLs [18, 19, 24, 34, 53, 54].

Although not routinely evaluated by clinical pathologists, SST expression may be
a valuable molecular marker for precision-based acromegaly treatment, as a decision
for repeat surgery, radiotherapy or choice of a specific SRL could be better guided
with a knowledge of SSTR2 and SSTRS5 expression According to Stormann et al. the
best results of 12-month treatment of fg-SRLs were observed in patients older than
53 years, female, with high expression of the SSTR2. In the study of Durmus et al.,
it was shown that older passport age, low initial levels of GH and IGF-1 at the time
of diagnosis, small tumor volume, hypo-intensity signal on T2-weighted MR images
and the presence of densely granular adenoma allow predicting a good biochemical
response to fg-SRLs [16, 55, 56].

Puig-Domingo et al. suggest that when choosing a treatment strategy, focus on the
data of the intensity of the tumor signal on T2-weighted MR images in combination
with the results of acute tests with octreotide and pasireotide, which makes it more
likely to determine the most promising candidate. The author believes that the devel-
opment of an acute pasireotide test will be of much aid in the context of personalized
medicine [57].

Coopmans et al. multivariable regression models for predicting the biochemical
response to fg-SRLs was proposed. In this study, the biochemical response was cat-
egorized as follows: biochemical response (IGF-I < 1.3 ULN), partial response (>20%
relative IGF-I reduction without normalization) and nonresponse (< 20% relative
IGF-I reduction). As a result of a meta-analysis of 622 patients, it was shown that low
baseline IGF-I levels and low body weight were the best independent predictors of the
biochemical response to first-generation SRLs [AUC 0.77 (95% CI, 0.72-0.81)] [58].

In a retrospective analysis of the treatment results of 153 acromegaly patients
by Tomasik et al., it was shown that the older age of diagnosis, male gender, low
concentrations of GH, IGF-1 and prolactin, small tumor size, as well as the presence
of a-SU, low index Ki-67 and DGST are the best independent predictors of good
response to fg-SRLs. The cut-off value of fasting GH concentration predicting good
response to fg-SRLs was estimated as GH < 36.6 pg/L with a sensitivity of 45.5% and
specificity of 80.0%. The percentage of correctly classified patients was 52.4%. The
AUC value was 0,788 [28].

The predictor algorithm of resistance to octreotide (and sensitivity to pasireotide)
proposed by a number of authors includes: young age, male sex, large tumor size,
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high secretory activity, presence of SGST, high membrane expression SSTR5, low
ratio between the SSTR2 and SSTRS, as well as low expression of zinc finger protein
(ZAC1) regulating apoptosis and cell cycle arrest. Thus, molecular genotyping and
identification of clinical and pathological markers are necessary tools for selecting the
optimal therapeutic drug [59-61].

Kasuki et al. noted that high Ki-67 values (2.3% cut-off point) correlate with
low sensitivity of fg-SRLs. The Ki-67 level was higher in SGST compared to
DGST (p = 0.047). It was also shown that higher expression of the SSTR2 and
the presence of DGST significantly correlated with sensitivity to fg-SRLs. The
authors conclude that the value of Ki-67, as well as the expression of the SSTR2,
can be independent predictors of the effectiveness of using fg-SRLs. During the
regression analysis conducted by Gill et al., it was noted that the most significant
prognostic biomarker determining sensitivity to fg-SRLs is E-cadherin, whose sen-
sitivity was 73%. The second most important independent factor was the expres-
sion of the SSTR2. The combination of these 2 predictors increased the accuracy of
the forecast by up to 80%. Thus, low expression of E-cadherin is a marker not only
of aggressive behavior of the tumor but also of resistance to fg-SRLs. In a study by
Puig-Domingo et al., the predictive value of E-cadherine, SSTR2 and Ki-67 was
also confirmed [18, 62, 63].

5.3 Pharmacotherapeutic testing

It should be noted that in modern consensus agreements, fg-SRLs are recom-
mended to all patients (without taking into account morphological diagnosis) as sec-
ondary or primary pharmacotherapy by “trial and error”. Since sensitivity to fg-SRLs,
according to various authors, is observed in 40-50% of cases, it is not surprising
that in some patients this appointment will be obviously ineffective due to a funda-
mentally different receptor phenotype of tumor cells. Hence, the question arises,
what should be the optimal duration of trial treatment of fg-SRLs during traditional
therapy in order to predict their long-term effectiveness?

To answer this question, we conducted a comparative analysis of the effectiveness
of long-term primary (1) and secondary (2) DT fg-SRLs among 587 patients included
in the Moscow Registry of Patients with Acromegaly, during which it was shown that
in the selective group (with a decrease in IGF-1 of more than 70% of the baseline level
after 3 months of treatment) biochemical remission was observed in 72 and 80% of
cases compared with 47 and 51% in the non-selective group (p = 0.0002). The cor-
relation coefficients between the percentage of reduction of IGF-1 after 3 months of
treatment and dynamic indicators are presented in Table1 (p = 0.000). These
data indicate the practical importance of the selective selection of patients for the
treatment of fg-SRLs [64].

IGF-1after12 IGF-1at the end of Duration of effective

months (ng/ml) treatment (ng/ml) treatment (months)
% reduction of IGF-1 1DT -0,57 -0,61 0,52
after 3 months of 2 DT _0s1 043 0.43

treatment fg-SRLs

Table1.
Correlation analysis of the long-term effectiveness of fg-SRLs depending on the severity of the decrease in IGF-1
3 months after the start of treatment.
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In the subsequent work, a retrospective clinical and morphological compari-
son was carried out, which included 33 (12 men) patients with DGST and 47 (17
men) patients with SGST. The age of diagnosis was 48.4 + 11.4 vs. 39.4 + 12.7 years
(p = 0.0027), the volume of the residual tumor was 1.6 + 3.5vs. 2.7 + 4.8 cm’®
(p = 0.2), the value of IGF-1 index before DT was 2.8 + 0.8 vs. 2.7 + 0.9 (p = 0.6),
respectively, [M(s)]. In the treatment, prolonged forms of lanreotide (Somatulin
Autogel, s/c, 120 mg/28-56 days) or octreotide (Octreotide Depot, Octreotide
Long, i/m at a dose of 10-30 mg/28 days) were used. The duration of DT was
21.5 + 21.8 months. The adequacy of pharmacotherapy was assessed by the value
IGF-1 index <1,0. The control points of pharmacotherapeutic testing were IGF-1
indicators before DT, as well as after 3, 6, 12 months of treatment and at the last visit.

The analysis confirmed good sensitivity to fg-SRLs in patients with DGST
compared to SGST. The final value of IGF-1 index was 0.95 + 0.27 vs. 1.4 + 0.64
(p =0.0002) (Figure1).

It was noted that the percentage of decrease in IGF-1 after 3 and 6 months of fg-
SRLs treatment compared to the baseline level directly correlates with the number of
SSTR2 according to the IRS (r = 0.44; r = 0.36), as well as the difference and the ratio
between the SSTR2 and SSTR5 [r = 0.46;r = 0.46 and r = 0.41; r = 0.43; (p < 0.05)].
Against the background of fg-SRLs treatment, the decrease in the level of IGF-1
in the groups of patients with DGST and SGST after 3 months was 54.8 + 19.6 vs.

28.4 +23.7%, after 6 months—>58.4 + 18.0 vs. 31.6 + 24.5%, respectively (p = 0.0002).
The presence of an inverse correlation was revealed between the indicators of a
decrease in the level of IGF-1 after 3 and 6 months of fg-SRLs treatment and the final
value of IGF-1index [r = —0.59; and r = —0.72; (p < 0.001)]. According to the results
of the ROC analysis, the AUC was 0.841 and 0.853, respectively, which confirms

the good informative value of the selected diagnostic indicators. Cut-off prognostic
points of effective DT were a decrease in the level of IGF-1 after 3 and 6 months to
46 and 49%, the sensitivity of these markers was 63 and 75% and specificity—79

and 80% (Figure 2). With a decrease in the level of IGF-1 after 3 and 6 months of
less than 50%, the final IGF-1 index was 1.49 + 0.62, whereas with a decrease of more
than 50%, the average value of IGF-1 index in the long-term treatment of fg-SRLs was

500
450
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300

250
200 —

L 2
®

IGF-1 [ng/ml (Me)]

150
100
50

initially after 3 month after 6 month | after 12 month result
=&-DGST 372 200 190 194 197
-W-SGST 448 351 364 323 283
ULN 220 220 220 220 220

Figure 1.
Dynamics of IGF-1 level against the background of fg-SRLs treatment of patients with DGST and SGST.
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Figure 2.
Significance of prognostic model of the reduction IGF-1 after 3 and 6 months of fg-SRLs treatment.

