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Preface

I usually say to my residents that when I was a resident myself, I was much more confident at
diagnosing and treating Cushing’s syndrome than I am today! This statement aims at pointing out that
the deeper you go in dealing with clinical, laboratorial, and image aspects of the differential diagnosis
of the many etiologies of the syndrome, as well as the various treatment modalities, the more you will
encounter cases that are exceptions to the rules, leading to diagnosis and treatment pitfalls. However,
notwithstanding that, only insights provided by experts will help physicians dealing with Cushing’s
syndrome to provide better care to their patients, avoiding the above-mentioned pitfalls.

This medical text, which Humana Press kindly invited me to edit, was initially intended to be a
handbook on Cushing’s syndrome, giving insights on the various aspects of its diagnosis and treat-
ment to trainee endocrinologists, internists, pediatricians, neurosurgeons, and urologists. Pursuing
that task, I invited basic and clinical researchers with great experience in their respective areas, and
I was gratified by their agreement to cooperate with the book. However, their chapters were so com-
prehensive and profound that I ended up with a true textbook on Cushing’s syndrome, from the bench
to bedside, encompassing molecular, physiological, clinical, and therapeutic aspects of all the many
causes of hypercortisolism. As many chapters overlapped on some issues, duplication was inevitable.
Nevertheless, I tried to keep the originality of each manuscript as much as possible, also aiming to
stress important data for the reader by repeating the arguments under different perspectives.

I am indebted to Humana Press for the opportunity to edit a book with so distinguished a team of
collaborators, and extremely grateful to all the colleagues who gave their outstanding knowledge and
their time to enrich this work.

Sao Paulo, SP Marcello D. Bronstein
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1 Physiology and Pathophysiology
of the HPA Axis

Margaret Castro, Lucila Leico Elias, Paula Conde
Lamparelli Elias, and Ayrton Custodio Moreira
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The corticotrophin releasing hormone (CRH), the main hypothalamic regulator of adrenocorticotropic
hormone (ACTH) secretion, is mainly synthesized in the parvocellular, but also in the magnocellular
neurons, of the paraventricular nucleus (PVN). CRH neurons of the PVN receive adrenergic afferent
from nucleus tractus solitarius, locus coeruleus, and ventro-lateral medulla. CRH is secreted into the
hypophyseal portal blood and binds to high affinity membrane type I CRH receptors (CRH-R1) in the
anterior pituitary corticotrophs to stimulate pro-opiomelanocortin (POMC) gene transcription through
a process that includes the activation of adenylyl cyclase. The CRH stimulates POMC gene transcrip-
tion in vivo and in vitro and also in response to stress and adrenalectomy. ACTH, synthesized within
the anterior pituitary as part of a large POMC 241-amino-acid precursor, is the principal hormone
stimulating adrenal glucocorticoid biosynthesis and secretion. Angiotensin II, activin, inhibin, and
cytokines (TNF- and leptin) synergize with or inhibit the effects of ACTH on the adrenal cortex.
The hypothalamic pituitary adrenal (HPA) axis is also regulated by biological rhythms resulting from
a complex interaction of genetic output of the endogenous circadian pacemaker and environmental
synchronizers. ACTH is secreted in a pulsatile pattern with a circadian rhythm so that levels are
the highest on waking and decline throughout the day, reaching the nadir values in the evening.

From: Contemporary Endocrinology: Cushing’s Syndrome: Pathophysiology, Diagnosis and Treatment
Edited by: M.D. Bronstein (ed.), DOI 10.1007/978-1-60327-449-4 1,
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2 Castro et al.

Other regulator of the HPA axis is the stress system, which has main components the CRH and locus
coeruleus-norepinephrine autonomic systems and their peripheral effectors. Basal and stress induced
activity of the HPA axis is constrained by glucocorticoid negative feedback. Glucocorticoids and
catecholamines affect major immune functions such as antigen presentation, leukocyte proliferation
and traffic, secretion of cytokines and antibodies, and selection of the T helper (Th) 1 versus Th2
responses. The proinflammatory cytokines, notably interleukin-1, interleukin-6, tumor necrosis factor
B, and leukemia inhibitory factor also increase ACTH secretion either directly or by augmenting the
effect of CRF. Glucocorticoids exert an immunoregulatory feedback by several mechanisms, involv-
ing the blockade of lymphocyte activation, the production and action of IL-2, IL-1, y-interferon,
TNF, and prostaglandins. Another important aspect of the regulation of the HPA axis is the negative
feedback control exerted by glucocorticoid, which inhibits the basal expression of CRH and AVP
mRNA synthesis and secretion in the hypothalamus and also inhibits POMC gene transcription in the
anterior pituitary. Glucocorticoid exerts its effects by activation of cytosolic receptors that belong to
the nuclear receptor superfamily, the corticosteroid type I, or mineralocorticoid, and corticosteroid
type II, or glucocorticoid, receptors. Several molecular mechanisms underlying glucocorticoid actions
have been elucidated, most of which involve transcriptional regulation of gene expression. One of
the most important factors regulating the access of endogenous glucocorticoid to its receptor is local
metabolism of the steroids within the target cells by 11B-hydroxysteroid dehydrogenase (113-HSD)
enzymes, a phenomenon sometimes termed prereceptor metabolism. Cortisol/corticosterone are
responsible for the salt and water homeostasis and blood pressure control and influence carbohydrate,
protein, lipid, and bone metabolism. They are also important regulators of immune and inflamma-
tory processes and are required for numerous processes associated with host defense. On the other
hand, prolonged or high dose glucocorticoid therapy as well as an excess of endogenous production
of glucocorticoids exert a large spectrum of deleterious actions in the whole body. Our understanding
on the HPA axis biology has given significant insight into the critical role of glucocorticoids in the
maintenance of homeostasis and, when dysregulated, in the pathogenesis of diseases.

Key Words: Hypothalamic-pituitary-adrenal-axis, stress response, cortisol circadian rhythm,
glucocorticoid feedback, pathophysiology

NEUROENDOCRINE CONTROL OF THE HYPOTHALAMO-
PITUITARY-ADRENAL AXIS

The corticotrophin releasing hormone (CRH) is the main hypothalamic regulator of the ACTH
secretion (/—3). CRH belongs to a family of related peptides which includes, besides CRH, sauvagine,
urotensin, and the urocortin. These peptides, which possess 20-45% homology in their amino acid
sequence, show in some species a role in the osmoregulation, behavior, appetite, inflammation, and
cardiovascular adaptations to stress (4, 5). CRH synthesis occurs mainly in the parvocellular neurons
of the PVN. Immunolocalization of CRH was also observed in magnocellular neurons of the PVN, in
the preoptical area and dorsal medial nucleus of the hypothalamus (6). CRH neurons of the PVN
receive adrenergic efferent from nucleus tractus solitarius, locus ceruleus and ventro-lateral medulla.
In the hypothalamus, CRH co-localizes with vasopressin (AVP), cholecystokinin, encephalin, vaso-
active peptides, neurotensin, and angiotensin II (7). The physiological meaning of the CRH co-local-
ization with other neuropeptides has not been completely established, but these peptides seem to act
synergically to modulate CRH effects on ACTH secretion from corticotrophs. The expression of CRH
in the hypothalamus is under influence of diverse factors such as catecholamines, serotonin, acetyl-
choline, cytokines (IL-1 and IL-6), gamma aminobutyric acid, and glucocorticoids (Fig. 1) (8, 9).
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Fig. 1. Regulation of corticotrophin releasing hormone (CRH) synthesis and secretion in the parvocellular neuron of
the hypothalamic paraventricular nucleus. CRH secretion is influenced by diverse factors such as catecholamines
(NE), serotonin (SHT), acetylcholine (Ach), cytokines (IL-1 and IL-6), gamma aminobutyric acid (GABA), neuropep-
tide Y (NPY), P substance, opioids, and glucocorticoids.

CRH is also synthesized in extra-hypothalamic areas, such as cerebral cortex, limbic system, locus
coeruleus, cerebellum, and brain stem, as well as in peripheral tissues, such as gastrointestinal tract,
adrenal medulla, testis, and immune cells (/0—/2)In placenta, there is an increased secretion during
pregnancy resulting in a threefold increase in circulating CRH levels. It is likely that circulating CRH
reflects its synthesis in peripheral tissues (/3).

The CRH is secreted into the hypophyseal portal blood, where it binds to high affinity mem-
brane type I CRH receptors (CRH-R1) in the anterior pituitary corticotrophs (/4) to stimulate pro-
opiomelanocortin (POMC) gene transcription through a process that includes the activation of adenylyl
cyclase (Fig. 2) (15, 16). The CRH stimulates POMC gene transcription in vivo and in vitro (/7), and
it is also the main mediator of POMC gene transcription in response to stress and adrenalectomy
(18). Plasma ACTH levels present a biphasic pattern of response postsynthetic ovine corticotropin-
releasing factor (0OCRH) stimulus. It is characterized by a rapid increase after 15min followed by a
gradual decline until 90min, then presenting a second peak 2-3h after the stimulus (/9). The peak
ACTH response to CRH does not differ throughout the day, but it is affected by endogenous function
of the hypothalamus-pituitary-adrenal (HPA) axis and its responsiveness is reduced in subjects treated
with corticosteroids but increased in subjects with Cushing’s disease. In the circulation, CRH is bound
to CRH-binding protein and determines the availability of free CRH to its target tissues (/5—17).
Increased levels of CRH as well as increased levels of CRH-binding protein levels are observed dur-
ing pregnancy and due to this balance, cortisol secretion is not markedly elevated in pregnancy (20).

ACTH is the principal hormone stimulating adrenal glucocorticoid biosynthesis and secretion.
ACTH has 39 amino acids but is synthesized within the anterior pituitary as part of a large POMC
241-amino-acid precursor. Two different cell lines express POMC, the melanotroph cells in the inter-
mediate lobe (vestigial in human) and the corticotroph cells in the anterior lobe of pituitary (2/). The
ACTH synthesis requires a coordinate action of multiple transcription factors (TFs), which act in
specific regions of each gene. The pituitary cell-restricted T box factor (Tpit) is exclusively expressed
in corticotrophs and melanotrophs. Tpit was identified as an specific factor for corticotroph differen-
tiation and fundamental to pituitary POMC expression (22). The POMC expression is under regula-
tion of many different factors, such as CRH, glucocorticoids, and leukemia inhibitor factor (LIF). LIF
stimulates the promoter region of the POMC gene acting on STAT 1 and STAT 3 (signal transducer
and activator of transcription) (23). The activation of POMC gene expression by CRH can also be
modulated by the nurrl/nur77, a member of the subfamily of nuclear receptors (24).
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Fig. 2. Intracellular regulation of ACTH secretion. CRH binds to high affinity membrane type I CRH receptors
(CRH-R1) in the anterior pituitary corticotrophs to stimulate pro-opiomelanocortin (POMC) gene transcription
through a process that includes the activation of adenylyl cyclase (AC) and protein kinase A (PKA). In the anterior
pituitary, POMC is cleaved by pro-hormone convertase (PC)1 to generate B-lipoprotein (B-LPH) and pro-ACTH.
The latter is further cleaved to an N-terminal peptide (N-POC), 16-kDa joining peptide (JP), and ACTH. In the inter-
mediate lobe of the pituitary and in the hypothalamus, where both PC1 and PC2 are expressed, the cleavage of POMC
results in the secretion of melanocyte stimulate hormone (y-MSH and o-MSH), corticotrophin-like intermediate lobe
peptide (CLIP), B-MSH, and B-endorphin.

The POMC is cleaved in a tissue-specific pattern to generate smaller peptide hormones by pro-
hormone convertase 1 and 2 (PC1 and PC2). In the anterior pituitary, POMC is cleaved by PC1 to
generate B-lipoprotein and pro-ACTH, the latter is further cleaved to an N-terminal peptide, 16-kDa
joining peptide, and ACTH (25). The functions of the N-terminal peptide and B-lipoprotein are
unknown, although they have weak steroidogenic activity and may augment the effect of ACTH on
stimulating adrenal growth. The first 24 amino acids of ACTH are common to all species. Synthetic
ACTH 1-24 (Synacthen) is commercially available for clinical testing of HPA axis and assessment of
adrenal function. In the intermediate lobe of the pituitary and in the hypothalamus, where either PC1
and PC2 are expressed, the cleavage of POMC results in y-MSH, o-MSH, CLIP (corticorophin-like
intermediate lobe peptide), B-MSH, and 3-endorphin (26). The increased pigmentation characteristic
of Addison’s disease is related to increased ACTH binding to the melanocortin-1 receptor in the skin,
rather than the result of increased o.-MSH secretion (Fig. 2) (27).

Angiotensin II, activin, inhibin, and cytokines (TNF-B and leptin) synergize with or inhibit the
effects of ACTH on the adrenal cortex (28—30). Acutely, steroidogenesis is stimulated through a
StAR-mediated increase in cholesterol delivery to the CYP11A1 enzyme in the inner mitochondrial
membrane (3/). Chronically (after 24-26h of exposure), ACTH acts to increase the synthesis of all
steroidogenic CYP enzymes and adrenodoxin (32), and such effects are mediated at the transcrip-
tional level. ACTH also increases synthesis of LDL and HDL receptors and possibly also 3-hydroxy-
3-methylglutaryl coenzyme A reductase, the rate-limiting step in cholesterol biosynthesis. ACTH
increases adrenal weight by inducing both hyperplasia and hypertrophy. Adrenal atrophy is a feature
of ACTH deficiency.
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CIRCADIAN RHYTHM

The ACTH-corticosteroid rhythm is an endogenous rhythm regulated by the brain-adrenal neuro-
humoral circuit. The biological rhythms result from a complex interaction of genetic output of the
endogenous circadian pacemaker and environmental synchronizers. Several clock genes and their
cognate proteins have been described and create molecular cycles that approximate the 24-h environ-
mental cycle (33). The ontogenetic changes in the development of cortisol circadian rhythm may
reflect prenatal and postnatal concurrent maturation of the suprachiasmatic nucleus and its specific
neuroanatomical pathways (Fig. 3a). The circadian system seems to be functional in late fetal life. The
main synchronizing factors of the fetal circadian cycles are received from maternal circadian inputs
(34, 35). The major postnatal action of the environment is to synchronize the circadian rhythms by
periodic factors, such as light—dark, rest—activity and sleep—wake cycles, food ingestion, and social
cues (35-37). In human, the cortisol circadian rhythm emerged at a mean age of 8 postnatal weeks,
suggesting that, in most normal infants, the development of HPA axis circadian maturation may occur
at a much earlier age than previously described (37). However, the effects of these synchronizers on
circadian rhythm are superimposed by inherited characteristics of ACTH/glucocorticoid regulation.
ACTH is secreted in a pulsatile pattern with a circadian rhythm so that levels are highest on waking
and decline throughout the day, reaching nadir values in the evening (Fig. 3b) (38). ACTH pulse fre-
quency is higher in normal adult men than in women. The circadian ACTH rhythm appears to be
mediated mainly by an increased ACTH pulse amplitude between 5 and 9a.m. but also by a reduction
in ACTH pulse frequency between 6 and 12p.m. (39, 40). Circadian rhythm can be disrupted by day—
night shift working patterns and by long-distance travel across time zones (4/). In these conditions, it
may take up to two weeks for circadian rhythm to reset to a new day—night cycle. Endogenous causes
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Fig. 3. (a) Schematic representation of the environmental input pathways (photic and nonphotic stimulus) to supra-
chiasmatic nucleus (SCN), where they synchronize clock genes: Period (Per 1,2,3), Cryptochrome (Cry 1,2), Bmal 1,
Clock Orphan nuclear receptors (Rev-erbat and RORE), casein kinase I epsilon or delta (CKle,CKI8) genes.
Interaction between environment and genes results in output pathways to coordinate biological rhythms, including
cortisol circadian rthythm (b). RHT retino-hypothalamic tract.
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of Cushing’s syndrome result in loss of normal feedback mechanism of the HPA axis and circadian
rhythm of cortisol secretion. Therefore, cortisol measurement at midnight has been demonstrated to
be a sensitive test for screening Cushing’s syndrome in adults and children (42—45).