0.9 £ 0.2; (p = 0.000). [Later, pegvisomant with a positive effect was added to the
treatment of resistant patients with SGST. IGF-1 index decreased to 0.98 + 0.44].

The data obtained confirm that the nature of the decrease in IGF-1 from the base-
line level after 3 and 6 months of treatment reflects the severity of absolute or relative
overexpression of the SSTR2 in tumor cells, and also indicates the intact postreceptor
suppressive mechanisms. Thus, the results of pharmacotherapeutic testing can be
used as an additional predictor of the effectiveness of long-term treatment of fg-SRLs
and the determination of optimal therapeutic tactics to achieve stable control of
acromegaly [65].

This conclusion is consistent with the data provided by M.R. Gadelha et al., who
noted that the expression of mRNA of the SSTR2 correlated with a decrease in the
levels of GH and IGF-1 after 3 and 6 months of octreotide treatment, as well aswitha
decrease in tumor volume. It was also noted that in the presence of DGST, the chances
of a good response to fg-SRLs were more than 10 times higher than with SGST [19, 28].

Returning to the topic of precision medicine, it should be noted that the main
limitation of the use of biomarkers for predicting the effectiveness of DT is the small
number of patients included in the studies and the lack of unified methods for analyz-
ing the expression of SSTR2 and other characteristics of tumor cells, which makes
it difficult to interpret the results. According to M.R. Gadelha, it is time to change
the paradigm of secondary DT by prescribing differentiated treatment taking into
account the postoperative hormonal status and expression of SSTR2, SSTRS5, AIP and
DR2 in tumor cells [19].

In our opinion, the leading system-forming factor that allows the stratification
of various clinical and pathological markers is a specific morphological subtype of
somatotrophic adenoma, which should become a predictor of the 1st degree, reflect-
ing the features of the biological functioning of autonomous tumor cells with more
or less predictable behavior. The immunotypic characteristics, indicators of mitotic
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activity and features of the response to targeted therapy revealed in this case make it
possible to determine the further treatment strategy and the optimal scheme of DT.
Table 2 shows the most significant biomarkers reflecting the characteristics of the
most common densely and rarely granular somatotrophic tumors (Table 2).
However, with all the apparent evidence of the situation, it is impossible not to
mention the works that emphasize that the combination of sign predictors (expres-
sion of the SSTR2, the presence of a hypointensive signal on T2-weighted MRI,
detection of DGST), although it increases the therapeutic prognosis, does not yet
guarantee the effectiveness of long-term treatment of fg-SRLs. As a result of a meta-
analysis conducted by S. Ezzat et al., it was shown that, even with good expression
of the SSTR?2, about half of the positive tumors did not respond clinically to fg-SRLs
[66]. Since in this case, we are most likely talking about postreceptor disorders, then,
among the predictors of sensitivity to fg-SRLs, the reaction of the adenoma itself
to the administration of a targeted drug should become an obvious biomarker. It is
known that the sensitivity of cells to fg-SRLs depends both on the severity of the
receptor expression of the SSTR2 and on the functional integrity of multiple intracel-
lular components of the postreceptor vector, which eventually blocks the pathological
secretion of GH. Therefore, a positive reaction to octreotide with a marked decrease
in the level of GH (and, accordingly, IGF-1) allows us to judge the complex integrity

Predictors DGST SGST

Age of debut of acromegaly more than 40 years less than 40 years old

Tumor size micro-, macroadenomas macro-, giant adenomas

Localization of the tumor intrasellar location extrasellar distribution

Invasion of the cavernous sinus not typical typical, 3-4 gr Knosp

The tendency to residual growth and recurrence of low high

the tumor

Intensity of the tumor signal on T2-weighted hypointensive hyperintensive

magnetic imaging

Expression of the SSTR2 high low

Expression of the SSTR5 low high

Evaluation test with octreotide positive negative

Sensitivity to fg-SRLs high low

Reduction of IGF-1 after 3 and 6 months of > 50% <50%

treatment fg-SRLs

Proliferation index Ki-67 low (<3%) high (>3%)

Expression of the a-subunit high absent

Cytokeratin expression low high

Expression E-cadherin high low

Expression ZAC1

GNAS-mutationis positive negative

AIP-mutationis negative positive
Table 2.

Clinical and biological predictors of DGST and SGST.
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of the receptor and postreceptor mechanisms and, accordingly, the prospects of the
planned long-term drug therapy.

Precision medicine aims to improve patient outcomes through targeted treatment
employing genetic, biomarker, phenotypic, or psychosocial characteristics unique to
each patient or the disease process. Of course, radiological and/or IHC confirmation
of the presence of DGST is extremely important for determining the benign nature of
the clinical course of adenoma but does not guarantee absolute sensitivity to fg-SRLs.
Therefore, in our opinion, additional predictors of successful lifelong therapy of
fg-SRLs should be the results of pharmacotherapeutic testing determining a more
accurate treatment strategy. This tactic also allows timely identification of a group
of patients with fg-SRLs resistance and aggressive course of the disease who need
fundamentally different treatment.
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Abstract

Optic chiasm decompression for preservation of vision is often the primary surgi-
cal goal for patients with pituitary tumors. Descent of the diaphragma sellae (DS) is
an intraoperative surrogate marker of adequate chiasm decompression. DS may not
always descend in an obvious or symmetrical manner, leaving uncertainty to whether
the operation was successful. We propose a technique of intentionally incising the DS
to ensure adequate chiasm decompression. Here we present patients with pituitary
tumors who underwent transsphenoidal surgery and DS incision when the DS was
not easily identified and/or did not descend. The approximately 3-mm incision under
endoscopic guidance allowed for direct visualization of the suprasellar cistern and
optic chiasm. Cerebrospinal fluid (CSF) leak was repaired using a nasoseptal flap in
4 cases, while intradural substitute and thrombin glue were utilized in another case.
Five patients with pituitary macroadenomas (average size: 6.4 cm®) had endoscopic
endonasal transsphenoidal resection. Vision improved in all cases postoperatively.
There were no postoperative complications or CSF leaks at 1 year. Diaphragma
sellotomy ensures chiasm decompression with minimal risk to the patient with cur-
rent reconstructive techniques and without the need for intraoperative magnetic reso-
nance imaging (iMRI) and reduction of the need for repeated surgical intervention.

Keywords: pituitary, tumor, macroadenoma, neurosurgery, Diaphragma Sella, optic
chiasm

1. Introduction

Descent of the diaphragma sellae (DS) during endonasal endoscopic surgery is
what surgeons use as a surrogate to determine whether or not enough tumor has
been removed to decompress the optic chiasm [1, 2]. The optic chiasm is not directly
visible even after removal of the tumor [3]. Ideally, once the tumor is removed, the
DS, which is a barrier between the sella and the subarachnoid space, would bow into
the field, suggesting successful decompression of the optic chiasm [1, 2]. An ongoing
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issue in endoscopic transsphenoidal surgery is that the DS is not always identifiable as
often times, and the tumor develops a capsule that adheres to the DS, which makes it
difficult for the surgeon to differentiate between the two [1-3]. Even when utilizing
an endoscope, which allows direct visualization of the sella, multiple intraoperative
MRI imaging studies have revealed that there is approximately a 30-66% chance

that one may think that they have decompressed the optic chiasm while they have

not actually done so [4-9]. Highly successful outcomes associated with utilization of
modern techniques of intraoperative cerebrospinal fluid (CSF) leak repair [10-16]
allow surgeons to develop innovative approaches to tumor resection, which, in our
retrospective study, may ensure decompression of the optic chiasm and reduce the
chance of reoperation, without the use of costly intraoperative imaging. In this study,
we analyzed the safety and feasibility of a novel technique of “diaphragma sellotomy”
to assess, with direct visualization, optic chiasm decompression and extent of tumor
removal, without the use of intraoperative imaging. We present a series of five
patients with pituitary macroadenomas (average size: 6.4 cm®) who have undergone
endoscopic endonasal transsphenoidal resection. The goal of surgery in each case
was chiasm decompression, as each patient suffered rapid and severe vision loss.
Successful intraoperative diaphragma sellotomy confirmed chiasm decompression
and subsequent CSF leak repair resulted in no postoperative complications. The optic
chiasm was directly visualized in all cases. Vision improved in four out of five cases
postoperatively, an exception occurred in a patient with a recurrent Rathke’s cleft cyst
that required multiple resections at other institutions. There were no postoperative
CSF leaks at 1 year. This novel technique is a facile and safe way to ensure the goals of
surgery have been met with minimal risk.