THE STRESS RESPONSE AND IMMUNE-ENDOCRINE AXIS

The main components of the stress system are CRH and locus ceruleus—norepinephrine autonomic
systems and their peripheral effectors, the HPA axis and the autonomic system (Fig. 4). Activation of
the HPA axis by stress is an important regulatory mechanism in most mammals to maintain homeos-
tasis after multiple types of challenges. Conversely, basal and stress induced activity of the HPA axis
is constrained by glucocorticoid negative feedback (46, 47). In response to stressors, the HPA axis is
driven by CRH, the primary ACTH secretagogue and a tonic facilitator during stress, and AVP and
oxytocin (OT), weaker secretagogues of ACTH, from the PVN. These neuropeptides induce ACTH
release from the anterior pituitary, which in turn stimulates the release of glucocorticoid from the
adrenals (44). In the short term, this response allows the animal to cope with the immediate demands
imposed by the stressful event. However, longer or more chronic exposures to stress hormones can
result in a number of negative effects, particularly in regard to neurobiological function (48).
Throughout an individual’s lifespan, both the magnitude and duration of the hormonal stress response
change dramatically. Neonates show reduced stress reactivity in response to stressors that typically
elicit robust stress responses in adults (49). Conversely, aged adults show heightened and more pro-
longed stress responses compared to younger adults (50).

Several stress paradigms, including fever, surgery, burn injury, hypoglycemia, hypotension, and
exercise increase ACTH and cortisol secretion mediated by CRH and AVP stimulation (5/-54).
Acute psychological stress raises cortisol levels, but secretion rate appears to be normal in patients
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Fig. 4. The main components of the stress system are hypothalamic CRH and locus coeruleus—norepinephrine
autonomic systems and their peripheral effectors. Glucocorticoids and catecholamines affect major immune/inflam-
matory functions. The proinflammatory cytokines, notably interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis
factor (TNF-o), and leukemia inhibitory factor (LIF) also increase ACTH secretion either directly or by augmenting
CRH secretion. Besides their negative feedback inhibition of HPA axis, glucocorticoids also exert an immunoregulatory
feedback.
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with chronic anxiety and underlying psychotic illness. However, depression is associated with high
circulating cortisol concentrations, and this an important differential diagnosis of Cushing’s syndrome
(55-57). Experience with stressors can also influence stress reactivity. For instance, in adults,
repeated exposure to a stressor leads to habituation of the stress response, such that stress hormone
levels are blunted (58—60).

Stress alters the secretion of the hypothalamic factors and the type of stressor determines the
role of these secretagogues in the ACTH response. CRH not only activates the HPA axis but also
sets in motion a coordinated series of behavioral and physiologic responses, suggesting that the
central nervous system may coordinate both behavioral and immunologic adaptation during
stressful situations (6/). The principal stress hormones glucocorticoids and catecholamines affect
major immune functions, such as antigen presentation, leukocyte proliferation and traffic, secre-
tion of cytokines and antibodies, and selection of the T helper (Th) 1 versus Th2 responses (62).
The proinflammatory cytokines, notably interleukin-1, interleukin-6, and tumor necrosis factor
(TNF) B, also increase ACTH secretion either directly or by augmenting the effect of CRF (63,
64). Leukemia inhibitory factor, a cytokine of the interleukin-6 family, is a further activator of
the HPA axis (65). Besides the glucocorticoid negative feedback in the HPA axis, glucocorticoids
also exert an immunoregulatory feedback by several mechanisms involving the blockage of lym-
phocyte activation, the production and action of IL-2, IL-1, y-interferon, TNF, and prostaglandins
(Fig. 4) (66).

NEGATIVE FEEDBACK CONTROL

An important aspect of CRH and ACTH secretion is the negative feedback control exerted by
glucocorticoids (29). The basal expression of CRH and AVP mRNA synthesis and secretion in the
hypothalamus are under the inhibitory control of glucocorticoids (9, 67). Glucocorticoids inhibit
POMC gene transcription in the anterior pituitary, directly or indirectly, by rapid (minutes) and
delayed (hours) mechanisms (9, 47). The rapid feedback negative mechanism involves the inhibition
of stimulated ACTH and CRH secretion and seems to be dependent on nitric oxide release (68) and
also appears to be mediated by the glucocorticoid induced synthesis and release of endogenous can-
nabinoids (69, 70). In addition, studies conducted in different species suggest that the rapid effects of
glucocorticoids are mediated, or at least dependent on membrane-associated G protein-coupled recep-
tors and activation of downstream signaling cascades. The membrane-initiated actions of glucocorti-
coids may also provide an additional mechanism for the regulation of gene transcription (7/). The
delayed feedback negative mechanism involves ACTH release (45—120min after glucocorticoid expo-
sure) and later ACTH synthesis. CRH secretion and synthesis are both affected by intermediate and
delayed feedback negative mechanism. The delayed glucocorticoid actions are mediated, mainly, by
activation of known cytosolic receptors that belong to the nuclear receptor superfamily, the corticos-
teroid type I, or mineralocorticoid, and corticosteroid type II, or glucocorticoid, receptors (Fig. 5a)
(71). The negative feedback effect is dependent upon the dose, potency, half-life, and duration of
administration of glucocorticoid and has important physiologic and diagnostic consequences.
Suppression of the HPA axis by pharmacologic corticosteroids may persist for many months after
cessation of therapy, and adrenocortical insufficiency should be anticipated. The withdrawal of feed-
back mechanism in Addison’s disease explains ACTH hypersecretion, whereas the autonomous pro-
duction explains the undetectable ACTH levels in patients with cortisol-secreting adrenal adenoma.
The negative feedback control of ACTH secretion in Cushing’s disease is reset at higher level than
normal. Thus, cortisol levels in Cushing’s disease do not suppress with low-dose, but do so following
high-dose of dexamethasone (73).
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CORTICOSTEROID HORMONE ACTION

In the brain and pituitary, glucocorticoid binds to high affinity type I corticosteroid receptors and
also to lower affinity type II receptors (72). Type I receptor is expressed in restricted brain areas, such
as limbic system and brain stem. On the other hand, type II receptor is largely expressed in the brain:
in the limbic system, cerebral cortex, PVN, as well as in other hypothalamic nuclei. Type I receptor
is saturated with low glucocorticoid concentration, while type II receptor requires high concentrations
and are saturated during the circadian rhythm peak and also in response to elevated glucocorticoid
secretion during stress. Therefore, type I receptor might be involved in the control of basal activity of
the HPA axis and type II receptor in the stress HPA response (46). The hippocampus presents both
type I and II receptors, and is involved in the circadian rhythm of the HPA axis, activation of stress
response, and glucocorticoid negative feedback (74).

Several molecular mechanisms underlying glucocorticoid actions have been elucidated, most of
which involve transcriptional regulation of gene expression (Fig. 5b). Glucocorticoid receptor (GR) not
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Fig. 5. (a) Schematic representation of corticosteroid type I, or mineralocorticoid (MR), and corticosteroid type II, or
glucocorticoid (GR), receptors. A/B amino terminal region, C DNA binding domain, D and E ligand binding domain.
(b) Molecular mechanisms underlying glucocorticoid actions. Glucocorticoid receptor (GR) belongs to the nuclear
receptor superfamily. GR not bound to ligand localizes, predominantly, within the cytoplasm but rapidly and effi-
ciently translocates to the nucleus following hormone binding. Binding of glucocorticoids induces conformational
changes in the receptor, dissociation from chaperone proteins, such as heat shock protein 90 (hsp90), dimerization of
the receptor, nuclear import, and DNA binding. Glucocorticoid signaling not only comprises the binding of the GR
to its GRE or binding to nGREs, but it also involves indirect regulation of the glucocorticoid-responsive genes by
regulating or interacting with other transcription factors, such as activating protein 1 (AP-1) and nuclear factor kB
(NF-kB), interfering with their upstream transduction pathways.
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bound to ligand localizes, predominantly, within the cytoplasm but rapidly and efficiently translocates
to the nucleus following hormone binding. Binding of glucocorticoids induces conformational
changes in the receptor, dissociation from chaperone proteins, dimerization of the receptor, nuclear
import, and DNA binding (75). Therefore, it has become increasingly clear that glucocorticoid signal-
ing not only comprises the binding of the GR to its responsive element (76), and by binding to nega-
tive glucocorticoid responsive elements (nGREs), but it also involves indirect regulation of the
glucocorticoid-responsive genes by regulating or interacting with other TFs, a process referred as
“crosstalk.” In the indirect crosstalk, GR interferes with upstream transduction pathways of other TFs.
In the direct crosstalk, GR and TFs modulate each other’s activity when bound to the promoters of
their target genes (77-81). Activated GR also selectively recruits cofactors in a coordinated fashion.
Co-activators and corepressors are cofactors that increase or decrease the total activity of most steroid
receptor complexes. The prevailing model is that the nature of the ligand binding to receptors acts as
a molecular switch, with agonist steroids causing both the dissociation of corepressors from ligand-
free or antagonist-bound receptors and the association of co-activators (82—84). Many of the
GR-related co-activators contain intrinsic histone acetyltransferase and methyltransferase activity,
which alter chromatin structure and facilitate access of transcription machinery components to DNA
(85, 86). The full understanding of the mechanisms of glucocorticoid action will provide the thera-
peutic relevant discrimination of genomic mechanisms into transactivation and transrepression lead-
ing to the development of optimized glucocorticoids and selective glucocorticoid receptor agonists
that will improve clinical medicine (87).

Glucocorticoids are essential for life but are also increasingly implicated in the pathogenesis of
disease and produce many unwanted effects when given therapeutically. Approximately, 95% of cor-
tisol/corticosterone in the circulation is bound to a carrier protein (corticosteroid-binding globulin,
CBG). In principle, only the free steroid has ready access to target cells. However, in some cases (e.g.,
in inflamed tissues) local serine proteases facilitate delivery by liberating free steroid from its binding
globulin, while in others (e.g., pituitary gland) locally expressed CBG may limit access by absorbing
free steroid (88). Affinity for synthetic corticosteroids is negligible, except prednisolone, which has
an affinity for CBG about 50% of that of cortisol. Circulating CBG concentrations levels are increased
by estrogens and in some patients with chronic active hepatitis but reduced by glucocorticoids and in
patients with cirrhosis, nephrosis, and hyperthyroidism (89). Inherited abnormalities in CBG synthesis
are rare and include elevated CBG, partial and complete deficiency of CBG, or CBG variants with
reduced affinity for cortisol (90-92). Ability of glucocorticoids in the systemic circulation to reach
target cells is also affected by transporter proteins, which belong to the ATP-binding cassette family.
These proteins are expressed in a tissue-specific manner and, like CBG, show substrate specificity,
providing a mechanism for tissue- and steroid-specific delivery of glucocorticoids to target cells, a
phenomenon that may contribute to the subtle differences in pharmacological profile of various
corticosteroids and to development of glucocorticoid resistance (93). The circulating half-life of
cortisol varies between 70 and 120min (94, 95). The free cortisol excreted through the kidneys is
termed urinary free cortisol and represents only 1% of the total cortisol secretion rate.

The most important factor regulating the access of endogenous glucocorticoid to its receptor is
local metabolism of the steroids within the target cells themselves by 11B-hydroxysteroid dehydroge-
nase (11B-HSD) enzymes, a phenomenon sometimes termed as prereceptor metabolism. 113-HSD
type 1 and 2 catalyze the interconversion of cortisol and the inactive metabolite cortisone in humans
(or corticosterone and 11-deoxycorticosterone in rodents). Stewart et al. described the first case of
adult 11B-HSD2 deficiency as a condition of apparent mineralocorticoid excess characterized by
hypertension, hypokalemia, suppression of the renin—angiotensin system, and impaired conversion of
cortisol to cortisone (96). Subsequent studies revealed that MR-expressing tissues, which are normally
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highly sensitive to aldosterone (kidney, parotid sweat glands, and colon), show high levels of 113-HSD
activity. On the other hand, other tissues in which MRs are abundant (e.g., brain, heart) show little if
any 11B-HSD activity, suggesting that cortisol (or corticosterone) is the primary MR ligand at these
sites (97). These landmark studies opened a new chapter in the biology of glucocorticoids and it is
now apparent that “prereceptor” interconversion of active and inactive glucocorticoids plays a key role
in determining not only the specificity of the MR but also the degree of GR activation in a number of
tissues (96, 97). Evidence that 113-HSD1 blockade promotes insulin secretion led to the view that
11B-HSD1 may be an important factor in the development of insulin resistance, obesity, and other
metabolic disturbances (98-100). Consequently, drugs that block 11B-HSD1 selectively are now an
important target for the pharmaceutical industry (/0/). There is also a growing interest in the role of
11B-HSDI in the brain, particularly in the hypothalamus, hippocampus, cortex, and cerebellum,
where the enzyme is expressed in abundance. Of particular note is a recent study that demonstrated
improved cognitive function in elderly subjects treated with an inhibitor of 113-HSD1 and evidence
from a genetic study that demonstrated an association between haplotypes of the 113-HSD1 gene and
susceptibility to Alzheimer’s disease (/02).

HYPERCORTISOLISM AND PATHOPHYSIOLOGICAL FUNCTIONS

Cortisol/corticosterone are responsible for the salt and water homeostasis and blood pressure con-
trol and influence carbohydrate, protein, and lipid metabolism. They are also important regulators of
immune and inflammatory processes and are required for numerous processes associated with host
defense. On the other hand, prolonged or high dose glucocorticoid therapy as well as an excess of
endogenous production of glucocorticoids exerts a large spectrum of deleterious actions in the whole
body. These include a significant redistribution of fat; protein wasting associated with muscle weak-
ness; hyperglycemia and insulin resistant diabetes mellitus; hypertension, elevated cholesterol, altered
serum lipids, salt and water retention; immunodeficiency, poor wound healing and loss of connective
tissue leading to easy bruising; impaired growth and development; osteoporosis; menstrual irregulari-
ties, infertility and other endocrine-related changes; depression and, sometimes, impaired cognitive
function.

Cushing’s syndrome is associated in 79-97% of the cases with typical central (visceral) redistribu-
tion of adipose tissue together with a characteristic “moon face” and “buffalo hump” (/03-105). The
mechanism of the typical fat redistribution in hypercortisolism is not completely understood. One of
the reasons is probably the site-specific regulation of enzymes of intracellular lipolysis (hormone-
sensitive lipase) and intravascular lipolysis (lipoprotein lipase) (/06). Catecholamines are hormones
that also play an important role in the regulation of lipolysis. Studies have showed significantly
increased lipolysis in subcutaneous adipose tissue and increased local concentrations of catecho-
lamines and their metabolites in subcutaneous tissue of patients with Cushing’s syndrome (/07).
Besides lipolysis, glucocorticoids also promote gluconeogenesis in the liver, the degradation of pro-
teins to free amino acids in muscle and muscle atrophy (702, 108, 109). The principal role of
11B-HSDI1 is to amplify the local concentration of active glucocorticoids in tissues, in which the
steroids have a key regulatory role, for example, the liver. A number of studies, including phenotypic
analysis of 11B-HSD1-null mice, have emerged supporting this hypothesis. These mice have elevated
corticosterone levels due to impaired glucocorticoid feedback but are resistant to the hyperglycemia
induced by stress or overfeeding. In addition, they show increased levels of high-density lipoprotein
cholesterol, lowered low-density lipoprotein cholesterol, and reduced triglycerides. The metabolic
responses appear to be driven by key changes, which, by preventing amplification of the local corti-
costerone concentration, reduce gluconeogenesis and B-oxidation of lipids in the liver and possibly
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also attenuate glucocorticoid-dependent functions in visceral adipose tissue. When these animals are
placed on a high fat diet, 113-HSD1-null mice gain less weight than their wild type counterparts and
tend to deposit fat in subcutaneous rather than the visceral sites associated with metabolic disease
(101, 102). On the other hand, a transgenic mice overexpressing 113-HSDI selectively in adipose
tissue, similar to that found in adipose tissue from obese humans, had increased adipose levels of
corticosterone and developed visceral obesity that was exaggerated by a high-fat diet. These mice also
exhibited pronounced insulin-resistant diabetes, hyperlipidemia, and, surprisingly, hyperphagia
despite hyperleptinemia. Increased adipocyte 11B3-HSDI1 activity may be a common molecular etiology
for visceral obesity and the metabolic syndrome (/08).

Chronic hypercortisolism has also been associated with higher GR binding sites and GR mRNA
expression and decreased affinity in intraabdominal than subcutaneous adipose tissue samples. In
addition, the beta isoform GR mRNA expression was also increased compared with controls.
Therefore, Cushing’s syndrome is accompanied by a reversible decrease in GR affinity, possibly
related to an increased GR beta expression, which may be a compensatory mechanism to GC excess
(109-111).

Hypercortisolism causes general obesity and growth retardation in children (//2). Glucocorticoids
slow longitudinal growth by reducing the proliferation of chondrocytes and inducing apoptosis of
these cells. Inhibition of insulin-like growth factor I signaling is one mechanism underlying decreased
chondrocyte proliferation (//3).

Glucocorticoid excess leads to an increase of blood pressure by the interplay of several pathophysi-
ological mechanisms regulating plasma volume, peripheral cardiovascular resistance, and cardiac
output (//4). In the kidney, cortisol acts on distal nephron to cause sodium retention and potassium
loss (mediated by the MR), ensuing an increase in blood volume (//5). Dexamethasone treated rats
demonstrated increased mean arterial pressure, urine flow rate, and urinary excretion of both sodium
and urea. These alterations in body water observed with glucocorticoid excess may be a result, in part,
of impaired urinary concentrating capacity, downregulation of urea transporters UT-A1 and UT-A3,
and increased urea excretion (//6).

In addition to 11B-HSD2 inhibition, the factors that contribute to increase in plasma volume include
co-secretion of mineralocorticoids (deoxycorticosterone, corticosterone); a redistribution of sodium to
extracellular compartment; a greater cardiac output mediated by epinephrine induced by increased
phenylethanolamine-N-methyltransferase activity; and activation of ouabain-sensitive Na—K dependent
ATPase (117). A second mechanism involves an increased systemic vascular resistance resulted from
potentiation of vasopressor responses to angiotensin II, catecholamines, AVP, and erythropoietin (//8).
The enhanced response to angiotensin II is due to the induction of angiotensin II receptors by gluco-
corticoids. In addition, an increased systemic vascular resistance occurs due to the inhibition of vasodila-
tory systems such as nitric oxide, kinin/kallikrein, prostacyclin, inhibition of peripheral catabolism of
catecholamine, in particular of norepinephrine, by the direct action of glucocorticoids on cardiovascular
receptors, increased calcium uptake and calcium channel antagonist binding in vascular smooth muscle
cells, and decreased atrial natriuretic peptide (ANP)-mediated cyclic guanosine monophosphate
formation, leading to diminished ANP-dependent vasodilatation (//9-121).

Although glucocorticoids do not affect the number or affinity of al-adrenergic receptors, they
potentiate downstream o.1-adrenergic signaling (/22, 123). Localized changes in vasoreactivity may
contribute to the beneficial effects of combined treatment with glucocorticoids and 2-agonists in
patients with asthma. This illustrates one of the potential advantages of inhaled glucocorticoids devel-
oped to target lung tissue, and thus decrease the adverse effects of systemic delivery (/24).

Glucocorticoids clearly act on diverse targets through multiple mechanisms to control inflammation.
In the peripheral blood, glucocorticoids reduce T- and B-lymphocyte counts acutely by redistributing
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lymphocytes from the intravascular compartment to spleen, lymph nodes, and bone marrow. Eosinophil
counts also fall rapidly while neutrophil counts increase after glucocorticoid administration (125, 126).
The immunologic actions of glucocorticoids involve direct actions on both T- and B-lymphocytes that
include inhibition of immunoglobulin synthesis and stimulation of lymphocyte apoptosis (/27), as well
as inhibition of monocyte differentiation into macrophages, macrophage phagocytosis, and cytotoxic
activity. Glucocorticoids reduce the local inflammatory response by preventing the action of histamine
and plasminogen activators. Glucocorticoids block several inflammatory pathways including inhibition
of prostaglandin production through three independent mechanisms: the induction and activation of
annexin I (also called lipocortin-1), the induction of Mitogen-activated protein kinase (MAPK)
phosphatase 1, and the repression of transcription of cyclooxygenase 2 (/28—132). Mice lacking
annexin I have elevated levels of cPLA20, an exaggerated inflammatory response, and partial resist-
ance to the antiinflammatory action of glucocorticoids (/33). Cytokines, bacterial and viral infections,
and ultraviolet radiation activate Mitogen-activated protein (MAPK) cascades by the activation of Jun
N-terminal kinase, which in turn phosphorylates the TF c-Jun. This factor binds to DNA sequences
called activator protein 1 response elements and induces the transcription of inflammatory and immune
genes by protein—protein interactions, a major antiinflammatory mechanism (/34). The cortisol-GR
complex also physically interacts with NF-kB to block its transcriptional activity. In its inactive state,
NF-kB is sequestered in the cytoplasm by an inhibitory protein named 1kB. TNF-q, interleukin-1,
microbial pathogens, viral infections, and other inflammatory signals trigger signaling cascades that
activate 1kB kinases. Phosphorylation of IkB leads to its ubiquitination and degradation by the protea-
some, unmasking a nuclear localization signal on NF-kB. In the nucleus, NF-kB binds DNA sequences
called NF-kB elements and stimulates the transcription of cytokines, chemokines, cell adhesion mol-
ecules, complement factors, and receptors for these molecules (/35, /36). NF-kB also induces the
transcription of cyclooxygenase 2, an enzyme essential for prostaglandin production. Thus, glucocor-
ticoid-induced antagonism of NF-kB and repression of cyclooxygenase 2 is the third mechanism for
the inhibition of prostaglandin synthesis after the induction of the antagonists of cPLA20., annexin I,
and Mitogen-activated protein (MAPK) phosphatase 1 (/317). Glucocorticoids and the GR also modu-
late the activity of other TFs (/35). Recent work suggests that glucocorticoids can have rapid effects
on inflammation that are not mediated by changes in gene expression. This called nongenomic mecha-
nism involves the activation of phosphatidylinositol 3-kinase leading to phosphorylation of Akt, which
in turn phosphorylates and activates endothelial nitric oxide synthetase, resulting in the production of
nitric oxide (/37, 138). More research is needed to clarify the role of nontranscriptional mechanisms
in the inhibition of vasodilation, vascular permeability, and migration of leukocytes across endothelium
(131). Another mechanism of the glucocorticoid-induced inhibition of inflammation involves decreased
stability of mRINA of genes for inflammatory proteins such as vascular endothelial growth factor and
cyclooxygenase 2 (139, 140). Based on these actions, infections are common in patients with Cushing’s
syndrome because the normal inflammatory response is suppressed. Reactivation of tuberculosis and
opportunistic fungal infections of the skin and nails have been reported (/41, 142). Wound infections
are common and contribute to poor wound healing (/43). In addition, a recent study suggested a com-
plex interaction between Cushing’s syndrome and inflammation. In particular, the raised levels of IL-8
and osteoprotegerin despite glucocorticoid excess may represent an inflammatory and pro-atherogenic
phenotype (/44). Indeed, in patients with Cushing’s syndrome, serum osteoprotegerin levels are
increased and appear to be associated with coronary risk (/45).

Glucocorticoids cause catabolic changes in muscle, skin, and connective tissue by inhibiting epi-
dermal cell division and DNA synthesis and reducing collagen synthesis and production (/46—148).
Hypercortisolism results in skin thinning and purple striae, easy bruisability. Thin and fragile skin that
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bruises easily are signs of discriminatory value to the early diagnosis of Cushing’s syndrome (/49).
Acne may occur over the face, chest, and back. The typical red-purple striae, common in younger
patients, greater than lcm in diameter are most frequently found on the abdomen, upper thighs,
breasts, and arms. Increased skin pigmentation can be associated to ACTH-dependent hypercortiso-
lism because of overstimulation of melanocyte receptors by ACTH. Acanthosis nigricans occurs in
30% of patients with Cushing’s syndrome and it is related to insulin resistance due to the metabolic
effects of hypercortisolism. Glucocorticoids cause catabolic changes in muscle due to the inhibition
of protein synthesis, degradation of proteins to free amino acids and decreased amino acid uptake by
the muscle, leading to muscle weakness and atrophy (/50, /51). The myopathy of Cushing’s syn-
drome involves the proximal muscles of the lower limb and the shoulder.

Osteoporotic fractures may be the presenting symptom of an otherwise silent glucocorticoid
excess and can precede the diagnosis of hypercortisolism by up to two years. The glucocorti-
coid excess mainly affects trabecular bone, leading to vertebral fractures in up to 70% of patients
(152). Glucocorticoids have complex effects on bone exerting both positive and negative effects
on cell growth and are proapoptotic which lead to osteoporosis and an increased risk of fractures
(153, 154). Osteoporosis is mediated in part by the binding of GRs to nGREs that inhibit transcrip-
tion of osteocalcin as well as IGF-I in osteoblasts; osteocalcin is an important extracellular matrix
protein that promotes bone mineralization (/55). Glucocorticoids exacerbate osteoporosis by
inducing apoptosis of osteoblasts and increasing the activity of osteoclasts. Some of these effects
are directly mediated by GRs in bone cells, whereas indirect effects are mediated by interactions
with other endocrine signals (/56). In addition to blocking cytokine signaling, glucocorticoids
inhibit the synthesis of matrix metalloproteinases and collagen, which are important factors in
wound repair (/57-159). Glucocorticoids also induce a negative calcium balance by inhibiting
vitamin D actions on intestinal calcium absorption and increasing renal calcium excretion (/60—
162). As a consequence, parathyroid hormone secretion is usually increased resulting in increased
osteoclastic activity. Moreover, glucocorticoids increase the expression of receptor activator of
NF-kB ligand (RANK-L) and decrease the expression of its soluble decoy receptor, osteoprote-
gerin, in stromal and osteoblastic cells; glucocorticoids also enhance the expression of colony
stimulating factor-1, which in the presence of RANK-L induces osteoclastogenesis. Studies on
resorption markers in patients with Cushing’s syndrome are contradictory showing normal, high,
or even reduced levels (163, 165).

Glucocorticoids suppress centrally the thyroid and gonadal axis, probably through a direct action
on thyroid-stimulating hormone, luteinizing hormone, and follicle-stimulating hormone release.
In addition, peripherally, hypercortisolism inhibits So-deiodinase contributing to hypothyroidism.
Hypogonadism is reversible upon correction of hypercortisolism. Menstrual irregularity in females
and loss of libido in both sexes are common and hirsutism is frequently found in female patients
(166—168). GH secretion is reduced, possibly mediated by increased somatostatinergic tone.

Brain is an important target tissue for glucocorticoids (/01, 169). Increased HPA activity is com-
mon in major depression, anorexia nervosa, obsessive-compulsive disorders, and panic states,
whereas HPA function is generally reduced in posttraumatic stress and seasonal affective disorders
(170-173). These changes have been attributed, in part, to failure of the negative feedback effects of
cortisol in the brain and pituitary gland. Human studies report cognitive impairment consistent with
hippocampal neuronal death in depression, bipolar disorder, Cushing’s disease, and in those individu-
als receiving exogenous corticosteroids (/74, 175). In addition, there is a high incidence of apparent
diffuse loss of brain volume in patients who have Cushing’s syndrome. These aspects may underlie
the interest in glucocorticoids and cognitive function, memory, and neurodegenerative diseases, such
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as Alzheimer’s disease (/76—178). Recent studies indicate at least partial reversibility and rapid
improvement in the psychiatric state following correction of hypercortisolism by medical or surgical
therapy (/79). Our understanding on the glucocorticoids biology has increased exponentially. The
findings have given significant insight into the critical role of glucocorticoids in the maintenance of
homeostasis and, when dysregulated, in the pathogenesis of diseases.
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SUMMARY

Harvey Cushing described the first case of Cushing’s syndrome with a severe phenotype in 1912.
Since then investigation and management of Cushing’s syndrome has remained a significant clinical
challenge (1, 2), and patients suspected of this diagnosis warrant referral to major centers. Knowledge
of the varying etiologies of Cushing’s syndrome is important so that the likelihood of a precise cause
may be considered during initial consultation and diagnostic workup.
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DEFINITION OF CUSHING’S SYNDROME
Cushing’s syndrome is due to the chronic, excessive, and inappropriate exposure to glucocorticoid:
in man this is cortisol in endogenous Cushing’s syndrome.

Exogenous Cushing’s Syndrome

By far the commonest cause of Cushing’s syndrome in the modern era is by using exogenous glu-
cocorticoids, frequently needed to treat inflammatory conditions. The clinical “Cushingoid” pheno-
type is well recognized and is due to the long-term adverse effects of excess glucocorticoid, and may
be indistinguishable from endogenous Cushing’s syndrome on clinical grounds alone. With the excep-
tion of exogenous hydrocortisone and cortisone acetate, where cortisol will be measured in serum

From: Contemporary Endocrinology: Cushing’s Syndrome: Pathophysiology, Diagnosis and Treatment
Edited by: M.D. Bronstein (ed.), DOI 10.1007/978-1-60327-449-4_2,
© Springer Science+Business Media, LLC 2011

21



22 Newell-Price

assays, excessive exogenous glucocorticoids cause a Cushing’s phenotype but with suppression of the
endogenous hypothalamo-pituitary adrenal axis. Since glucocorticoids are prescribed to millions of
people worldwide the numbers of patients with glucocorticoid excess are vast. Because of this, and
the fact that there may be cross reactivity between some synthetic glucocorticoids and cortisol assays,
it is essential that in the diagnostic workup of suspected Cushing’s syndrome that clinical history tak-
ing includes a search for exogenous sources of glucocorticoid including tablets, creams, rectal and
parentral preparations, inhalers, and over-the-counter drugs and remedies (3).