2. Methods

A retrospective chart review was conducted that analyzed outcomes in patients
with pituitary adenomas associated with profound visual deterioration who
underwent transsphenoidal surgery and diaphragma sellotomy. The diaphragma
sellotomy procedure was performed only when the DS was not easily identified
and/or did not descend symmetrically into the field of view. The 3-mm incision
allowed for direct visualization of the suprasellar cistern and optic chiasm, which
allowed for confirmation of optic chiasm decompression and avoided the need for
re-operation. The resultant CSF leaks were repaired using a nasoseptal flap in four
cases, and intradural substitute and thrombin glue were utilized in another case.
All patients had MRIs and neurological examination of visual fields prior to surgery
and at 3 months post-operatively. All patients were neurologically assessed in clinic
one-year post surgery.

3. Results
3.1 Demographic and presenting features
After a retrospective chart review of patients undergoing pituitary surgery at

our institution, five were selected as having additionally undergone diaphragma
sellotomy to assess, with direct visualization, optic chiasm decompression, and extent
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of tumor removal. Two patients were female and three were male. Their average age
at presentation was 48.6 (range 18-69 years). Average body mass index (BMI) was
29.02 kg/m” (range 24.7-35.4 kg/m?). Average size of pituitary macroadenomas was
6.4 cm® (range 2.3-13.2 cm®). All patients initially presented with peripheral field
vision loss, which improved in all cases but one, postoperatively. The patient in whom
vision did not improve post-operatively had a history of a recurrent Rathke’ cleft cyst
that required multiple resections at other institutions. There were no postoperative
complications or CSF leaks at a 1-year follow-uP clinic visit.

3.2 Case illustration

A 69-year-old male with past medical history significant for diabetes mellitus
type II presented to our institution’s neurosurgery clinic with chief complaints of
frontal headaches and peripheral vision loss. The patient first noticed changes in
his vision approximately one and half years prior to his visit. He was previously
diagnosed with a pituitary tumor via magnetic resonance imaging (MRI) at a dif-
ferent institution. However, his vision had progressively worsened over a 3-month
period of time, thereby taking a toll on his performance as an avid pickleball
player, and eventually led to his presentation at our facility. Neurological exam was
unremarkable except upon the assessment of visual fields, and it was determined
that the patient had marked left temporal and superior right quadrant visual field
deficits. Pre-operative MRI revealed a heterogeneously enhancing sellar/suprasellar
mass, which was 2.2 cm anteroposterior x 2.5 cm transverse x 3.2 cm craniocaudal
(Figure 1) and was therefore determined to be the root cause of significant compres-
sion of the patient’s optic chiasm. Intraoperatively, the tumor was removed off of the
diaphragma sellae and pseudocapsule. Because the diaphragma sellae did not herniate
and was not decompressed fully, tuberculum sellae was then further opened using
Kerrison rongeurs, and the asymmetrically descended diaphragma sellae was opened
from above, superiorly, using the retractable blade in a horizontal fashion (Figure 2).
Once the supradiaphragmatic space was identified, CSF and the optic chiasm were
visualized, and it was confirmed that the optic chiasm had been decompressed
(Figure 3). After thorough irrigation and hemostasis were achieved, an intradural

Figure 1.

Pre-operative MRI. A pre-contrast T1 sagittal demonstrating a sellar/suprasellar mass (white arrowhead)
isointense to gray matter, compressing the optic chiasm (white arrow). b pre-contrast T1 coronal demonstrating the
compressed optic chiasm (white arrow) and mass (white arrowhead).
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Figure 2.

Intraoperative images of asymmetric descent of DS and incision. A asymmetric descent of DS (white arrow).
b residual pituitary gland (white arrow). c incision area (white arrow) in DS. d incision made (white arrow)
in DS.

Figure 3.

Im‘gmopemtive images of confirmation of decompression and closure. A optic chiasm (white arrow). b Sella (white
arrow), diaphragma (white arrowhead), suprasellar space (black arrowhead). ¢ Intradural graft (white arrow).

d bone graft across the Sella (white arrow). E Nasoseptal flap (white arrow) covering the defect, no cevebrospinal
fluid leak observed.

Figure 4.

3-month post-operative MRI. A pre-contvast T1 sagittal demonstrating near total resection of tumor, with optic
nerve (white arrow), pituitary stalk (white arrowhead) and fat (black arrow). b pre-contrast T1 coronal
demonstrating the decompressed optic chiasm (white arrow) and fat (black arrow).

graft along with a bone graft and a nasoseptal flap were cut and fashioned to be
placed in order to cover the defect (Figure 3). Surgicel™, Duraseal™, and Gelfoam™
were then placed on top to finalize the closure and observe for a possible CSF leak,
the latter of which never occurred. Immediately after surgery the patient noticed
improvement in his left visual field. A 3-month post-operative MRI demonstrated
near total resection of the pituitary tumor along with a fully decompressed optic
chiasm (Figure 4). At the 3-month post-operative clinic visit, the patient stated

that his vision continued to improve, and he was eager to share that he had finally
resumed playing pickleball. Upon neurological exam, the patient’s visual fields were
fully intact.
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4. Discussion

Records of pituitary tumor surgery go back to the early 1900s when common
surgical techniques included palliative craniectomies, subfrontal, or subtemporal
craniotomies, as well as transnasal transethmoidal, sublabial endonasal-transseptal,
and transsphenoidal methods. Unfortunately, mortality rate ranged from 66 to
21%, which was associated with palliative craniectomy and transsphenoidal approach,
respectively [17]. However, between 1910 and 1925, Cushing focused exclusively
on the transsphenoidal approach which he utilized in 231 pituitary tumor cases and
was able to achieve a mortality rate of only 5.6%. It is indubitable that the advent of
endoscope allowed for greater visualization of neuroanatomical structures, especially
during transsphenoidal surgery, and in addition to modern understanding of micro-
biology, as well as utilization of aseptic surgical technique, the surgical mortality rate
for this procedure is now approximately 0.6% [18].

The decompression and preservation or restoration of vision is often the primary
surgical goal in the treatment of patients harboring pituitary macroadenomas with
severe optic chiasm compression with up to 80.9% of patients experiencing post-
operative improvement in their vision [19]. Despite the success of transsphenoidal
surgery overall at improving vision, this success is still dependent on several factors
that can be improved upon, including surgical technique. Descent of the diaphragma
sellae (DS), a thin, tenuous structure that forms the roof of the sella turcica and
covers the pituitary gland, during endonasal endoscopic transsphenoidal surgery is
the surrogate marker of adequate chiasm decompression [1-3, 20]. In management of
large pituitary lesions, this structure is often difficult to identify, or may be violated
by the tumor. At times, it may not descend symmetrically, leaving the surgeon unsure
whether the goals of surgery have been met. Due to the difficulty of distinguishing
normal pituitary gland, tumor, tumor capsule, and the diaphragma sella, intraopera-
tive MRI (iMRI) has become an increasingly utilized, though cost-prohibitive tool
in pituitary surgery, without which the surgeon is able to predict extent of resection
in only 65% of cases [21]. Furthermore, the surgeon is often left to finish surgery
questioning whether the optic chiasm is decompressed and hoping for future sponta-
neous diaphragma descent and chiasm decompression if adequate tumor debulking
was performed. Our proposed technique of intentionally incising the presumed
diaphragma sella allows for assurance of adequate chiasm decompression at the time
of surgery. Intraoperatively, the presumed diaphragma sella can be incised to visualize
into the subarachnoid space and suprasellar cistern and confirm the extent of optic
chiasm decompression. The small low flow CSF leak can be repaired with a number
of techniques at the disposal of the skull base surgeon. It is common neurosurgical
practice to utilize abdominal fat grafting when a large cavity is encountered after
tumor resection to fill the “dead space,” as well as a Durepair™ inlay, Duraseal™,
and Surgicel™ [22-24]. Nasoseptal flaps are typically reserved only for large, high
flow CSF leaks [25]. Current trends in pituitary surgery advocate against intentional
opening of the diaphragma sella, as this increases the risk of a postoperative CSF leak.
More recent studies have shown that despite intraoperative CSF leak, with proper
reconstruction techniques, postoperative CSF leak rates are exceedingly low and range
from 0.6 to 2.3% and can be easily managed or even completely prevented with utili-
zation of lumbar drainage [11, 24, 26]. With the main goal of vision preservation and
restoration, diaphragma sellotomy ensures the goals of surgery are met with minimal
risk to the patient, while also allowing for pituitary gland preservation; repeat surgery
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stemming from patients reporting marginal clinical improvement along with radio-
graphic studies demonstrating persistent optic chiasm compression, can be avoided.

5. Conclusion

Optic chiasm decompression is often the primary surgical goal for patients with
pituitary macroadenomas. Descent of the diaphragma sellae (DS) indicates chiasm
decompression. DS is not always identifiable and its descent not always symmetric.
Intraoperative MRI (iMRI) has become an increasingly utilized, though cost-prohib-
itive tool to confirm decompression. Diaphragma sellotomy ensures chiasm decom-
pression with minimal risk to the patient with current reconstructive techniques and
without the need for iMRI. Repeat immediate or delayed surgery to ensure chiasm
decompression can be avoided. Diaphragma sellotomy is a facile and safe way to
ensure the goals of surgery have been met with minimal risk. Utilization of this novel
technique may allow for more rapid recovery of vision and prevention of repeated
surgical intervention.
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Abstract

The pituitary gland is one of the major organs that make up the endocrine system.
The pituitary gland secretes various hormones some of which acts on target organs
specifically and some that act on other endocrine bodies to stimulate or inhibit
production of hormones based on response to different signals in the body. The
pituitary gland is also regulated by hormones released from the hypothalamus and
hence, the hypothalamus and pituitary gland coalesce to form a central control unit
for endocrine processes throughout the body. Of its numerous functions, the pituitary
is very vital in reproduction as it regulates hormones that are necessary for reproduc-
tive functions in the body. This chapter discusses at length, the importance and role
of the pituitary gland in reproduction. Basically, the pituitary gland responds to
stimuli from the hypothalamus to produce hormones that act on the gonads (testes
and ovaries) to produce sex hormones that are necessary for sexual maturation. The
hypothalamus, pituitary gland and the gonads form a network for the communication
via the hypothalamo-pituitary-gonadal axis and it allows efficiency in stimulating and
inhibiting release of hormones via a feedback mechanism. The optimum function-
ing of the pituitary gland is absolutely necessary to facilitate a healthy reproductive
functioning and avoid reproductive complications like infertility. Conception should
be a natural part of life that should occur spontaneously and approximately 15-25%
of couples within the reproductive age are struggling to conceive, and require medical
attention to achieve this and only about 1-2% of couples are sterile. Infertility cases
that result from pituitary gland-related complications can be caused by a number of
factors either congenital or acquired. Recent research inferences on the pathophysiol-
ogy of infertility have identified the overproduction of reactive oxygen species as
an important factor in infertility. There are various studies regarding the effects of
endocrine-disrupting chemicals (an environmental pollutant) on the reproductive
functions of animals which can be through alterations in a hormonal milieu as well
as reactive oxygen species. It therefore becomes imperative to look into effects of the
environment on the endocrine pathways and its reflection on fertility. This chapter
also looked into some of the causative factors of these disorders and the risk the pose
to a reproductive health.

Keywords: pituitary gland, fertility, bisphenol-A, endocrine system, reproductive
health
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1. Introduction

The pituitary gland is a miniature endocrine organ that is situated at the base
of the brain directly underneath the hypothalamus. It is suspended from the base
of the brain by the infundibulum which is otherwise known as the pituitary stalk
and it is situated within a small groove on the sphenoid bone. The pituitary gland
is structurally and functionally considered as a double structure because it has 2
distinct parts—the anterior pituitary (adenohypophysis) and the posterior pituitary
(neurohypophysis) which are of different embryonic origin and are specific in their
own respective functions. The pituitary is sometimes referred to as the “master gland”
because other than secreting its own hormones, it also controls secretion of hormones
by other endocrine organs as responses to different signals in the body. The pituitary
is capable of controlling all these other endocrine processes by forming a hypothal-
amo-pituitary complex which functions as central control for the brain to organize
important processes in the body. The hypothalamo-pituitary complex controls these
processes forming a circuit with target endocrine organs, these circuit is known
as axis. This axis forms a kind of feedback loop which helps to stimulate or inhibit
release of hormones from the hypothalamus and pituitary alike. The importance of
the pituitary gland can be inferred by understanding the numerous functions that it
serves in the body. Some of the functions of the pituitary gland include; regulation
of body metabolism, growth and development, homeostasis and also reproduc-
tion. The pituitary is capable of exhibiting all of the aforementioned functions by
actions of different hormones that it releases to different target organs in the body.
Some of the hormones produced by the pituitary gland include growth hormone,
thyroid-stimulating hormone, luteinizing hormone, follicle stimulating hormone,
prolactin, oxytocin, etc. For the context of this chapter, there will be an emphasis
on its importance in reproduction and fertility. The pituitary acts on the ovaries and
testes through the hypothalamo-pituitary-gonadal axis and it controls the reproduc-
tive function in females and males through the actions of two hormones—Iluteinizing
hormone and follicle stimulating hormone. In immediate pre-pubertal life, produc-
tion of luteinizing hormone (LH) is usually in low quantities but as puberty begins
to set in, LH production increases. This upsurge would cause the stimulation of
gonadal steroidogenesis which is necessary for sexual maturation. In females, release
of LH and follicle-stimulating hormone (FSH) which is triggered by the secretion
of gonadotropin releasing hormone (GnRH), otherwise called luteinizing hormone
releasing hormone (LHRH) from the hypothalamus helps to regulate the reproduc-
tive system. Once secreted, the LH and FSH act on the ovaries to stimulate ovulation
and secretion of sex hormones which are estrogen and progesterone. Ovulation is
made possible by summative action of the pituitary gland, the hypothalamus and
the ovaries. As described earlier, the process kick starts in the hypothalamus which
releases hormones that act on the pituitary gland to release gonadotropins (LH and
FSH) which then acts directly on the ovaries. In the ovarian follicles, there are 3 types
of cells; the theca, the granulosa and the oocyte. LH acts on the theca cells to produce
androstenedione, FSH then stimulates aromatase to act on the androstenedione to
produce estradiol. Once estradiol is produced, it causes a positive feedback on LH
release by blocking off negative feedback that is caused by estrogen. The further
release of LH would then cause an “LH surge,” which would in turn initiate the ovula-
tion process. After the event of ovulation, the ovarian follicle turns into the corpus
luteum. The corpus luteum is responsible for secretion of progesterone and human
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chorionic gonadotropin in the event of a pregnancy. In males, the release of FSH and
LH by the pituitary gland is responsible for spermatogenesis—production of sperm
and the secretion of testosterone, the male sex hormone.

2. Factors that can affect normal functioning of the pituitary gland

It is important that there is a balance in the level of hormones that is being pro-

duced by the pituitary gland to allow proper functioning of the reproductive systems.
Hormonal imbalances resulting from incompetence of the pituitary gland can have
huge ramifications on the reproductive systems and ultimately resulting in fertility
complications. Several factors can be held responsible for improper functioning of the
pituitary gland, some of these factors are;

61

* Tumors: Pituitary tumors (also known as pituitary adenomas) are slow-growing
non-cancerous growths on the pituitary gland. These tumors are categorized into
two; non-functioning adenomas (or non-secreting) and functioning adenomas
(or secreting). The non-functioning adenomas do not secrete any hormones but
can grow uncontrollably large which might require surgical removal and in rare
cases, the tumor can rupture and result in internal hemorrhage. The functioning
adenomas usually secrete hormones which can directly cause hormonal imbal-
ances that would result in infertility. The functioning adenomas are classified
based on the hormones they secrete. A very common type of a functioning
adenoma is the prolactinoma, which causes excess release of prolactin. It is
responsible for about 40% of all the pituitary tumors and its occurrence is more
prevalent in the female populace [1] and also about 15% of total intracranial
tumors [2]. Excess production of prolactin (hyperprolactinemia) can cause a
range of complications in the reproductive system. Excess prolactin suppresses
the action of FSH and LH which causes irregularities in the menstrual cycle
and also interferes with ovulation in women and cause inability to conceive in
women. It can also cause a condition known as “galactorrhea” which means
production of breast milk in women who are not breastfeeding or even pregnant.
In men, suppressed action of FSH and LH can impede spermatogenesis and cause
impotence. It can also cause low sex drive in both sexes.

Trauma: Physical infarctions to the pituitary gland resulting from head injuries
such as skull fractures or concussions can damage the gland and stop its func-
tioning which would result in hormonal imbalances which in turn translates to
infertility. Some other symptoms that might result from trauma to the pituitary
gland include fatigue, headaches and vision problems.

Auto-immune diseases: Diseases like hypophysitis where the body defenses
attack the pituitary gland and cause inflammation and damage to the gland. This
can also lead to hormonal imbalances and cause fertility problems.

Infections: Some infections like meningitis and tuberculosis can affect the func-
tioning of the pituitary gland. The causative bacteria of tuberculosis “mycobac-
terium tuberculosis” which majorly infects the lungs is also capable of affecting
other parts of the body including the pituitary gland. Its malfunctioning can
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result when the bacteria affects the pituitary gland, a condition called tubercu-
lous hypophysitis of the pituitary gland.