Endogenous Cushing’s Syndrome

When presentation is florid the diagnosis is usually straightforward, but in modern practice
Cushing’s syndrome is frequently and increasingly considered in mild cases in the absence of the
classical signs in the context of osteoporosis, diabetes, hypertension, in gynecology and psychiatric
clinics, and achieving a diagnosis can be difficult. Appropriate management of Cushing’s syndrome
is dependent on correctly identifying the cause of excess cortisol. Separating adrenocorticotropin
(ACTH)-independent causes (adrenal tumors and hyperplasia) from ACTH-dependent causes (pitui-
tary or ectopic secretion of ACTH, and rare ectopic CRH production) is usually simple. However,
many ectopic sources are occult and the differentiation of the source of ACTH secretion may require
meticulous and repeated investigation to enable the appropriate surgery to be undertaken.

Other Conditions with Hypercortisolemia Without Cushing’s Syndrome

Hypercortisolemia may be found due to activation of the hypothalamo-pituitary adrenal axis, without
physical features of Cushing’s syndrome, as found in severe chronic illness, for example during a
protracted stay on the intensive care unit, during acute illness, surgery, malnutrition, anorexia, and
excess cortisol-binding globulin (estrogen therapy being the commonest cause) (3). In some specific
conditions, there may be some mild clinical features of Cushing’s syndrome, namely, pregnancy,
depression, alcohol dependence, morbid obesity, poorly controlled diabetes mellitus, and glucocorti-
coid resistance. This latter group has often been called pseudo-Cushing’s, but this term may be con-
fusing and hinder diagnosis and is better not used. Instead one approach is to consider that there is
hypercortisolemia, but to then establish whether this is true autonomous hypercortisolemia — Cushing’s
syndrome.

ETIOLOGY AND PATHOGENESIS

Endogenous Cushing’s syndrome is usually sporadic and divided into ACTH-dependent and
ACTH-independent causes (Table 1). Overall, ACTH-dependent causes account for approximately
80% of cases, and of these 80% are due to corticotrope pituitary adenomas (Cushing’s disease)
with an excess female predominance, and the remaining 20% due to the ectopic ACTH syndrome
(2). Cushing’s disease, the ectopic ACTH syndrome and adrenal adenomas may also be found in
the context of multiple endocrine neoplasia type 1. Ectopic corticotrophin-releasing hormone
(CRH) production has been described rarely over the last two decades and accounts for <1% of all
cases of ACTH-dependent causes, and may mimic Cushing’s disease on biochemical testing,
including bilateral inferior petrosal sinus sampling (4—7). The majority of tumors reported to
cause ectopic CRH secretion are, however, evident on radiological imaging, facilitating
diagnosis.
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Table 1
Etiology of Cushing’s Syndrome

Cause of Cushing’s Syndrome F:M %
ACTH-dependent*

Cushing’s disease 3.5:1° 70
Ectopic ACTH syndrome 1:1 10
Unknown source of ACTH® 5:1 5
ACTH-independent 4:1 10
Adrenal adenoma 1:1 5
Adrenal carcinoma <2

Other causes (PPNAD, AIMAH, McCune—Albright)

PPNAD primary pigmented nodular adrenal disease, AIMAH ACTH-independent massive
adrenal hyperplasia

“In women 9:1 ratio of Cushing’s disease to ectopic ACTH

®Male preponderance in children

‘Patients may ultimately prove to have Cushing’s disease, ectopic CRH <1% of all cases of
ACTH-dependent disease

ACTH-Dependent Cushing’s Syndrome
Cushing’s Disease

The average age of onset of Cushing’s disease is 36 years. Severity of presentation varies widely,
but a milder clinical phenotype in a patient presenting with Cushing’s syndrome, especially if
female, is more likely to be due to Cushing’s disease than other etiologies. Most cases of Cushing’s
disease are due to corticotrope microadenomas, a few millimeters in diameter, only being larger
than 1 cm (macroadenoma) in 6% of cases (/, 8). In 40% of cases, no tumor is visible on
T1-weighted 1.5-tesla MRI scans (/). These tumors express the pro-opiomelanocortin gene
(POMC) to form at 1,200-nt transcript, the peptide product of which is subsequently cleaved to
ACTH (Fig. 1). POMC processing is usually efficient in corticotroph microadenomas, but less so
in macroadenomas, which may secrete relatively large amounts of unprocessed POMC. Some pitui-
tary macroadenomas are “silent corticotroph adenomas,” and may present with tumor mass effects
(e.g., optic chiasm compression) alone: on follow-up initial absence of Cushingoid features may
progress to overt clinical Cushing’s syndrome. Approximately 90% of tumors express the CRH-1
receptor, as evidenced by the release of ACTH in response to exogenously administered CRH (9,
10). Tumors also express the vasopressin-3 (V3) receptor (//—/4), and respond to vasopressin and
desmopressin (15).

Tumors causing Cushing’s disease are relatively resistant to the effects of glucocorticoids, but
POMC expression and ACTH secretion are reduced by higher doses of dexamethasone in 80% of
cases (2, 16). Glucocorticoids act to reduce POMC expression by binding directly to a negative glu-
cocorticoid response element at -57 bp on the POMC promoter (/7), and also by antagonizing the
effects of the positively acting transcription factor Nur77 (/8). Resistance to glucocorticoid repression
may also be caused by “miss-expression” of the “bridging protein” Brg 1 (which is important for
glucocorticoid inhibitory feedback on POMC expression) found in corticotrope tumors, and may be one
event determining tumorigenesis (/9). Brg 1 acts to recruit histone decetylases to inhibit expression
by condensation of chromatin on the POMC promoter. Corticotrope tumors also show overexpression



24 Newell-Price
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of cyclin E, low expression of the cyclin-dependent inhibitor, p27, and a high Ki-67 expression, all
indicative of a relatively high proliferative activity (/6). The excess number of reproductive-aged
women with Cushing’s disease, and the fact that there is a male preponderance in prepubertal cases
(20) suggest a potential etiological role for estrogens.

The Ectopic ACTH Syndrome

Ectopic ACTH secretion causing Cushing’s syndrome has been reported across a wide age
range, including the elderly and very young, and from a wide range of tumors from different
organs (Table 2) (2/-23). Tumors may be only a few millimeters in diameter, and the ectopic
ACTH syndrome can be broadly classified into “overt,” where the source of ACTH is clear on
initial diagnostic workup (for example, small cell lung cancer), “covert,” where the source is not
apparent initially but following repeated investigation is finally disclosed, and “occult,” where the
source of ACTH is not apparent. Neuroendocrine tumors (carcinoid) causing the ectopic ACTH
syndrome, most frequently bronchial, show a molecular phenotype close to that of pituitary corti-
cotrope tumors, and may mimic Cushing’s disease in clinical and biochemical features. In con-
trast, data in small cell lung cancer cells has shown that POMC is activated by transcription factors
distinct from those in the pituitary, including E2F factors (24), that are able to bind the promoter
when it is in an unmethylated state (25), suggesting a different pathogenesis. Moreover in ectopic
ACTH syndrome, POMC also appears to be activated from a region in the promoter further 5" to the
transcription start site to produce a transcript of 1,350 nt, although the translated peptide product
is the same.
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Table 2
Etiology of Ectopic ACTH Secretion
NIH (21) Barts (22) Sao Paulo (23)
Bronchial carcinoid tumor 35 12 10
Small cell lung carcinoma 3 7
Pulmonary tumorlets 1
Thymic carcinoid tumor 5 2 4
Medullary thyroid carcinoma 2 3
Pancreatic carcinoid tumor 1 3 3
Gastrinoma 6 3
Appendix 1
Other GI neuroendocrine tumors (NET) 13
Mesothelioma 1
Colonic carcinoma 2
Phaeochromocytoma 5 1 5
Olfactory ethesioneuroblastoma
Disseminated carcinoid tumor 2
Lymph node NET 2
Glomus tumor
Unknown 17 2 2
Overt 46 26 20
Covert 23 9 3
Occult 17 5
Total 90 40 25

Data derived from three major series (2/-23)

ACTH-Independent Cushing’s Syndrome

Adrenal adenomas account for the majority of ACTH-independent causes of clinically apparent
Cushing’s syndrome, but are by far the largest causes of low-grade autonomous hypercortisolemia
(see below “Epidemiology”). Once Cushing’s syndrome is confirmed, and plasma ACTH shown to
be suppressed, adrenal imaging easily identifies an adrenal adenoma as a small, well-circumscribed
lesion, with low Hounsfield units on CT. Any adrenal mass greater than 4 cm in diameter should be
considered as potentially malignant, with the likelihood of this increasing with size or any evidence
of vascular invasion. The prognosis of adrenocortical carcinoma is frequently very poor, especially if
disease is not localized at diagnosis. Any evidence of co-secretion of other steroid hormones increases
the likelihood of malignancy.

In ACTH-independent macronodular hyperplasia (AIMAH), excess cortisol secretion may be asso-
ciated with either ectopically expressed receptors or increased eutopic receptor expression (26), and
activation by ligands not usually associated with adrenal steroidogenesis: gastric inhibitory peptide
(food-dependent Cushing’s), vasopressin, interleukin-1, lutenizing hormone, and serotonin. Activation
of receptors increasing intracellular cAMP is thought to cause hyperplasia over many years, and hence
Cushing’s syndrome. The severity of clinical phenotype may, therefore vary, and can be mild.
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Primary pigmented nodular adrenal disease (PPNAD) causes small cortisol-secreting nodules on
the adrenal, often not visualized on imaging. PPNAD can be sporadic or part of the Carney complex
and most cases occur in late childhood or in young adults, often with a mild or cyclical presentation
(27, 28). Germ line mutations of the regulatory subunit R1A of PKA (PRKARIA) are present in
approximately 45% of patients with Carney complex (29, 30) and as well as in sporadic PPNAD.
Interestingly, these patients may show a paradoxical increase in cortisol secretion in response to dex-
amethasone. In ACTH-independent Cushing’s if the adrenal CT scan is within normal limits the most
likely explanation is PPNAD, or covert use of hydrocortisone or cortisone acetate, or another syn-
thetic glucocorticoid cross reacting with the cortisol assay.

McCune—Albright syndrome is due to a postzygotic activating mutation in the GNASI gene. The
resulting tissue mosaicism results in a varied phenotype and the disease may present in the first few
weeks of life. These mutations lead to constitutive steroidogenesis in the affected adrenal nodules
(31). Mutations of GNASI have also been found in AIMAH.

EPIDEMIOLOGY

The true prevalence of Cushing’s syndrome is difficult to quantify. Earlier data suggest an inci-
dence from 0.7 to 2.4/million population per year (32) depending on the population studied (/).

Cortisol excess in the general population is, however, now recognized as being common, and is
found frequently in patients with adrenal masses incidentally disclosed on CT scans, so-called adrenal
incidentalomas (33). Compared to age, sex, and BMI-matched controls, patients with these cortisol-
secreting adrenal adenoma are at significantly increased cardiovascular risk with increases in hyper-
tension, impaired glucose tolerance and diabetes, hyperlipoproteinemia, and increased carotid
intima-media thickness (34-37). Although the biochemical cortisol excess is sufficient to causes these
changes, it is insufficient to cause the clinical features typically associated with Cushing’s syndrome
(1, 2). It is for these reasons that the term “Subclinical Cushing’s syndrome” (SCS) is often applied
to this condition.

Postmortem studies show a prevalence of adrenal adenomas of approximately 10% (38).
Approximately 5% of all abdominal CT scans disclose an adrenal incidentaloma (33, 39). The preva-
lence increases in an age-related fashion and they are found in 0.2% of abdominal CT scans in patients
20-29 years of age, this rising to approximately 10% in those over 70 years of age (38, 39). Between
5 and 20% of these adrenal masses are associated with SCS (40). Thus, SCS is common in the general
population (~1% or more of those > 70 years in hospitalized or health-screened populations), and
contributes to overall cardiovascular morbidity and mortality. An ever expanding number of patients
with adrenal masses are being found due to the increasing use of CT in all areas of medicine: in the
past decade, the number of CT scans performed in the United Kingdom has doubled from 1.2 to 2.4
million per year. This huge increase means that the number of patients identified with low-grade cor-
tisol excess is set to rise still further.

The major problem is that management of these patients is not established. Approximately, 90% of
these patients have hypertension, over 60% have impaired glucose tolerance or diabetes mellitus, and
many have osteoporosis (34, 35, 37, 41-45). There is the potential to permanently reduce these risks,
and to improve bone health, by adrenalectomy. In terms of the potential benefit from treating these
risk factors, meta-analysis of several large prospective studies has shown that a 5-6 mmHg decrease
in diastolic blood pressure is associated with a 38% reduction in risk for stroke and a 16% reduction
in coronary heart disease events (46 ), whilst a 10 mmHg reduction in systolic blood pressure is associ-
ated with a 31% reduction in risk of stroke (47). Moreover, impaired glucose tolerance is associated
with a two-fold risk of cardiovascular death (48). Only a very limited number of individuals with SCS
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have been subjected to adrenalectomy, with the few reported forming parts of studies investigating the
biochemical, cardiovascular, and bone abnormalities of patients with adrenal incidentaloma. In those
that have undergone this procedure, improvements have been found in blood pressure (~10 mmHg
drop in systolic BP), lipid profiles, fibrinogen levels, and glycemic control (35-37, 49, 50). However,
the difficulty facing the clinician is in deciding whether adrenal surgery will be of benefit for a given
patient with SCS, and the basis for selection for such permanent and invasive intervention is not
established. On follow-up, the majority of incidentalomas remain unchanged in size and malignant
transformation is rare (5/). In contrast to SCS, the management of other causes in adrenal incidenta-
loma is not controversial, and the 4.2% that are phaechromocytomas and the 1.6% that are aldoster-
onomas (52) are usually considered for surgical excision. Surgery is also indicated if there is a
significant increase in size demonstrated on CT scans repeated at intervals.

A further problem is whether widespread screening for Cushing’s in obese and diabetic populations
is a cost-effective approach. Large-scale nontargeted screening shows that diagnostic tests used to
establish biochemical hypercortisolemia have poor specificity for Cushing’s syndrome (53), and this
is a major reason why widespread screening in these populations is not recommended (3). For those
with vertebral fracture and osteoporosis the pickup rate appears to be higher (54), but as yet there are
no formal randomized intervention studies seeking to address whether identification and treatment of
clinically nonapparent Cushing’s syndrome is of benefit.

APPROACH TO MANAGEMENT

In most circumstances, the mainstay of therapy remains surgery to either an ACTH-secreting tumor
or directly to the adrenal glands, but additional treatment with cortisol-lowering drugs and tumor-
directed therapy is often needed.

To deliver high-quality treatment to patients with Cushing’s syndrome requires a team that includes
specialized surgeons and physicians, radiologists, cytologists, histopathologists, and radiotherapists.
The sustained hypercortisolemia of Cushing’s syndrome, of any etiology, suppresses ACTH secretion
from healthy corticotropes and hence hypoadrenalism will be the consequence of complete excision
of any tumor causing Cushing’s syndrome, be it adrenal, pituitary, or an ectopic source of ACTH
secretion, and this may be prolonged.