* Medications such as antidepressants, antipsychotics and chemotherapy drugs can
affect the normal functioning of the pituitary gland and cause hormonal imbalances.

* Radiation therapy: Radiation exposure to the skull for treatment of intracranial
malignancies alter the proper functioning of the pituitary gland.

All the aforementioned factors can affect the pituitary gland and lead to hormonal
imbalances by either causing over activity or under activity of the gland. These condi-
tions are known as hyperpituitarism and hypopituitarism respectively.

3. Effects of pituitary gland dysfunction on reproduction and fertility
3.1 Hyperpituitarism

Hyperpituitarism, a condition where there is excessive secretion of pituitary
hormones can be largely associated with functional pituitary adenomas which can
stimulate excess hormone secretion (e.g. prolactinoma). The complications that result
from this however depends on the particular hormone that is being over secreted.
The most commonly affected hormones in hyperpituitarism are growth hormone and
prolactin. Although both hormones are not directly involved with fertility, prolactin
is an important hormone for secondary sexual characters which includes breast
development and production of milk in pregnant and lactating mothers. Also, excess
prolactin can suppress the production of estrogen and testosterone which influences
fertility by causing anovulation in females and decreased sperm production and qual-
ity in males. Hyperpituitarism is mostly treated using medication regimen, however
the approach to managing the condition may depend on the cause and severity. Other
ways of managing hyperpituitarism are the surgical approach and radiotherapy.

3.2 Hypopituitarism

Hypopituitarism is a condition where the pituitary gland cannot produce hor-
mones in the required amounts for proper functioning. Hypopituitarism is the
absolute or partial loss of the pituitary gland (anterior and posterior) function that
can result from hypothalamic or pituitary disorders [3]. It is less prevalent in com-
parison to hyperpituitarism. Also, some other contributing factors like the cause of
the hypopituitarism, the age of onset and the severity of the hormone deficiency can
affect the clinical presentation of the clinical state. Depending on the etiology of the
hypopituitarism, the condition can be categorized into two groups—primary and
secondary hypopituitarism.

3.2.1 Primary hypopituitarism

In primary hypopituitarism, the condition is caused by disorders of the pituitary
gland which can be caused by damage or inadequate functioning of the pituitary
hormone secreting cells. Other causes of this condition are tumors (pituitary adeno-
mas), surgical complications and exposure to radiation in therapy. In cases related
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with adenomas, the onset of the condition is usually slow. However, in patients who
suffer from pituitary hemorrhage or lack of blood supply to the pituitary gland, a
medical condition referred to as pituitary apoplexy, the onset of the hypopituitarism
is normally quick and symptoms may begin to prevail within hours. This is as seen in
postpartum hemorrhage or in trauma where the blood loss is massive and replacement
wasn’t commensurate with the loss.

3.2.2 Secondary hypopituitarism

In secondary hypopituitarism, the condition is associated with complication with
the hypothalamus. This could be from damage to the infundibulum (pituitary stalk)
which is often caused by trauma to the head or neck. Also tumor growth in proximity
of the sella turcica if big enough, can exert pressure on the pituitary stalk and cause
a lesion. In surgical attempts to remove such types of tumor (sellar or parasellar
tumors), the pituitary stalk is highly exposed and is at a great risk of being damaged
and this can lead to secondary hypopituitarism.

Like hyperpituitarism, the clinical presentation largely depends on the specific
pituitary hormone that is being under-produced. In regards to reproduction and
fertility, the gonadotropins are the major hormones of concern. However, symptoms
and clinical presentation of low gonadotropins depends on the stage of onset (pre-
pubertal or post puberty). Some of the symptoms are listed below;

* Exaggerated decrease in size of penis and absence of testicles.

* Lack of development of secondary sexual features during puberty (e.g. breasts
and pubic hair).

* Low sex drive and desire in adulthood.
* Fertility complications in adulthood.
3.3 Pituitary hyperplasia

This is associated with a rapid increase in the number of one or more cell subtypes
of the pituitary gland. These increments are characterized by an enlargement of the
pituitary gland. It can occur as a result of physiological or pathological changes in the
body. Pregnancy state is a period where there are numerous physiological changes in
the body. During pregnancy, the pituitary gland increases in weight and size by almost
one-third of its original size. This inflammation is caused by activation of lactotroph
cells which in turn causes stimulation of prolactin [4]. Prolactin stimulation helps pre-
paring the mother for lactation and breastfeeding. Although, the condition is reversible
in the normal physiological conditions like pregnancy, other inflammations resulting
from pathological effects may require medical intervention for their management.

4. The hypothalamo-pituitary gonadal axis and its role in reproduction

The hypothalamo-pituitary-gonadal axis (HPG axis) is a complex system that is
in charge of controlling and regulation of hormones that are persistent with repro-
ductive function and fertility in both males and females. As stated earlier, a typical
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hypothalamo-pituitary axis consists of the hypothalamus, the pituitary gland and

the target organs terminally. The target organs of the HPG axis are the gonads, which
are specifically the ovaries and testes in males and females respectively. The first
component, the hypothalamus, is a small organ that is located deep within the center
of the brain and directly above the pituitary gland—the pituitary gland is suspended
from the hypothalamus by the pituitary stalk. The hypothalamus is a vital organ for
regulating numerous physiological functions in the body one of which is the regula-
tion of release of pituitary hormones. However, the hypothalamus is also capable of
secreting its own hormones, the hormones released by the hypothalamus are widely
categorized into twoj; tropic hormones which are hormones that act directly on differ-
ent target organs in the body, and hypophysiotropic hormones which are released to
act on the pituitary gland. The hypothalamus is largely connected with different parts
of the central nervous system (CNS) but it is however most closely related and con-
nected to the pituitary gland due to their interwoven actions and their close proximity
to each other. This tightly connected formation gives rise to the hypothalamo-pituitary
complex. This complex then forms an axis by terminally connecting to different target
organs. These axes include hypothalamo-pituitary gonadal (HPG) axis, hypothalamo-
pituitary-adrenal axis, hypothalamo-pituitary-thyroid axis and also the growth
hormone axis. The HPG axis serves a variety of functions in the body which includes
development of the immune system, aging but most importantly reproduction. The
mechanism of action of the HPG axis begins at the hypothalamus by releasing gonado-
tropin-releasing hormones (GnRH) which is an example of hypophysiotropic hormone
because it acts directly on the pituitary gland to release gonadotropins. The released
gonadotropins (LH and FSH) then acts on the gonads (testes and ovaries) in their

own distinct ways which has been explained earlier in this chapter. The HPG axis has
distinct actions in both males and females and are also regulated differently by their
own respective negative feedback mechanisms which regulates the stimulation and
inhibition of release of hormones by the hypothalamus and pituitary gland (Figure 1).
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\

LH O FSH )

6 &
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Figure 1.
Diagram showing the dynamic of the hypothalamo-pituitary-gonadal axis [5].
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In males, the production of the male sex hormone (testosterone) and also the
male gamete (sperm cells) are the primary responsibility of the HPG axis. Production
of testosterone is achieved by the bonding of luteinizing hormone (LH) to the
interstitial cells of the testes and stimulating the Leydig cells to synthesize it [6].
Spermatogenesis, on the other hand, is stimulated by the follicle-stimulating hormone
(FSH). FSH stimulates Sertoli cells which are present in the seminiferous epithelium.
The stimulated cells produce a protein complex called the androgen-binding protein
(ABP). The ABP synergizes with the already-produced testosterone to provide regula-
tory molecules and nutrient materials required for maintaining spermatogenesis.
Therefore, both the FSH directly and LH indirectly regulate spermatogenesis through
the bonding of ABP to testosterone. The HPG axis in males is regulated by a negative
feedback effect on the hypothalamus by inhibiting the release of GnRH which in turn
halts the release of FSH and LH. The negative feedback is achieved by the release of
inhibin by the Sertoli cells which inhibits another protein activin that stimulates the
release of gonadotropins by the pituitary gland and hereby indirectly inhibiting the
hypothalamus (Figure 2).