Most patients initially suspected of possibly having Cushing’s syndrome will not have this condi-
tion. The complete assessment of a patient known to have some form of Cushing’s syndrome is com-
plex, expensive, and often stressful for the patient, who is usually already significantly ill emotionally,
psychologically, and physically. Thus, efficient screening procedures are needed to identify the minor-
ity who will need intensive and expensive investigation leading to an accurate and precise differential
diagnosis (1, 55).
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Subcellular molecular mechanisms underlying ACTH-secreting pituitary adenomas remain elusive.
Genetic and acquired animal and cell models have provided insights into corticotroph cell tumorigen-
esis, including cell cycle abnormalities and aberrant glucocorticoid feedback mechanisms. Novel
peptide therapies targeting somatostatin and/or dopamine (D,) receptors and emerging microRNA
studies may shed light on additional cellular pathways that regulate tumoral corticotroph cell func-
tion. Studying human pituitary corticotroph tumor biology is challenging. The rarity of the disease,
as well as the small tumor size and commonly encountered specimen contamination with adjacent
“normal” pituitary tissue, all represent obstacles to studying disease mechanisms. Moreover, the lack
of normal/ non-autopsy derived human pituitary tissue and the inability to separate pure populations
of viable corticotroph cells in primary non-human pituitary cultures does not enable easy comparison
between normal and abnormal corticotroph cells. Therefore, despite technological and biological
advances improving our knowledge of Cushing’s disease, the pathophysiology of pituitary cortico-
troph adenomas remains unclear. This chapter focuses on accumulating knowledge, emphasizing
recent progress in identifying molecular and genetic mechanisms contributing to the pathogenesis of
Cushing’s disease.

Key Words: Corticotroph adenoma, ACTH, Pituitary tumor, POMC gene, T-Pit

Almost 80 years have passed since the American neurosurgeon Harvey Cushing described Cushing’s
disease, and yet the etiology and pathogenesis of corticotroph cell adenomas remains enigmatic.
Corticotroph cell lesions are rare. According to the German Registry of Pituitary Tumors, 405 of 3489
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Table 1
Corticotroph Cell Tumors

Clinically active Densely granulated
Sparsely granulated
Nelson’s tumor
Extrapituitary parasellar
Crooke cell
Carcinoma

Clinically silent Densely granulated (subtype 1)
Sparsely granulated (subtype 2)

(11.6%) of pituitary adenomas were clinically active pituitary corticotroph adenomas while 111
(3.2%) were silent (/). As pituitary tumor prevalence is ~200 per million with an annual incidence of
~2 per 100,000, the prevalence of corticotroph tumors is ~10-15% of all pituitary adenomas.
Clinicopathological subtypes of corticotroph cell tumors are presented in Table 1.

ANIMAL MODELS OF CUSHING’S DISEASE

Spontaneous disorders mimicking human Cushing’s disease (CD) have been described in animal
species including dogs, horses, and less commonly cats (2—5). Equine CD usually results from tumors
of the intermediate lobe, and rarely from those of the anterior lobe (2, 3). Canine CD is one of the
most common endocrine disorders, with an estimated incidence of 1 to 2 cases/1,000 dogs/year (4,5).
Approximately 30% of canine CD exhibit tumors of the PI. In addition to typical melanotrophs, the
canine PI contains a substantial percentage of a second cell type that stains intensely for ACTH but
not for MSH (6). Although the molecular, cellular and genetic make-up of canine corticotroph ade-
noma remains unclear, the high natural incidence and many clinical similarities to human CD make
canine CD a potential spontaneous animal model for both in vitro and in vivo studies to understand
CD pathogenesis, as well as to develop and test new therapeutic strategies.

Genetically manipulated mammalian models, such as the mouse, are the most widely used in mod-
eling CD, primarily because of the striking homology between mammalian genomes and the similari-
ties from anatomy to cell biology and physiology. Sophisticated transgenic approaches have allowed
the creation of mouse models with overexpression of dominantly acting disease-causing transgenes to
recapitulate CD pathology. Furthermore, generation of specific allelic modification through gene
targeting by homologous recombination has allowed ablation of single endogenous genes, which have
further expanded our knowledge on CD development. Murine models of pituitary POMC-secreting
adenomas have been developed using oncogenic viruses, including hormone-promoter targeting of the
simian virus (SV)40 T antigen (7-9). These models represent artificial phenomena that offer limited
insight into pituitary tumorigenesis. Others were developed by transgenic overexpression of hypotha-
lamic stimulatory hormones or growth factors (/0, /7). Furthermore, studies of targeted gene knock-
out models have implicated cell cycle regulators in CD pathogenesis (/2—14).

Transgenic Oncogene Overexpression in CD Models

The first murine CD model induced by genetic manipulation was described in transgenic mice
bearing a hybrid gene consisting of the viral polyoma early region promoter linked to the polyoma
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large T antigen cDNA (8). Transgenic mice developed pituitary microadenomas at 9 months of age,
and large adenomas at 13—16 months of age, accompanied by features of Cushing’s syndrome that
progressed to wasting. Effects of glucocorticoid excess were more pronounced in immunocompetent
mice carrying transplants of transgenic pituitary tumors than in the transgenic mice themselves.
Mouse is the natural host of polyoma virus, and infection is usually asymptomatic. Inoculation of
newborn mice with high titers of virus, however, results in tumor formation in a broad range of tissues,
with tumors of the parotid and other salivary glands being the most prevalent (7). One of the two PyLT
transgenic lines developed pituitary tumors with 100% penetrance, suggesting that some viral onco-
genes exhibit cell specificity in the murine pituitary gland. The latency of tumor formation in PyLT
transgenic mice also supports the requirement for additional genetic or epigenetic alterations in cor-
ticotroph tumorigenesis (7, §).

Targeted tumorigenesis utilizing a proopiomelanocortin (POMC) gene promoter (nucleotides —706
to +64) ligated to the simian virus (SV) 40 early gene encoding large T antigen induced large POMC-
expressing pituitary tumors arising from the intermediate lobe (9). The tumor contained nuclear SV40
T antigen and POMC peptides, but did not express other pituitary hormones. POMC processing in the
pituitary tumors was indistinguishable from normal mouse intermediate lobe melanotrophs and was
characterized by high proportions of acetylated and carboxyl-terminal shortened (3-endorphins, and
amino-terminal acetylated o-melanocyte-stimulating hormone, but virtually no ACTH(1-39),
B-lipotropin or POMC. The tumors contained abundant levels of mRNA for the prohormone conver-
tase PC2 and undetectable levels of PC1, similar to wild-type mouse neurointermediate lobe but
distinct from the relative abundance of anterior lobe PC1.

Transgenic Alterations of Hormonal and Growth Factor Signals in CD Models

Pituitary tumor growth seems to be promoted by hormones that modulate normal pituitary hormo-
nal activity, and by growth factors implicated in normal fetal pituitary development (/5). Several
mouse models have validated the roles of these alterations. Transgenic mouse with metallothionine
(mMT)-promoter driven overexpression of CRH developed endocrine abnormalities involving the
hypothalamic—pituitary—adrenal axis, such as elevated plasma levels of ACTH and glucocorticoids. In
addition, transgenic mice display physical changes similar to those of patients with Cushing’s syn-
drome, such as excess fat accumulation, muscle atrophy, thin skin, and alopecia. Although there is no
evidence of increased ACTH-expressing cells in the pituitary of mMt-CRH transgenic mice, hyper-
cortisolemia induced by CRH stimulation of ACTH levels may result in inhibitory feedback on pitui-
tary corticotrophs (/0).

Arginine-vasopressin is a potent ACTH-releasing hormone which acts synergistically with CRH.
Transgenic mice expressing human V3 receptor under the control of rat POMC promoter sequences showed
increased basal concentrations of corticosterone, however no corticotroph tumor development (/6).

Leukemia inhibitory factor (LIF) is a pleiotropic cytokine that regulates the mature hypothalamic—
pituitary—adrenal axis, determines corticotroph cell proliferation, and potently synergizes with CRH
to enhance POMC transcription and ACTH secretion (/7). Transgenic mice expressing LIF driven by
the pituitary glycoprotein hormone a-subunit (aGSU) promoter exhibit corticotroph hyperplasia, thin
skin, truncal obesity, and hypercortisolism, consistent with CD. These mice also exhibited central
hypogonadism, dwarfism, and mild hypothyroidism, with gonadotroph, somatotroph, lactotroph,
and thyrotroph hypoplasia. In the mouse, the initial hormonal evidence of pituitary organ commit-
ment commences with expression of aGSU (/7). In the LIF transgenic pituitary, the LIF product
diverts progenitor cells to differentiate from Lhx3-dependent cell lineages (gonadotroph, thyrotroph,
somatotroph, and lactotroph) to a Lhx3-independent cell lineage, i.e. the corticotroph. Recent studies
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show that LIF signaling is further potentiated by glucocorticoids (/8). These findings imply that
neuro-immune-endocrine interfacing molecules act as important players in pituitary corticotroph
homeostasis.

GENETIC KNOCKOUT OF CELL CYCLE REGULATORS IN PITUITARY POMC
CELL TUMORS

Multiple knockout models of cell cycle regulators exhibit high incidence of pituitary intermediate
lobe POMC cell tumors, an otherwise rare tumor type in wild-type mice. Tumor incidence and phe-
notype are highly dependent on the mouse strain suggesting additional genetic factors involved in
tumorigenesis (/9). A classical example of the link between cell cycle regulators and pituitary tumori-
genesis are manifest in the heterozygous Rb mice (/2—/4). Rb is a tumor suppressor gene and controls
the G1/S checkpoint. Cyclin-dependent kinases (Cdk) phosphorylate Rb to release E2F, enabling S
phase progression. Cdk actions are suppressed by Ink4-type inhibitors (p16, p15, p18, p19) and Cip/
Kip-type (p21, p27, p57) inhibitors. Sequential activation and inactivation of protein kinase com-
plexes regulate cell-cycle progression including the G1/S phase transition (20). Rb*~ mice develop
pituitary intermediate lobe POMC cell tumors at 12 months with 100% penetrance. p27 (Kip1) deletion,
like deletion of the Rb gene, caused neoplastic growth of the pituitary pars intermedia. However, p27
deletion leads to intermediate lobe adenomas that is less severe than the intermediate lobe adenocar-
cinomas arising in Rb*~ animals (2/-23). Loss of p27 or p21 enhances intermediate lobe tumorigen-
esis and shortens the lifespan of Rb*~ animals (24, 25). Additionally, loss of p18 leads to intermediate
lobe hyperplasia, which is further enhanced by loss of p27 or p21 (26, 27).

Tumor incidence provoked by the partial deletion of Rb is partially reverted by mutations in Rb
effectors such as E2f1 or E2f4 (28, 29), as well as pituitary tumor transforming gene (PTTG) (30).
PTTG is a securin that binds separase in the APC complex to regulate sister-chromatid separation,
and also plays multiple roles in cell cycle regulation at different stages (3/). PTTG deletion decreased
pituitary tumor incidence in Rb*~ mice, probably by triggering p53/p21-dependent senescence (32,
33). Therefore, multiple cell cycle pathways are involved in pituitary corticotroph tumorigenesis.

In summary, limited by the low disease incidence and small tumor size in humans, research advance-
ment on studying CD pathogenesis is heavily dependent on studies of animal models. Despite discrep-
ancies in tumor phenotype, genetic and species variations, genetically manipulated mouse models
provide important tools for molecular and cellular studies to understand CD pathogenesis. Additionally,
animal models with high incidence of spontaneous CD possess potential for in vitro and in vivo studies.
Further studies are required to develop model organisms that compliment other animal models to
improve the understanding of CD pathogenesis and ultimately lead to new and effective therapies.

PATHOLOGY OF HUMAN PITUITARY CORTICOTROPH ADENOMAS

While 85% of active corticotroph adenomas are microadenomas (up to 10 mm in diameter), most
silent corticotroph adenomas and Nelson’s tumors are macroadenomas (/, 34).

Active corticotroph adenomas, the hallmark of CD, are slowly growing tumors, mostly in women,
located in the center of the gland where the normal corticotroph cells cluster, e.g. central mucoid
wedge of the anterior lobe (35). These are the most common pituitary adenomas in the first decade of
life (36). Some adenomas are too small to be recognized in the pituitary specimen resected during
surgery and only normal pituitary cells and Crooke cells may be detected. These adenomas do not
have a capsule and sometimes are intimately associated with non-tumorous cells, yet are distinct from
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surrounding pituitary tissue (34). These tumors are densely or sparsely granulated ACTH cell adenomas
(6.4% and 5.2% of all pituitary adenomas, respectively) or Crooke cell adenomas (0.03%) (/).

Densely granulated ACTH adenoma cells are monomorphic, basophilic, containing PAS-positive
granulation and strong ACTH and Tpit immunostaining (37). Immunoreactive o-subunit, FSH/LH,
galanin and keratins may also be present (/, 34, 37). Electron microscopy demonstrates monomorphic
spherical or ovoid nuclei with nucleoli, moderately developed rough endoplasmic reticulum, medium-
sized Golgi and numerous 200450 nm diameter secretory granules. Cytokeratin filaments and peri-
nuclear bundles are seen in CD but not in Nelson’s tumors. Sparsely granulated ACTH cell adenomas
are weakly basophilic and PAS-positive with somewhat weaker ACTH immunostaining. Cell pleo-
morphism is more prominent than in densely granulated cells. Electron microscopy demonstrates
fewer and smaller secretory granules.

Pituitary Nelson’s tumors arise in patients with CD who have undergone bilateral adrenalectomy.
Although mostly slowly growing, some tumors can grow rapidly to a large size (35). Crooke hyalini-
zation is usually absent in non-tumorous corticotroph cells derived from pituitary glands harboring
Nelson’s tumor.

Crooke cell adenomas are extremely rare corticotroph tumors with a typical Crooke cell structure.
Expression of cytokeratin microfilaments is variable and 65% are accompanied by hypercortisolism
(). Seventy-two percent of these tumors are invasive (38).

Extrapituitary parasellar corticotroph adenomas are rare and develop in ectopic pituitary tissue.
These tumors can be found in the sphenoid sinus, interpeduncular cistern, suprasellar space, and
inside the cavernous sinus (39). In some cases, these tumors cannot be localized and bilateral adrena-
lectomy may reveal subsequent tumor localization as Nelson’s tumor developments (39).

Peritumoral non-adenomatous corticotroph cells have characteristic changes termed Crooke hya-
linization that occur in most active corticotroph adenoma cases (/). These cells are larger than normal
corticotroph cells and exhibit intracytoplasmic hyaline rings composed of keratin intermediate fila-
ments, paranuclear large lysosomes that take up the secretory granules. These changes are attributed
to high cortisol levels and appear in other hypercortisolemic states like exogenous high-dose gluco-
corticoid and extrapituitary tumors secreting ACTH or cortisol. In most Cushing’s adenoma patients
there is no hyperplasia of non-tumorous corticotroph cells, however, some cases with corticotroph
hyperplasia has been reported (40).

There are two major types of clinically silent ACTH cell adenoma, densely granulated (subtype 1)
and sparsely granulated (subtype 2) (4/). These tumors are mostly macroadenomas with more aggres-
sive and invasive characteristics. Subtype 1 comprised 0.06% of 3489 pituitary tumors in the German
Pituitary Tumor Registry and subtype 2, 2.6%. Subtype 1 showed higher incidence of hemorrhagic
necrosis than in active densely granulated ACTH cell adenomas, and subtype 2 is more common in
men. Other than their size and absence of Crooke hyaline changes, these tumors are histologically
indistinguishable from densely and sparsely active adenomas (/).