In females, the HPG axis is primarily concerned with the regulation of the
ovarian cycle and the menstrual cycle. As the gonadotropins are released by the
pituitary gland, they stimulate the production of estrogen and inhibin by the ovary.
Like testosterone in males, estrogen directly inhibits the release of GnRH by the
hypothalamus through a negative feedback mechanism. Inhibin here also suppresses
activin which indirectly inhibits the hypothalamic release of GnRH. In the reproduc-
tive cycle, the development of the ovarian follicle is achieved by a positive feedback
loop that involves LH and estrogen. Once the developed follicle releases its ova, there
is stimulation of the ovary to produce progesterone. Production of progesterone
provides a negative feedback effect that counters the positive feedback of LH and
estrogen, and this feedback suppresses the production of GnRH by the hypothalamus
which in turn inhibits the release of gonadotropins from the pituitary. In the other

—
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Figure 2.
Diagram showing the feedback loop of the hypothalamo-pituitary-gonadal axis in males [7].
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event that the follicle is not fertilized and the onset of menstruation begins, the level
of progesterone diminishes and the negative feedback is also overturned which now
allows the production of GnRH from the hypothalamus and also the release of the
gonadotropins from the pituitary. The released gonadotropins now begin to prepare
the next ovarian follicle for the reproductive cycle. The HPG axis is also responsible
in the menstrual cycle as the hormones produced by the pituitary are involved in the
three phases of the menstrual cycle (Figure 3).

The HPG axis is a somewhat complex system that ensures the regulation of
hormones that control reproductive functions and fertility. Being an essential bench-
mark in the endocrine system, its proper functioning is important for reproductive
competence and fertility. The HPG axis is closely controlled by various feedback
mechanisms that ensure hormones are produced in adequate quantities and at the
right time. Any disruption in the normal functioning of the HPG axis is tantamount
to having significant ramifications for the reproductive system and fertility which can
culminate in reproductive disturbances.

)

Diagram showing the feedback loop of the hypothalamo-pituitary-gonadal axis in females [8].

Figure 3.
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4.1 Disorders of the hypothalamo-pituitary-gonadal axis and their implications
on reproduction and fertility

The HPG axis can be affected at any level of its organization (i.e. it can occur at
the hypothalamus, pituitary gland and also at the gonads in both sexes), and this can
translate to different implications. Although the cause of some of these disorders are
generally considered idiopathic, some contributory factors include:

* Genetics: Some of the disorders of the HPG axis are as a result of genetic abnor-
malities. HPG axis disorders like Klinefelter and Turner syndrome in males and
females respectively are as a result of genetic aberrations on the chromosomes.

* Trauma: An injury or physical lesions to the brain or the gonads can disrupt
the normal functioning of the HPG axis and can ultimately lead to hormonal
imbalances.

* Autoimmune diseases: Such diseases affecting the immune system can affect the
ovaries and testes causing interference with the axis thereby causing imbalances.

* Tumors: Abnormal growth(s) can disrupt by stimulating or inhibiting produc-
tion of hormones.

* Medications: Drugs such as chemotherapy can disrupt hormone production and
lead to HPG disorders.

* Environment: Exposure to some environmental elements like chemicals and
radiation can interfere with the HPG axis and cause hormonal imbalances. Also
environmental toxins like Bisphenol-A (BPA) which is an established endocrine
disruptor can directly cause hormonal alterations which can lead to HPG axis
disorders.

Some of the disorders that can result from the disruption of the HPG axis include
hypogonadism which is a condition whereby the gonads produce little or no sex
hormones which will lead to a range of symptoms that are all associated with infertil-
ity. Prepubertal affectations can lead to precocious puberty, a condition where there
is an abnormal haste or delay in the onset of puberty in the adolescents. Kallmans
syndrome is also a genetic disorder which causes failure of puberty due to lack of
production of gonadotropin-releasing hormone in the hypothalamus. However, there
are more sex-specific disorders that can be caused by the disruption of the HPG axis.

4.2 Effect of environmental toxins (endocrine disruptors) on the pituitary gland
and fertility

Over the past decade, studies on the effects of Endocrine Disrupting Chemicals
(EDCs) on the reproductive functions of animals have raised some health concerns.
In response to these concerns, the World Health Organization (WHO) has several
publications, including the recent state of the science of endocrine disrupting chemi-
cals in 2012 [9]. Worldwide, urbanization is progressing with increased demands
and use of BPA. It is currently being used in many of our day to day materials such as
foods packages, papers, electronics, medical equipments, etc. Therefore, there will be
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an upsurge in the possible health risks associated with endocrine disrupting chemical
exposures. One of such EDC is Bisphenol-A (BPA).

Bisphenol-A is a synthetic chemical that is used in the manufacturing and produc-
tion of polycarbonates and epoxy resins [10]. These (polycarbonates and epoxy resins)
are two types of thermosetting plastics that are widely used in various applications
like production of some day-to-day materials for human usage. Some of these materi-
als include; food containers, water bottles, eyeglass lenses and in electronics. Hence,
BPA is a very popular chemical compound in our environment. In recent times, a high
number of chemicals with endocrine-disrupting abilities have been recorded and they
are generally referred to as endocrine-disrupting chemicals (EDCs) [11]. EDCs are
exogenous substances that are able to simulate or interfere with the endocrine system
hereby remodifying important biological processes like organ development, reproduc-
tion, metabolism, etc. [12]. BPA is one of the most common EDCs and it can mimic the
action of estrogen and can cause alterations in the endocrine systems which can cause
adverse effects on the human reproductive health [13, 14].

Laboratory studies have shown that fetal and neonatal exposure to relatively low
doses of BPA may result in reproductive and developmental disorders, including
impaired sexual differentiation in the brain [15]. The accumulation of BPA deposits
also has clinical implications on the reproductive system since exposure to its low
doses during prenatal life has been shown to affect spermatogenesis in the offspring
of male rodents. Sex specific changes in the function of infant’s hypothalamo-
pituitary-adrenal axis, which may culminate in anxiety or depression-like behaviors
in offspring, can be associated with prenatal exposure to BPA [16].

By mimicking the action of estrogen, BPA can cause some modifications such as
benign lesions, endometrial hyperplasia, development of ovarian cysts and increase
in the ductile density of the mammary glands. Regarding the pituitary gland func-
tions, BPA disrupts the production and secretion of gonadotropin-releasing hormones
(GnRH) from the hypothalamus and this in turn would also affect the production of
the gonadotropins (LH and FSH) from the pituitary gland. Due to the importance
of gonadotropins on the function of the gonads, any disruption in their activity can
compromise fertility and reproductive health. The reproductive complications of BPA
are expressed differently in males and females. In an animal study carried out by [17],
where they administered different doses of BPA to male rats at infant and adolescent
stages. The results showed that BPA exposure at these stages caused histological altera-
tions and also reduced sperm cells quality and quantity at both stages. Also, there was
noticeable alterations in the levels of the sex hormones as levels of LH and FSH were
elevated as well as the testosterone levels. Gupta et al. [18] also reviewed studies about
BPA exposure and infertility in men. The underlying mechanism of BPA induced
pathology is believed to be disruption in the steroidogenesis pathway and increased
oxidative stress [19]. There was decreased sperm quality and motility in exposed. Also,
low sperm counts, abnormal sperm morphology and elevated FSH levels were shown
in a similar study [18]. The ability of BPA to mimic estrogen sometimes allows it to
bind to estrogen receptors in the brain and this would lead to alterations in the feed-
back system which can disrupt the release of hormones. However, in the hypothalamo-
pituitary-ovarian axis, it causes a series of changes that develop into symptoms that
are related to infertility. This has been proven by both animal and human studies. In
animal studies carried out by [20], they examined the effect of BPA exposure in ado-
lescent rats and their experiments revealed that exposure of these newborn rats caused
some alteration in their hormone profile as well as some histological changes that were
peculiar with a common endocrine disorder in women known as polycystic ovarian
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syndrome (PCOS). It was noticed that the serum level of FSH and LH were elevated,
this is a hallmark of PCOS in females. Also there was presence of multiple defective
follicles in the histomorphometry of the ovaries. This observation was also made by
[21] on the effects of BPA on ovaries of exposed rats. These degenerative changes were
caused by BPAs interference with folliculogenesis. Also in reference to PCOS, another
major symptom which is hyperandrogenism was noticed in the serum analysis of the
exposed rats as the level of testosterone was markedly increased. In human studies,
there was reported irregularities in the menstrual cycle and also the development of
PCOS which could both lead to infertility [18]. Due to the sensitivity of the female
menstrual cycle and fertility to hormonal imbalances and alteration in endocrine
function, it can be established that BPA and other endocrine disruptors can have an
adverse effect on the reproductive health of individuals. Whilst BPA is very common in
our environment nowadays, it is imperative that some lifestyle amendments are made
to reduce interaction and exposure to BPA such as:

* The use of BPA-free products: People should actively look out for “BPA-free”
labeled products when shopping for water bottles, food containers and other
plastic products that may contain BPA.

* Eating fresh foods: Materials used in processing and packaging processed food
may be containing BPA and instead people should opt for fresh foods, frozen
foods and vegetables.