PATHOPHYSIOLOGY

It remains unresolved whether corticotroph tumors arise from a primary defect in the hypothalamus
or the pituitary (42). However, currently, most researchers support the primary pituitary origin.
Hypothalamic dysfunction was supported by the fact that many CD-associated endocrinopathies sug-
gest hypothalamic dysregulation including inhibition of growth, hypogonadotropic hypogonadism,
and hypothyroidism. Moreover, in many cases the pituitary adenoma is not identified on surgery and
these tumors often recur after apparently complete resection, and some pituitary glands harboring
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corticotroph adenomas exhibit corticotroph hyperplasia (43, 44). However, hyperplasia is difficult to
detect as differences from normal corticotroph cells are subtle (40). The evidence for a primary pitui-
tary origin is more substantial. High cure rates with reversal of major abnormalities are associated
with CD after complete tumor resection and cortisol level normalization. Pituitary hyper-responsive-
ness to CRH before corticotroph adenoma removal reverses to hypo-responsiveness 1 week after
resection (45). Most corticotroph adenomas do not exhibit surrounding hyperplastic corticotrophs
(40). Moreover, pituitary tumors were proven to be monoclonal in origin (46, 47).

Corticotroph tumors likely develop from a cell exhibiting a set-point defect rendering it partially
resistant to the physiological suppressive effect of glucocorticoids (48) hence secreting inappropri-
ately high ACTH levels. When peri-tumoral, presumably normal, and tumoral corticotroph cells were
evaluated for dexamethasone responsiveness, dexamethasone reduced both ACTH release and POMC
mRNA from peri-tumoral corticotroph cells more effectively than in tumoral corticotroph cells (49).
However, as glucocorticoids can still partially suppress ACTH secretion from pituitary corticotroph
adenoma cells, these tumors are not completely autonomous (49-54). POMC processing and POMC-
derived peptides are similar in normal and tumoral corticotroph cells (55, 56) and pituitary glands
harboring corticotroph adenomas exhibit increased sensitivity to stimulatory effects of CRH and AVP
(57), however, the role of CRH and AVP in pituitary adenoma growth is undetermined. Long-term
administration of CRH led to increased corticotroph cell size and number (58-60); however, high
CRH cannot explain pituitary corticotroph cell growth in CD as CRH levels are suppressed.

Importantly, human corticotroph tumor studies are difficult to undertake as these are so rare.
Moreover, these tumors are small and in many cases the tumor specimen is accompanied by surround-
ing normal pituitary tissue. In addition, direct comparison of timorous to normal corticotroph cell
function is challenging in most of the cases, as normal pituitary tissue from the same patient is usually
unavailable, and even if available, the degree of “normalcy” is questionable.

Nelson’s tumor was recently demonstrated not to appear de novo but rather to grow from a persist-
ent pituitary corticotroph adenoma (6/) and therefore exhibits its molecular features. The cause for
growth of Nelson’s tumor is yet unknown, and causes may include restored tone of CRH and AVP,
elimination of the suppressive growth effect of endogenous cortisol and insufficient levels of exoge-
nous cortisone (62).

MOLECULAR PATHOGENESIS ASSOCIATED WITH HUMAN CUSHING’S
DISEASE

As comprehensively reviewed, no clear evidence exists regarding consistent corticotroph cell
adenoma mutations (63—-65). Many protooncogenes were studied as a potential cause for corticotroph
adenoma, all showing negative results. These include RAS, c-ERB2/neu, c-MYC, PKC, RET, c-MYB,
c-FOS, Go subunit of the G-protein, pS3, Rbl, p16, p18 and p27 (63).

Regulatory receptor genes have also been studied in pituitary corticotroph adenomas. Vesopressin
type 3 receptor (V,R) stimulation enhances ACTH secretion and its mRNA expression is increased in
these tumors as a consequence of chronic glucocorticoid exposure, however, no mutation in V,R was
found in 12 corticotroph adenomas (66). No mutations were found in the DNA-binding domain and
splice junction region of the glucocorticoid receptor in 17 corticotroph adenomas and 2 Nelson’s
tumors (67). However, 6 of 22 tumors showed loss of heterozygosity in five known polymorphisms
with monoallelic deletion of the GR gene (68, 69). Even though CRH receptor type 1 mRNA is
increased in corticotroph adenoma cells, mutations of the coding sequence have not been found in
pituitary corticotroph adenomas (70).
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ACTH receptor mRNA and melanocortin 2 receptor (MC2) were undetectable in 16 of 22 pituitary
corticotroph adenomas. Plasma ACTH levels were significantly higher in tumors that did not express
the receptor compared to those that did (7/). A mutation in the DAX1 gene that controls HPA axis
development was found in a 33-year-old patient with X-linked adrenal hypoplasia congenita and
pituitary corticotroph adenoma (72). According to the France-Belgium MEN1 multicenter study, 6 of
136 cases of MEN1 with pituitary adenomas were ACTH-secreting corticotroph adenomas (73).
However, expression of MEN1 mRNA is normal in sporadic pituitary corticotroph adenomas (74, 75).
Recently pituitary corticotroph microadenomas were reported in two patients with tuberous sclerosis
complex, an autosomal dominant neurocutaneous disorder characterized by benign tumors (hamarto-
mas), epilepsy and mental retardation. This complex is a result of mutation in the 7SC/ and TSC2
genes that encode the proteins hamartin and tuberin, respectively. Mechanisms promoting cortico-
troph adenoma growth in this disorder are unknown (76).

The most appealing evidence is the discovery that the ATPase subunit of the chromatin remodeling
Swi/Snif complex Brgl and the histone deacetylase HDAC2 may contribute to partial glucocorticoid
resistance (77), which is believed to be a central mechanism in the development of pituitary cortico-
troph adenoma. Brgl and HDAC?2 are nuclear factors responsible for stabilization of the glucocorti-
coid receptor and eventually repression of POMC transcription initiation. Importantly, 50% of
pituitary corticotroph adenomas were deficient in nuclear Brgl or HDAC2. In a subset of these tumors
Brgl was delocalized to the cytoplasm in adenoma cells, while was detected in nuclei of surrounding
peri-tumoral corticotroph cells. This observation was apparent in both human and canine pituitary
corticotroph adenoma cells (65, 77).

CONCLUSIONS

This chapter highlights current knowledge of tumoral corticotroph cell function, especially in
animal models. Unfortunately, a pharmacological cure for this highly morbid and potentially lethal
disease remains elusive. New technologies to access these specialized cells will be required to enable
understanding of specific molecular alterations in human Cushing’s disease.
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Adrenocortical carcinomas are rare malignant tumors. However, the high incidence of the adreno-
cortical tumors in pediatric and adult patients from the Southern region of Brazil is particularly
remarkable, since it has been estimated to be approximately ten times greater than the worldwide
incidence. Adrenocortical tumors occur as a component of several hereditary tumor syndromes, which
include the Li—Fraumeni syndrome, Beckwith—Wiedemann syndrome, multiple endocrine neoplasia 1,
Carney complex, and congenital adrenal hyperplasia. The study of these rare genetic syndromes has
greatly contributed to the elucidation of sporadic adrenocortical tumorigenesis. This chapter summa-
rizes the molecular alterations likely involved in the multistage tumorigenesis of familial or sporadic
adrenocortical adenomas and carcinomas.
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INTRODUCTION

Adrenocortical carcinomas account for only 0.05-0.2% of all cancers, with an estimated incidence
of 0.5-2 per million per year in adults (/). In the USA, only about 25 new cases of adrenocortical
carcinoma occur each year and constitute about 0.2% of all pediatric malignancies (2). However, the
incidence of adrenocortical tumors is remarkably high in Southern Brazil, where it is estimated to be
10-15 times greater than the worldwide incidence (/, 3). A bimodal age distribution has been
reported, with the first peak occurring before the age of five years, and the second between the fourth
and fifth decade (/). At presentation, virilization is the most common syndrome in children with
adrenocortical tumors. Isolated signs of Cushing syndrome are infrequent, occurring most often in
combination with signs of increased androgen secretion (3). In adults, adrenocortical tumors are clas-
sically discovered under two circumstances: firstly, in symptomatic patients with steroid excess
(Cushing syndrome, Conn syndrome, or hyperandrogenism in women) or with symptoms related to
the tumor mass; secondly, and more frequently, they are discovered as incidentalomas (/).

Adrenocortical tumors in children appear to behave differently than histologically similar tumors
in adult individuals. Pathological criteria for malignancy in the adult population are well established
in the literature (4). Otherwise, childhood adrenocortical neoplasms with apparently poor prognosis
based on histopathological features have often a good clinical outcome (5, 6).

Adrenocortical carcinoma remains a disease of poor prognosis, with little expectation of long-term
survival if complete surgical removal is not achieved (7). In the last decade, considerable advances
toward understanding the molecular mechanisms of adrenocortical tumorigenesis have mainly been
made in adrenocortical tumors of patients from distinct ethnicities (3). The study of rare genetic syn-
dromes associated with adrenocortical tumors has greatly contributed to the elucidation of sporadic
adrenocortical tumorigenesis (Table 1). Here, we reviewed some of the molecular aspects of sporadic
adrenocortical tumors arising in children and adults.

Table 1
Hereditary Syndromes Associated with Adrenocortical Tumors and Somatic Genetic Defects in Sporadic
Adrenocortical Tumors Diagnosed in Adult Patients

Gene, chromosomal Prevalence of adrenocortical ~ Somatic defects in sporadic

Hereditary syndrome locus tumors adrenocortical tumors
Li—Fraumeni syndrome P53 (17p13) Adrenocortical carcinoma p53 mutations (30%) and
(3%) 17p13 LOH (> 80%) in
adrenocortical carcinomas
Multiple endocrine MENI (11ql3) Hyperplasia, adrenocortical ~ Rare somatic MEN muta-
neoplasia type 1 adenoma (25-40%) and, tions; 11q13 LOH in
(MENT1) rarely, carcinoma (< 1%) sporadic adrenocortical
carcinomas (> 80%)
Beckwith—-Wiedemann  11p15 locus Adrenocortical carcinoma 11p15 LOH and/or IGF-1I
syndrome (3%) overexpression in spo-

radic adrenocortical
carcinomas (93%)

Familial adenomatous  APC (5q12-22) Rare cases of adrenocortical [-catenin somatic mutations
polyposis coli adenomas and carcinomas in sporadic adrenocorti-
(< 1%) cal adenomas (27%) and

carcinomas (31%)

LOH loss of heterozygosity, APC adenomatous polyposis coli



Pathogenesis of Adrenocortical Tumors 43

p53 TUMOR SUPPRESSOR GENE AND LOCUS 17p13

The P53 tumor suppressor is a phosphoprotein that acts as a transcription factor in the cell cycle
regulation, inducing cell cycle arrest or cell death in response to DNA-damaging agents, such as virus,
radiation, and chemotherapeutics (8§—71/). Inactivation of p53 by mutations is a key molecular event
that can be detected in more than half of all human cancers. The p53 gene is located on the short arm
of human chromosome 17. Loss of heterozygosity (LOH) at chromosomal locus 17p has been consist-
ently observed in adrenocortical carcinomas (/2).

Reincke et al. (/3) investigated p53 mutations in exons 5-8, a highly conserved region, in 16
human adrenocortical tumors (five adenomas and 11 carcinomas) from adult European patients and
two adrenocortical tumor cell lines. Single point mutations were detected in three adrenocortical car-
cinomas and in both cell lines (/3). Interestingly, Lin et al. (/4) reported a new mutational hot spot
within exon 4 in benign adrenal tumors (60% of adrenocortical adenomas and 50% of pheochromo-
cytomas) from adult Taiwanese patients. However, these findings were not confirmed in a larger series
of Caucasians from the USA and Europe, suggesting that ethnic and environmental factors may be
responsible for p53 mutational spectrum (/5).

More recently, a high incidence of a p53 germline mutation was demonstrated in 35 of 36 children
with adrenocortical tumors originated from Southern Brazil (/6). This mutation was located outside
the highly conserved DNA binding domain, resulting in the substitution of arginine for histidine at
position 337 of the tetramerization domain of p53 protein (Fig. 1). This missense mutation was also
present in 76% of children with benign and malignant sporadic adrenocortical tumors in another
Brazilian series, confirming the high incidence of the Arg337His mutation in Brazilian children with
adrenocortical tumors (Table 2) (/7). Furthermore, the Arg337His mutation was not restricted to the
pediatric group, as it was also found in 14% of adult patients with adrenocortical tumors (/7).
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Fig. 1. The automatic sequencing of the exon 10 of p53 gene (genomic DNA extracted from blood and tumor tissue).
The nucleotide change (G>A) results in the germinative Arg337His mutation in one Brazilian children with adreno-
cortical adenoma. This missense mutation is located within the tetramerization domain of the P53.
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Table 2
Frequent Genetic Alterations of Sporadic Adrenocortical Tumors in Children
Gene Locus Genetic alterations No. of children studied  References
pS53 17q13 Germline Arg337His 35/36 (97%) Ribeiro et al. (2001) (16)
mutation
14/18 (78%) Latronico et al. (2001) (17)
Somatic Arg337His  1/14 (7%) Varley et al. (1999) (76)
mutation
Germline Pro152Leu 6/14 (43%)
mutation
Germline Argl58His 3/14 (21%)
mutation
Chromosome 17 13 (3 ad., 10 ca.)/15 Pinto et al. (2005) (25)
deletion (87%)
ACTH-R 18pll.2 Somatic mutation 0/2 Latronico et al. (1995) (31)
Deletion 0/1 Reincke et al. (1997) (33)
PKC 17922/13p21 Normal activity 0/4 Latronico et al. (1994) (37)
IGF-11 11q15 LOH 4/4 (100%) Wilkin et al. (2000) (55)
Overexpression 3 (2 ad., 1 ca.)/4 (75%)
Overexpression 20 (15 ad., 5 ca.)/22 Almeida et al. (2008) (56)
91%)
Overexpression 22 (5 ad., 17 ca.)/23 West et al. (2007) (65)
(96%)
IGF-IR 15925 Overexpression 2/17 adenomas (12%)  Almeida et al. (2008) (56)
6/6 carcinomas (100%)
9q34 Gain 8/9 (89%) Figueiredo et al. (1999) (59)
13/20 (65%) James et al. (1999) (60)
Chromosome 9 3(2ad., 1ca.)/13 Pinto et al. (2005) (25)
deletion (23%)
HSD3B2 1pl3.1 Low expression 15 (5 ad., 10 ca.)/23 West et al. (2007) (65)
(65%)
SF-1 9q33 Amplification 8/9 (89%) Figueiredo et al. (2005) (70)
Overexpression 8/10 (80%) Pianovski et al. (2006) (71)

LOH loss of heterozygosity, ad adenoma, ca carcinoma

The germline Arg337His mutation of p53 was inherited in the vast majority of cases, indicating
that this mutation apparently increases predisposition to childhood adrenocortical tumors (/7). The
inherited forms of p53 mutations are commonly described in Li—Fraumeni syndrome (Table 1) (/8-
20). This rare familial cancer syndrome is characterized by a high incidence of sarcoma diagnosed
early in life and at least two first-degree relatives with cancer occurring before the age of 45 years,
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such as breast cancer and other diverse neoplasms, particularly brain tumors, leukemia, and adrenocortical
carcinomas (/8). In contrast with these features, the germline Arg337His mutation was found in
patients with sporadic adrenocortical tumors and in their first-degree relatives with no evidence of
bearing a tumor (15, 16). Therefore, it is important to stress that the inherited p53 mutation is not a
sure predictor of the occurrence of adrenocortical tumors. Indeed, the estimated penetrance of adreno-
cortical tumors associated with the Arg337His mutation was 10% in a large cohort of individuals from
Southern Brazil (21).

Given the high frequency of the inherited Arg337His mutation in Brazilian children with adreno-
cortical tumors, it is most likely that this p53 mutation has originated from a single founder. In
according with this hypothesis, a strong evidence of co-segregation between two distinct polymor-
phic alleles within the p53 gene and the Arg337His mutation was demonstrated in this population
(22). In addition, the allelic frequencies were significantly different between patients harboring the
Arg337His mutation and normal individuals, suggesting that this pS3 mutation originated from a
common ancestral (22).

P53 mutations are rarely observed in benign tumors and are generally associated with poor prognosis
in several types of cancer (23, 24). However, only one of 13 Brazilian children with adrenocortical
tumors harboring the Arg337His mutation developed metastasis, suggesting that this mutation was not
related to an unfavorable prognosis in most children with adrenocortical tumors (/7). A high frequency
(79%) of loss of the entire chromosome 17 was also evidenced in patients with benign or malignant
adrenocortical tumors associated with the Arg337His mutation (25).

Gicquel et al. (26), in search of a reliable molecular marker for malignancy, assessed three markers,
including 17p13 LOH, in a large series of adult patients with sporadic adrenocortical tumors. It was
demonstrated that 17p13 LOH was a strong predictor of shorter disease-free survival and had inde-
pendent prognostic significance (26). Nevertheless, these findings were not confirmed in childhood
adrenocortical tumors associated with Arg337His mutation. Loss of the entire chromosome 17 was
observed in both benign and malignant tumors, being even more prevalent in adenomas, showing a
lack of correlation between chromosome 17 loss and tumor aggressiveness in Brazilian children and
adolescents (25). In addition, losses of chromosomes 2 and 11 were seen in both benign and malignant
lesions. In contrast, the concomitant loss of chromosomes 2, 9, 11, and 17 was exclusively found in
adrenocortical carcinomas, demonstrating that chromosome instability involving three or more chro-
mosomes may contribute to define malignancy in the pediatric group (25).

The loss of chromosome 17 harboring the normal p53 allele in most of affected patients with the
Arg337His mutation is crucial for adrenocortical tumor development (25). However, the etiologic
factor for the occurrence of this second event in childhood remains unknown. Interestingly, the peak
age of occurrence of adrenocortical tumors in Brazilian children is under four years of age, suggest-
ing that this second event occurs very early in life or even during fetal life. In addition, the stability
of the p53 tetramerization domain containing the Arg337His mutation is highly sensitive to pH in
the physiological range, suggesting that the contribution of this mutation in a tissue-specific manner
to adrenocortical tumors may be associated with an elevated pH within fetal adrenal cells (27).

More recently, pS3 mutations were also screened in 45 Brazilian unrelated individuals with family
histories fulfilling the clinical definitions of Li—Fraumeni-like syndrome (28). The germline
Arg337His mutation was identified in 46% of the patients harboring p53 mutations. Families with the
Arg337His mutation presented a wide spectrum of tumors, including breast cancers (30%), brain
cancers (11%), soft tissue sarcomas (10.7%), and adrenocortical tumors (8.9%) (28). Overall, these
observations suggest that the Arg337His mutation may confer a higher susceptibility to adrenocortical
tumors, but does not in an exclusive form, as previously reported (/6).
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ACTH RECEPTOR, GSo GENES, AND PKC ACTIVITY

That hyperstimulation of the adrenals by ACTH could result in adrenocortical tumors was sug-
gested by isolated case reports of carcinomas arising after the diagnosis of classic congenital adrenal
hyperplasia (29, 30). However, the direct sequencing of ACTH receptor gene did not reveal constitu-
tively activating mutations in two series of sporadic adrenocortical tumors. Both studies incorporated
adults and children with adrenocortical tumors, but with a small proportion of the later group. These
findings indicated that ACTH receptor activation is not a frequent mechanism in human adrenocorti-
cal tumorigenesis (Table 2) (3/-33).

Activating mutations of the Gsa gene were described in affected tissues from patients with the
McCune-Albright syndrome, and these included hyperfunctioning adrenocortical adenomas (34).
These findings raised the hypothesis that overactivity of the G protein signaling pathway might
occasionally lead to the development of adrenocortical tumors. Nevertheless, defects in the Gsor and
Gia, were not found in large series of adults with sporadic benign or malignant adrenocortical
tumors (35, 36).

Protein kinase C activity, a potential marker for human malignant diseases, was described as not
increased in Brazilian patients (14 adults and four children) with benign or malignant adrenocortical
tumors, as well as in diffuse and macronodular adrenal hyperplasia when compared to levels in nor-
mal adrenal tissue, suggesting that this molecular mechanism is not related to adrenocortical tumori-
genesis (Table 2) (37).

A N-ras activating mutation, resulting in a substitution of glutamine by arginine at codon 61, was
described in seven of 56 adults with adrenocortical tumors with equal prevalence in benign and malig-
nant tumors (38). However, Moul et al. (39) failed to find any ras mutations in 11 adrenocortical
tumors. Combined, these findings suggest that activating ras mutations are rare events in adults with
adrenocortical tumors.

MULTIPLE ENDOCRINE NEOPLASIA TYPE I, MEN1 GENE, AND LOCUS 11q13

Adrenocortical tumors are present in 25-40% of the patients with multiple endocrine neoplasia
type I (MEN1), a dominantly inherited syndrome characterized by parathyroid (95%), endocrine
pancreas (45%), and pituitary (45%) tumors. A heterozygous germline mutation of MENI occurs in
about 90% of families with MEN1 (40). Somatic mutation of the MENI gene is extremely rare in
adult sporadic adrenocortical tumors (Tabel 4.1). By contrast, LOH at 11q13 is present in 10-14% of
adrenocortical adenomas and almost always found in sporadic adrenocortical carcinomas (4/). This
discrepancy suggests that another tumor suppressor gene, at the same locus, could be involved in
sporadic adrenocortical tumors.

IGF SYSTEM AND LOCUS 11p15

The IGF signaling pathway has many important roles in normal cell growth and development. All
of the components of the IGF system (IGFs, receptors, and binding proteins) are expressed by human
fetal adrenals (42). IGF-II is thought to be involved in the regulation of fetal development because its
circulating and tissue levels are highest during fetal life and decrease postnatally (43). Weber et al.
(44) demonstrated that postnatal overexpression of IGF-II in the adrenal gland of adult transgenic
mice was associated with adrenocortical hyperplasia.

The IGF-II gene maps to the locus 11p15, which is organized in two different clusters: a telomeric
domain, including the IGF-II (45) and H19 (46) genes, and a centromeric domain, including p57kip2,
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a cyclin-dependent kinase inhibitor involved in the cell cycle arrest (47). The IGF-II gene is maternally
imprinted and is, therefore, expressed only from the paternal allele (45). The H/9 is a microRNA gene
and modulate /GF-1I overexpression (48). The H19 and p57kip2 genes are also controlled by functional
imprinting, but unlike /GF-II these genes are expressed from the maternal allele (49, 50). Uniparental
paternal isodisomy at the locus 11p15 was associated with the Beckwith—Wiedmann syndrome (57)
(Table 1). This structural abnormality is characterized by loss of maternal allele with duplication of
the paternal allele, leading to biallelic expression of /GF-II gene and decrease in the H19 and p57kip2
expression (52). The Beckwith—Wiedmann syndrome is an overgrowth disorder characterized by
macroglossia, abdominal well defects, gigantism, and an increase risk of developing Wilms’ tumor,
hepatoblastoma, rhabdomyosarcoma, and adrenocortical carcinoma (57).

Structural abnormalities at the 11pl15 locus, particularly uniparental paternal isodisomy, were
initially described in 37% of adults with sporadic adrenocortical tumors (53). Gicquel et al. (53) also
detected very high IGF-II mRNA contents in five of six (83%) adrenocortical carcinomas. Four of
these carcinomas showed abnormalities at the locus 11p15.5, suggesting that there is a strong rela-
tion between /GF-1I overexpression and rearrangements at the 11p15 /ocus in adrenocortical carci-
nomas of adult patients. In a large adult series of 82 adrenocortical tumors, abnormalities of the
11p15 region and/or IGF-II gene overexpression were confirmed as frequent features of the malig-
nant state, being found in 27 of 29 (93.1%) malignant tumors and in only three of 35 (8.6%) benign
tumors (54).

Molecular events leading to IGF-1I overexpression were studied in only four pediatric adrenocorti-
cal tumors (three adenomas and one carcinoma) (55). Structural abnormalities at the locus 11p15 were
detected in all cases, and elevated /GF-II mRNA contents were detected in 75% of the adrenocortical
tumors (two adenomas and one carcinoma). Although these genetic alterations seem to correlate with
poor outcome in adults, conclusions concerning prognosis in children could not be stated because of
the small number of patients included in this study (55). Recently, we studied the /GF-II expression
in a larger cohort of 23 Brazilian children with adrenocortical tumors (17 adenomas and six carcino-
mas) (56). In contrast with adult adrenocortical tumors, IGF-II transcripts were overexpressed in both
adrenocortical adenomas and carcinomas, demonstrating that a high /GF-II expression was not asso-
ciated with a poor clinical outcome in children with adrenocortical tumors (Table 2) (56).

The mitogenic effects of IGF-II are mediated on the IGF receptor type 1 (IGF-IR) (57). Interaction
of IGF-II with IGF-IR plays a pivotal role in tumorigenesis, proliferation, and spread of many cancers
(58). Recently, a strong increase in /GF-IR expression was identified only in pediatric adrenocortical
carcinomas (Table 2). Additionally, a selective IGF-IR kinase inhibitor had antitumor effects in adult
and pediatric adrenocortical tumor cell lines, suggesting that IGF-IR inhibitors represent a promising
therapy for human adrenocortical carcinoma (56).

COMPARATIVE GENOMIC HYBRIDIZATION ANALYSIS

Figueiredo et al. (59) reported gain of 9q34 in eight of nine sporadic adrenocortical tumors (six
carcinomas and three adenomas) of Brazilian children, in addition to gains at many other chromo-
somes as well as losses at 2q, 3, 4, 9p, 11, 13q, 18, 20p, and Xq. Limitations of this study concern
the small number of patients and the unclear malignancy classification, which was not based on the
presence of metastasis, but on histopathological criteria. A high level amplification of chromosome
9q34 was also demonstrated in 13 of 20 adrenocortical tumors in an England series (60). These find-
ings of numerous gains and losses in benign and malignant childhood adrenocortical tumors stand
in contrast to adrenocortical tumors in adults, in which chromosomal gain and losses occur mainly
in carcinomas (61, 62).
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MICROARRAY ANALYSIS

Two microarray studies identified that upregulation of /GF-II expression was the dominant change
in malignant adrenocortical tumors (63, 64). In addition, the study of Giordano et al. (77) reported
upregulation of proliferation-related genes such as TOP2A (topoisomerase) and Ki-67. No other
growth factor receptors were increased, with the exception of the fibroblast growth factor receptor
type 1 (FGFR1). They also suggested enhanced Wnt signaling, as evidenced by increased transcrip-
tion of some of the downstream targets of this pathway (63).

More recently, West et al. (65) performed the first microarray analysis of childhood adrenocortical
tumors. FGFR4 and IGF-II genes were found to be upregulated, but their expression levels were not
useful to predict malignant potential in children with adrenocortical tumors. In addition, HSD3B2
gene was significantly underexpressed in childhood adrenocortical tumors when compared to normal
controls. Concerning the differences between pediatric adrenocortical carcinomas and adenomas, a
marked decrease in the expression of major histocompatibility class I (HLA class II) genes was evi-
denced in carcinomas (65).

STEROIDOGENIC FACTOR 1

Several molecules are important for the specific development of the adrenogonadal primordium. In
particular, two transcription factors, steroidogenic factor 1 (SF-1) and dosage-sensitive sex reversal,
adrenal hypoplasia congenital X-linked (DAX-1), are essential for the development and differentia-
tion of the adrenal cortex and gonads (66).

SF-1 is an orphan member of the nuclear receptor family of transcription factors and plays an
important role in endocrine function, including the regulation of steroid hydroxylases, male sexual
differentiation, and the development and function of the adrenal cortex (67, 68). SF-1 maps to
9q33.3, a chromosomal region associated with amplification in childhood adrenocortical tumors
(59, 60). SF-1 was shown to be essential for compensatory adrenal growth following unilateral
adrenalectomy in adult SF-7*" mice (69). Using fluorescence in situ hybridization, Figueiredo
et al. (70) detected an amplification of the SF-/ gene in eight of nine childhood adrenocortical
tumors with 9q gain, suggesting an association between the SF-/ increased copy numbers and
adrenocortical tumorigenesis. Furthermore, SF-1 protein was found to be overexpressed in these
cases (Table 2) (71).

WNT-B-CATENIN PATHWAY

Genetic alterations in the Wnt signaling pathway were initially identified in familial adenoma-
tous polyposis coli. Notably, patients with this condition due to inactivating mutations of the adeno-
matous polyposis coli gene (APC), which lead to activation of the Wnt signaling pathway, may
develop adrenocortical tumors (Table 1) (72). Wnt binds to its receptor complex, which is com-
posed of members of the frizzled family and low-density lipoprotein receptor related proteins. The
Whnt activation results in the inhibition of the axin—adenomatous polyposis coli—glycogen synthase
kinase 3 (GSK-3) complex, leading to a block in B-catenin phosphorylation by GSK-3 and accu-
mulation of B-catenin in the cytoplasm. B-catenin. The accumulated B-catenin translocates into the
nucleus where it interacts with the T cell-specific transcription factor/lymphoid enhancer-binding
factor 1 family of transcription factors to regulate transcription of Wnt target genes. In the absence
of Wnt signaling activation, GSK-3 phosphorylates -catenin, resulting in its ubiquitination and
degradation by proteosomes (73).



Pathogenesis of Adrenocortical Tumors 49

The Wnt pathway was analyzed in 26 adrenocortical adenomas and 13 carcinomas from adult
patients. Abnormal cytoplasmic and/or nuclear accumulation of B-catenin was detected in 10 of 26
(38%) adenomas and 11 of 13 (77%) carcinomas, with a focal pattern in adrenocortical adenomas and
a diffuse pattern in carcinomas. The B-catenin gene was screened for mutations, with similar frequen-
cies of mutations found in both adrenocortical adenomas (27%) and carcinomas (31%) (74). The
frequency of -catenin mutations in adrenocortical tumors from children and adolescents was not yet
determined.