* Using glass or stainless steel containers for food storage instead of plastics.

* Avoiding thermal paper receipts whenever possible because they are often
BPA-coated.

4.2.1 Polycystic ovarian syndrome

In females, a major disorder of the HPG axis is polycystic ovarian syndrome
(PCOS). It is the most common endocrine disorder that occurs in women of reproduc-
tive age, affecting a reported 6-10% of adolescents and adult women [22]. PCOS is
characterized by the development of multiple cysts on the ovaries and is accompanied
by some hallmark symptoms like menstrual cycle abnormalities and hyperandrogen-
emia (abnormally high level of male sex hormones). LH stimulates the theca cells
in the ovaries to produce androgens, these androgens are converted into estrogen by
the action of an enzyme known as aromatase. In HPG dysfunction, the androgen is
not converted into estrogen and this leads to the hyperandrogenemia. This leads to
an array of symptoms that include hirsutism, acne, polycystic ovaries and usually
menstrual abnormalities with infertility. Our study has shown that environmental
toxins such as bisphenol-A causes hyperandrogenaemia, as shown by increase in the
luteinizing hormone of the pituitary and consequently in the testosterone level. These
hyperandrogenic states demonstrated poses risks similar to those seen in PCOS states,
which can result in anovulation and consequent conception difficulties.

5. Conclusion

The importance of the pituitary gland in fertility preservation and reproduction
cannot be understated because it secretes the hormones that stimulate the gonads to
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produce the sex hormones required for reproduction. The gonadotropins secreted

by the pituitary are also necessary for sex cell development, i.e. spermatogenesis and
oogenesis. Deficiencies of the pituitary gland and HPG axis that are concerned with
hormone imbalances can be as a result of insufficiency of the specific organ (testes or
ovary) or problems from the hypothalamus or pituitary gland that affect these organs.
These disorders are majorly attributed to insufficient or excessive hormones resulting
in complication such as infertility. Diagnosis of these disorders includes measuring
the basal hormone levels in the serum. These disorders can be managed through
means of medications, hormone replacement therapy or even surgery depending on
the severity it poses. Recent upsurge in exposure to endocrine disrupting chemicals
(Bisphenol-A inclusive) will in future culminate into increased incidence of pituitary
reproductive hormonal imbalances, thereby distorting the gonadal milieu with
concurrent rise in fertility issues.
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Perspective Chapter: Stimulation

and Activation of the Pituitary
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Abstract

The pituitary gland no larger than a pea in shape is located at the base of the
brain and is called the “master” gland of the endocrine system because it controls the
functions of many other endocrine glands including thyroid, parathyroid, pancreas,
reproductive, and adrenal gland. The pituitary gland is attached to the hypothala-
mus (a part of the brain that affects the pituitary gland) by nerve fibers and blood
vessels. The pituitary gland regulates the hormones that have to do with growth,
digestion, protein absorption, use, and controlling blood pressure. Overactivity
and underactivity of this pea-sized gland on the skull base of the brain can cause a
various range of disorders. Since pituitary gland and hypothalamus work together
so closely that if one of them is damaged, it can affect the hormonal function of the
other. Endocrinologists treat the issues related to the abnormal functioning of this
gland by therapeutic interventions. Now-a—days, the concept of mindfulness is widely
accepted to treat endocrine disorders. Psychoneuroendocrinology is the new upcom-
ing branch in therapeutics of several neuroendocrine diseases. The pituitary gland
disorders can also be corrected by lifestyle modifications like practicing certain yoga
asanas, pranayama, and meditations.

Keywords: psychoneuroendocrinology, lifestyle modifications, yoga asanas,
pranayama, meditation

1. Introduction: the pituitary gland

A small pea-shaped pituitary gland is referred to as the body’s master gland as it
controls many vital body functions via controlling the activity of most other hormone-
secreting glands including thyroid, parathyroid, pancreas, reproductive, and adrenal
gland. It plays a major role in regulating vital body functions and general well-being.

Anatomically, the pituitary gland is like a protrusion at the base of the brain and the
size of this is a pea or cherry. The gland is located in a well-protected small bony cavity
sella turcica of the skull, level with the eyes, and roughly in the middle of the head.

It is attached to the hypothalamus of the brain which controls the involuntary
(vegetative) nervous system. This part of nervous system helps in managing the
activities like balance of energy, heat and water including body temperature,

75 IntechOpen



The Pituitary Gland — An Overview of Pathophysiology and Current Management Techniques

heartbeat, urination, sleep, hunger, and thirst. The gland also produces several
hormones which regulate most of the hormone-producing glands in the body or have
a direct effect on the target organs especially thyroid, reproductive organs, adrenal
gland etc. [1, 2]. This hormone secretion generates inhibitory or stimulatory signals
from the hypothalamus.

The pituitary gland can be divided into two lobes: Anterior pituitary lobe and
Posterior pituitary lobe.

1.1 Anterior pituitary lobe

It is made of several different types of cells which produce and releases the follow-
ing different types of hormones:

1. Growth hormone (GH): This hormone regulates growth and physical develop-
ment. Primary targets of this hormone are bone and muscles. It can also stimu-
late growth in almost all tissues of the body.

2. Thyroid-stimulating hormone (TSH): This thyroid-stimulating hormone which
activates the thyroid to release the thyroid hormones are very crucial in control-

ling the overall metabolism.

3. Adrenocorticotropic hormone (ACTH): This hormone stimulates the adrenal
gland for the production of cortisol and other hormones.

4. Follicle-stimulating hormones: This hormone is involved in the secretion of
estrogen and the growth of ovum in women and sperm cell production in men.

5.Luteinizing hormone (LH):This hormone is involved in the production of the sex
hormones like estrogen in women and testosterone in men.

6. Prolactin helps in the production of milk in breastfeeding women.

7.Endorphins have pain-relieving properties and are thought to be connected to
the pleasure centers of the brain.

8.Enkephalins are closely related to endorphins and also have pain-relieving effects.

9.Beta-melanocyte-stimulating hormone: This hormone stimulates increased
pigmentation in response to exposure to UV radiation.

1.2 Posterior pituitary lobe

This section of the pituitary gland also secretes hormones—vasopressin and
oxytocin. These hormones are usually produced in the hypothalamus and stored in
the posterior lobe till they are released.

Vasopressin: This hormone is also called as antidiuretic hormone. It helps body in
water conservation and prevents dehydration.
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Oxytocin: This hormone stimulates the release of breast milk and helps in contrac-
tions of uterus during labor [1, 2].

The disorders of the pituitary gland are pituitary tumors, hypopituitarism,
Cushing’s syndrome, acromegaly, hyperprolactinemia, and diabetes insipidus and
disorder due to traumatic injury to the brain.

Following are the common symptoms seen in the disorders of the pituitary gland:
headaches, generalized weakness or fatigue, unexplained weight gain, high blood pres-
sure, insomnia, mood swings, psychological state changes, depression, memory loss,
reproductive issues like infertility, erectile dysfunctions and irregular menses, excessive
or unusual hair growth, and lactation is found when the individual is not nursing.

2. Hypothalamus pituitary axis

The three components, the hypothalamus, the pituitary gland, and the adrenal
glands comprise the HPA axis or HPTA axis. This HPA axis represents a complex set
of direct influences and feedback interactions among them.

This HPA axis is a major neuroendocrine system that has control over the reactions
to stress and other various major body processes like digestion, immunity, moods and
emotions, sexuality, energy storage, and expenditure. It serves as a common mecha-
nism for interactions among glands, hormones, and part of the midbrain [3, 4]. As
steroid hormones are produced in the vertebrates, there is a direct link between the
HPA axis and corticosteroids under stress.

The functioning of the HPA axis is affected by various factors including expo-
sure to early life stress situations. These affect the brain’s endocrine system and will
suppress the neuronal responses and immunity of an individual. Chronic stress leads
to an increase in cortisol release. Too much cortisol release can sometimes lead to
insomnia, weight gain, anxiety, and depression.

This will affect the quality of an individual’s behavior throughout the life.
Treatment of such chronic life situations with drug therapy is routinely practiced by
endocrinologists. In the long run, they show side effects.

Recently, alternative therapies are proven to be better in the treatment of the
chronic diseases. These alternative therapies work on the holistic approach—they are
noninvasive and are with less side effects.

3. Mind-body disease interactions

The studies in infant development and neuroscience are proving the modern
developments in psychoanalytical theory to produce a coherent link between
mind-body diseases. The studies reported that the infant’ failure to environmental
responses leads to fragile vulnerable personality structure that relies on external
objects to regulate psychobiological responses. These responses are mediated through
the rostral limbic system and expressed through changes in the HPA axis and auto-
nomic nervous system. The article written by John Mason (1968) concluded that asa
perception of stressful situation, the novelty, unpredictability, high ego involvement,
anticipation on negative consequences, and uncontrollability are the behaviors exhib-
ited by an individual. The HPA axis regulates and controls the overall psychological
and neurological behaviors of an individual.
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4. Yoga and pituitary health

The Bhagwad Gita—quotes “Yoga is the Journey of the self Through the Self, To
the Self” In the Indian scriptures, yoga and yogic science have proven to be effective
tools for the overall health and wellbeing of an individual.

“Yoga is a complete science of Ancient Indian system of Medicine which is more
than 5000 years old whereas the present more prevalent system of allopathic medi-
cine is nearly 200 years old only” [5].

As the body’s biochemistry starts changing from the age of 20 years, it is advised
that practicing some yoga for at least half an hour everyday will keep the body’s
biochemistry fit and help us to be healthy [6].

Yoga helps in the following ways to improve our health:

1. Improves flexibility

2. Helps build muscle strength

3. Helps in perfecting your posture

4.Reduces cartilage and joint breakdown
5.Protects your spine
6.Improves bone health

7.Increases blood circulation

8. Drains lymph and upsurges immunity

9.Increases heart rate

10. Reduces blood pressure

11. Regulates the adrenal gland function
12. Makes you feel happy

13. Gives you a healthy life style

14. Reduces blood sugar

15. Relaxes body systems

16.Increases focus and concentration
17.Maintains the nervous system
18.Releases the tension in limbs

19. Improves sleep quality

20. Increase self esteem
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4.1 Yoga and pituitary health

Practicing yoga regularly helps us to achieve complete physical and mental health
scientifically. Yoga is also emerging as a more effective way of nonpharmacological and
noninvasive endocrine therapy against many diseases including the pituitary health. A
complete physical and mental wellbeing state can only be achieved by following healthy
lifestyles, healthy eating habits, maintaining physical fitness together with maintaining
spiritual and emotional health. Yogic way of living helps to achieve optimum physical,
mental, and spiritual health. Several studies have reported that yoga helps in achieving
health through its influence on the endocrine system of our body. Endocrine system
hormones are the primary messengers that are produced by several endocrine glands,
i.e., hypothalamus, pituitary gland, adrenal glands, thyroid gland, parathyroid glands,
pancreas, and gonads of the body. The exact meaning of the term “endocrine” means a
process of specific stimuli causing the release of the hormones from the glands into the
bloodstream. For a balanced hormonal function in all the changing environment, it is
necessary that all the hormonal systems in the body function in a synchronous manner
and regulate each other. Many releasing hormones are secreted by hypothalamus in the
brain and are transmitted to the pituitary gland via blood circulation. The major role of
these releasing hormones is induction and controlling of the secretion of the pituitary
hormones which in turn are transported via blood to various target hormonal glands
of the body. The feedback from these target glands to the hypothalamus and pituitary
controls the further release and maintain the hormonal balance. These feedbacks cause
a negative and or positive effect on hormone production.

5. The lifestyle modifications and pituitary gland

The hormonal change in both men and women significantly impacts the quality of
life. It is found that the hormonal imbalance affects the cognitive function, i.e., ability
to think or analyze. These also cause issues like bloating, headaches, sleep distur-
bances, eating disorders, weight gain, skin issues, and lowering immunity, and many
more even on small changes in the hormonal imbalances. If not properly diagnosed at
the early stages, this may lead to several chronic diseases [7].

A significant health challenge is the emergence of stress and stress-related diseases.
According to the traditional definition of stress, it is the real or predicted disruption
of homeostasis caused by particular physical and emotional occurrences known as
“stressors.” A damaging, self-replicating cascade of neuroendocrine, metabolic, and
cognitive abnormalities brought on by protracted exposure to stress can be crucial in
the onset and development of cardiovascular disease (CVD), such as hypertension.

The HPA axis and the sympathoadrenal system (SAS), which consists of the
sympathetic nervous system (SNS) and adrenomedullary system (AS), are the two
components of complex stress system that mediates the body’s reactions to stressors.
The main mediators of the stress response are the hormones of the HPA axis and the
catecholamines generated by SAS.

The paraventricular nucleus of the hypothalamus, or PVN, is a key component in
the stress response. The production of CRH and Arginine vasopressin (AVP), which
starts the endocrine response to stressors, is caused by stress-induced activation of
the parvocellular neurons of the PVN. The anterior pituitary gland’s ability to secrete
ACTH is governed by CRH. In PVN parvocellular neurons, AVP colocalizes with
CRH. AVP amplifies the result of in the anterior pituitary.
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AVP increases the impact of CRH on ACTH release in the anterior pituitary. The
noradrenergic neurons in the locus ceruleus (LC) and CRH neurons in the PVN have
reciprocal connections, which causes them to stimulate one another in a positive feed-
back manner. The adrenocortical and autonomic branches of the stress response are
connected by CRH, which functions as a neurotransmitter that mediates sympathetic
arousal. The sympathetic nervous systems (SNS) stimulation in response to stress
is regulated by the locus ceruleus-norepinephrine system (LNE). Glucocorticoid
production from the adrenal cortex is primarily regulated by ACTH. The HPA axis,
which regulates how an organism reacts to stimuli, is final affected by glucocorticoid
chemicals, primarily cortisol in humans and cortisone in animals.

During the initial phase of the acute stress response, the SAS is engaged, resulting
in the typical “fight-or-flight” behaviors. These are rapid but transient physiological
adjustments made to get ready for the challenge posed by a stressful event. It is medi-
ated by the release of catecholamine like norepinephrine (NE). The secondary phase
involves a hormonal mechanism (HPA axis) that is thought to be slower than the
synaptic mechanisms that activate the SAS, but which nonetheless causes an amplified
and prolonged secretory response involving stress hormones like CRH, ACTH, and
glucocorticoids (GCs), with cortisol being the main GC involved in humans (long-last-
ing response). Cortisol has an impact on the brain as well as other bodily components.

The body’s capacity to process stresses cognitively and physically is further
hampered by stress-induced brain alterations. Multiple interconnected organ systems
(autonomic, neuroendocrine, immune, and cardiovascular systems) involved in the
stress response are negatively impacted by the prolonged and synergistic effects of
stress hormones and pro-inflammatory cytokines in chronic stress, which ultimately
leads to various pathological conditions [8].

There are several simple ways to take care of the pituitary gland and its function-
ing, which are as follows:

1. Wake up early in the morning

2.Eat proper and nutritious food,

3. Practice yoga and meditation to reduce stress

4.Get good quality sleep

5. Withdrawal from addictions like smoking tobacco and alcoholism
6. Take care about the consumption of food toxins and adulterants
7.Regular physical activity

8. Keep away from sugars and other food allergens

9. Add lots of fiber and good-quality protein in diet

10. Consume healthy fats.

Several studies have indicated that frequent yoga practice is linked to decreased
basal cortisol and catecholamine release, decreased sympathetic activity, and
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increased parasympathetic activity. It is supposed to result from yoga’ ability to
reduce stress. Yoga’s ability to reduce stress may be a result of modulating limbic
signals, which, through the hypothalamus, can change sympathetic activity and the
hormone response to stress. In addition to helping to reduce cortisol levels and allevi-
ate stress, yoga may also increase hippocampus SHT1A receptor activity [9-11].

Gamma-aminobutyric acid (GABA) mediates the amplitude and duration of the
stress response and thus negatively regulates excitability in the PVN. This leads to
direct inhibition of HPA axis. Yoga modulates this GABA-nergic stimulation of HPA
axis. Regular yogic practices have shown to increase the GABA levels in the thalamus.
This may be attributed to the ability of yoga practices to increase in the activity of
parasympathetic nervous system [12-17].

Yoga mediates downregulation of HPA axis and sympathoadrenal system, stimula-
tion of vagus resulting in parasympathetic dominance, increase in baroreflex sen-
sitivity, and increase in brain GABA levels inhibiting PVN integrating area of stress
signals. Thus, mediates the beneficial effects on overall health of an individual.

6. Conclusion

This chapter mainly focuses on the alternative ways of stimulating and activating
the pituitary gland and maintaining the hormonal balance in the body by alternative
noninvasive ways of medicine like practicing yoga and adopting healthy lifestyle prac-
tices. Yogic intervention modifies neuro-endocrine modulation of the stress response
and exerts its positive benefits via a number of distinct mechanisms. Yoga reduces the
neuro-humoral reaction to stress. Proper mind-body interactions are very important in
an individual to have a healthy life. Yogic practices help in achieving them. A contented
and mindful life is the key for a healthy life in this modern technological /mechanical era.
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