CONCLUSIONS AND PERSPECTIVES

Several acquired capabilities of malignant cells can be recognized in the adrenocortical carcino-
mas (Fig. 2). They represent essential alterations in cell physiology that collectively dictate malig-
nant growth (75). Elucidation of the molecular etiology of rare genetic syndromes associated with
adrenocortical tumors has greatly increased our understanding of sporadic adrenocortical tumors.
Studies targeting cellular oncogenes and tumor suppressor genes, as well as genes involved in nor-
mal senescence, apoptosis, and differentiation might provide not only knowledge of the mechanisms
of adrenocortical tumorigenesis, but also may help to find reliable molecular diagnostic and prog-
nostic markers. Finally, advances toward the molecular pathogenesis of adrenocortical tumors may
contribute to the development of new treatment strategies that can effectively target the molecular
abnormalities driving this cancer.
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Fig. 2. Acquired capabilities observed in cancer cells. Several alterations in cell physiology that collectively dictate
malignant growth in a large unilateral adrenocortical carcinoma with multiple necrosis areas detected by magnetic
resonance (sagittal view) (75).
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IN WHAT CLINICAL SETTINGS SHOULD CUSHING’S SYNDROME BE SUSPECTED?
REFERENCES

INTRODUCTION

In spite of its low frequency, endogenous Cushing’s syndrome (CS) is not an exceptional clinical
entity. A growing number of cases are currently derived to specialized centers suggesting an increasing
knowledge of the clinical features of hypercortisolism from the part of general practitioners, internists,
cardiologists, gynecologists, dermatologists, and specialists of other branches of clinical medicine.
Since the first description of this syndrome by Harvey Cushing in 1912, we have learnt to recognize
the many faces through which it can manifest itself. Disturbed cortisol hypersecretion leads to an exag-
geration of the well-known physiological actions of this hormone inducing protein breakdown, hyper-
glycemia, fat mobilization, dyslipidemia, hydrosaline retention, immunosuppression, and increased
susceptibility to infection. Despite its low specificity for being highly prevalent in the general popula-
tion, cardinal symptoms such as recent and/or unexplained development of central obesity, mood
changes, fatigue, weakness, myopathy, easy bruisability, skin atrophy and red striae, arterial hyperten-
sion, diabetes, and hyperlipidemia, generally combined in different ways are suggestive of the diagnosis.
From a clinical epidemiological point of view, the possibility of existence of CS is to be suspected and
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consequently searched for among patients with uncontrolled high blood pressure (HBP) or diabetes
mellitus despite treatment, metabolic syndrome, polycystic ovarian syndrome, osteoporosis, depres-
sion, or adrenal incidentaloma. True CS has to be differentiated from pseudo syndromes mimicking it.
Most sensitive physical signs for discriminating CS from pseudo-Cushing states are the presence of
supraclavicular fat pads, myopathy, thin skin, and easy bruising.

The recognition of the clinical manifestations of CS and of the subpopulations at risk of contracting
the disease should be improved through medical education at the medical school and at postgraduate
levels. Clinical detection of CS must be performed mainly by nonendocrinologists, yet its etiological
diagnosis and therapeutic management is to be carried out in highly experienced and specialized
centers, to ensure the best results in the treatment of this really challenging endocrine disturbance.

From a semiological point of view, CS is one of the most expressive disorders in clinical endo-
crinology. Since the original report of the syndrome by Harvey Cushing in 1912 (/) followed by a
more comprehensive description in 1932 (2), the knowledge about its typical features and different
modes of presentation has been progressively enriched so the many faces with which this interesting
and challenging syndrome can manifest itself are much better known nowadays. Briefly, CS can be
ACTH-dependent in about 80-85% of the cases, usually caused by a pituitary adenoma and much less
frequently by an ACTH or CRH secreting extra-pituitary tumor- or ACTH-independent mainly due to
an adrenal tumor; these and other infrequent etiologies are thoroughly analyzed in other chapters of
this book. Regardless of its origin, the clinical signs of CS are usually quite similar. The impressive
development of biochemical and imaging technologies that we have witnessed in the last 40 years has
also contributed to a better understanding of the varied traits that the syndrome can bear, allowing
demonstrating its existence in different clinical settings.

The manifestations of CS are induced by the chronic exposure of tissues to excessive cortisol blood
concentrations derived from an increased cortisol production rate (3) followed by an enhancement of
the biological actions of glucocorticoids (GC) (Table 1) (4). Among these, the impact on protein and
glucose metabolism is crucial. The clinical signs of CS are variable and differ widely depending on
several factors such as age, duration of the disease, and severity of hypercortisolism. It is usually
reported by patients and their relatives that significant “unexplained” physical and psychological
changes occurred over a relatively short period of time (months or few years) and comparing pictures
of the patient taken at different moments over the last years can help to testify the syndrome develop-
ment. The relative frequency of the cardinal signs of CS reported in the literature is somewhat variable
depending on the observer. Table 2 represents the main manifestations of the disorder in a group of

Table 1
Main Biological Actions of Cortisol

Increase Decrease

Protein/collagen breakdown LH and FSH secretion

Gluconeogenesis TSH release

Liver glycogen deposition GH secretion

Insulin resistance Vitamin D and calcium intestinal absorption
Free fatty acid production Osteocalcin formation

Sodium and water retention Inflammatory response

PTH secretion Immune system activity

Osteoclast activity
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Table 2

Frequency of Initial Signs Leading to
Consultation in 156 Patients with CS

Clinical Sign %

Obesity/overweight 46.2
Hypertension/edema 30.8
Hyperandrogenic signs 23.7
Psychological changes 22.0
Menstrual disturbance 17.9
Skin signs 16.6
Facial changes 15.4
Muscular signs 8.3
Neurologic disorders 6.4
Diabetes 5.8
Other/miscellaneous 5.8

patients studied in our hospital. In the following paragraphs, we will describe the main signs and
symptoms of CS as well as its pathogenetic mechanisms.

Key Words: Hypercortisolism clinical signs, Cushing’s syndrome features, Cushing’s syndrome
diagnosis

OBESITY AND LIPID METABOLISM

Obesity or overweight is one of the most frequent complaints of patients affected by CS. The
degree of fat accumulation is variable and depends — among others factors — on (a) the duration of the
diseased condition, (b) individual characteristics probably related to variation in affinity of GC for its
receptor (5), and (c) premorbid conditions (e.g., some patients may have already been obese or over-
weight when CS development started). Weight increase develops over a relatively short period of time
without any apparent change in diet and physical activity. Grade III obesity is attained only exception-
ally (Fig. 1); however, in some cases only fat distribution occurs, with no significant increase or even
an initial decrease in weight redundant. The distribution of fat is quite typical with particular predilec-
tion for trunk and abdomen. Fat pads develop in the supraclavicular area with disappearance of nor-
mal fossae, and fat deposition at the level of the spinal apophysis of the first dorsal vertebra gives the
typical “buffalo hump” appearance (Fig. 2). At the same time, the reduction of limbs fat stores, gives,
along with the accompanying muscle atrophy, a particular physical appearance (Fig. 3).

Body fat accrual and change in its distribution are mainly due to increased cortisol-induced central
(trunk-abdominal) depots along with augmented lipolysis in peripheral fat depots (limbs), which can
be explained by greater sensitivity to GC than to insulin in the latter, as opposed to the reverse effect
in the former. Increase in the Bichat’s protuberance (buccal fat pad) contributes to rounding of the face
which, together with its red appearance and conjunctiva injection, makes up the characteristic cushin-
goid plethoric facies. A moderate exophthalmus may also be seen in patients with CS.

Mobilization of lipids gives origin to disturbed serum lipid concentrations, with higher levels of
triglycerides, total and LDL cholesterol and lower levels of HDL cholesterol.
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Fig. 1. Morbid obesity in CS: a 23-year-old woman who complained about an abrupt change in weight from 80 to 170
kg for a height of 154 cm (BMI from 31.7 to 71.7) in one year. She was successfully operated on of a corticotrophic

adenoma.

Fig. 2. Classic aspect of Cushing’s syndrome (CS). Note the plethoric facies, supraclavicular fat pads, “buffalo” hump,

and red striae in a 16-year-old girl.
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Fig. 3. A 64-year-old woman with typical traits of CS. Observe the prominent abdomen and the clear atrophy of thigh
(quadricipital) muscles.

Fig. 4. Abdominal red striae in a young woman affected by CS.

SKIN CHANGES

The deleterious hypercatabolic effects of hypercortisolism are notorious on the skin surface. Atrophy
of the skin is easily noticed — especially in younger patients — by slightly pinching a skin folder on the
patient’s forearm and comparing it with that of the observer (old age may mislead conditions). Thinner,
and therefore transparent skin, allows seeing the subcutaneous blood vessels giving a characteristic
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reddish-purple aspect. Atrophy and disruption of collagenous subcutaneous fibers lead to the development
of red striae, typically — yet not always — wider than 1 cm, mainly on the abdomen and flanks (Fig. 4);
striae can also develop in other sites such as in lower and upper limbs and shoulders (Fig. 2); they are
more frequently seen and particularly marked in young patients with CS. Attention must be paid to
differentiate this kind of striae in CS, from those seen in young girls at the time of the pubertal spurt
(6) (Fig. 5). Easy bruising is another frequent sign. This is mainly evident on the extension surface of
arms and legs where ecchymosis and hematomas develop following minimal blows or after blood
sampling. Stumbling and hitting a piece of furniture can injure and cause wounds in the anterior tibial
face with torpid evolution and delayed cicatrization; some of these patients consult dermatologists for
chronic ulceration of the legs in the absence of disturbed arterial or venous circulation. Pityriasis versi-
color and other dermatomycosis can be found in patients with CS. As a consequence of concomitant
androgen hypersecretion in ACTH-dependent forms or in adrenocortical cancer causing CS, hirsutism
with frontal balding and acne can also occur and in some cases, constitute the first and main sign of
abnormality in female patients. Acanthosis nigricans with acrochordons (skin tags) in correlation with
severe insulin resistance can be found mainly in the region of the neck (Fig. 6). Finally, although it has

Fig. 5. Cushing’s-like reddish striae on the inner surface of thighs in a 14-year-old girl; biochemical tests were
negative for hypercortisolism.

Fig. 6. Acrochordons in a 26-year-old male patient with CS and severe insulin resistance.
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been more frequently ascribed to the ectopic variants, hyperpigmentation can also be found in cases of
pituitary CS (Cushing’s disease).

MUSCLE CHANGES

Fatigue is a common complaint in Cushing’s patients. In well-developed CS, muscle atrophy is
evident especially in the lower limbs. Loss of strength affects mainly muscles of the pelvic girdle.
Patients complain of not being able to climb a ladder or even to take a short walk; physical examina-
tion shows that they are not capable of rising from the recumbent (Plummer’s maneuver) or from the
squatting position without helping themselves with their hands. The existence of hypokalemia can
certainly aggravate the muscular feebleness. Weakness may also involve respiratory muscles, being
one of the many factors involved in the surgical risk of CS patients.

CARDIOVASCULAR SYSTEM

Cardiovascular disease, in particular hypertension, is a major factor of morbidity and mortality in
patients with CS, more than 70% of whom having HBP at diagnosis (7). Arterial hypertension
involves both systolic and diastolic measurements and can lead to cerebrovascular or cardiovascular
complications. The pathogenetic mechanism of hypertension is related to several factors. A very rel-
evant one is the mineralocorticoid effect of excess cortisol at kidney level (see below) which leads to
sodium retention and expansion of the extracellullar space. Edema of ankles and legs is frequently
found and can be attributed to the positive sodium and water balance. Vasodilatation inhibitory activ-
ity, enhanced cardiovascular response to vasoactive substances, and a direct effect of ACTH on vas-
cular tone are also involved in the pathogenesis of HBP (8-/0). In addition, GC excess can accelerate
the development of atherosclerosis by promoting direct endothelial cell injury and by inducing hyper-
lipidemia and glucose intolerance, both factors contributing to blood vessels damage (//—1/3). Dilated
cardiomyopathy, cardiac failure, or brain stroke may result from persistent hypercortisolism.

NERVOUS SYSTEM, NEUROPSYCHOLOGICAL AND PSYCHIATRIC CHANGES

Patients affected with CS usually complain of easy fatigability, irritability, anxiety, insomnia,
memory disorders, lack of concentration, appetite change, lack of sexual desire, and hallucinations;
in some cases, mental changes are so severe that psychotic crises and suicidal tendencies can develop
requiring urgent hospitalization and specialized management. The relative frequency of all these
manifestations is variably reported in the literature depending on the interest of different observers to
record it systematically but can amount to 66.7% of the patients, with a predominance of atypical
depressive disorder in 51.5% and/or major affective disorders in 12% (14).

ELECTROLYTE AND WATER BALANCE

Cortisol has affinity for mineralocorticoid receptors in the kidney but, in healthy people, normal
amounts of this hormone are inactivated to cortisone by the enzyme 113-hydroxysteroid dehydroge-
nase type 2. Hypercortisolism of CS overcomes the enzyme capacity and binds to the receptor so
inducing an increased expoliation of potassium and retention of sodium at the tubular level which leads
to the already mentioned expansion of the extracellular compartment. Therefore, hypercortisolism can
be accompanied by hypokalemia in all forms of CS, but specially in the ectopic ACTH-dependent
form, in which low potassium levels have been described in up to 57% of patients (75, 16).
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GLUCOSE METABOLISM

Cortisol increases synthesis of hepatic glycogen by augmentation of the breakdown of proteins. So,
hepatic output of glucose is increased and hyperglycemia ensues with a concomitant stimulation of
insulin secretion and development of a state of insulin resistance, since cortisol inhibits the entry of
glucose into the cells. About 80-90% of patients with CS have undue levels of plasma glucose when
explored by a glucose tolerance test and some 20% develop overt type 2 diabetes or, less frequently,
insulin-dependent diabetes (/7).

BONE METABOLISM: OSTEOPOROSIS

The osseous tissue is severely affected by the chronic exposure to unduly high amounts of GC
which usually lead to different degrees of osteoporosis (/8). The pathophysiological mechanisms of
damage are multiple and influence almost all the factors that normally intervene in the regulation of
bone metabolism. Excess cortisol decreases the formation of the osseous matrix through diminished
synthesis and increased breakdown of proteins. Osteoblastic function is significantly inhibited by GC
as indicated by great decreases in serum osteocalcin concentrations. Conversely, osteoclastic function
and bone resorption are enhanced while in addition, increased PTH secretion can been found in
chronic hypercortisolism (/9). Mobilization of calcium from bone to the extracellular space is not
sufficient to induce hypercalcemia, but hypercalciuria is a frequent finding; nephrolithiasis can be
found in as much as 50% of patients with CS although there is no clear explanation for that (20). In
parallel with these direct actions on bone, other indirect alterations induced by cortisol contribute to
the development of osteoporosis. At the intestinal level, both calcium and vitamin D2 absorption is
decreased by GC, the conversion of 25-OH-cholecalciferol to 1,25-OH-cholecalciferol is diminished
due to inhibition of the renal 1-hydroxylase and, in both sexes, a decrease in gonadal steroids (see
below) additionally aggravates bone loss. Osteoporosis especially affects cancellous bone.
Densitometric values are frequently decreased to less than 2.5 standard deviations and rib and verte-
bral fractures can ensue with significant reduction in stature in some cases. The typical finding in
sagittal imaging thoracic views is that of the so-called fish-mouth vertebrae produced by the crushing
of the frontal vertebral bodies mainly at the level of the last dorsal and first lumbar vertebrae (Fig. 7).
Although less frequent than in the iatrogenic variant, aseptic necrosis of the femoral head has also
been reported in endogenous CS (21/).

GONADAL CHANGES

Loss of libido in both sexes, menstrual irregularity with oligomenorrhea or amenorrhea in women
and sexual dysfunction in men are very frequent manifestations of gonadal dysfunction in CS (22, 23).
GC in excess are not only inhibitory of hypothalamic GnRH and pituitary gonadotrophic cell secre-
tion, but also affect steroid synthesis at the gonads and their peripheral action at target cells level.
Impaired estradiol or testosterone synthesis highly contributes to osteoporosis development. Due to
this steroid-induced hypogonadotropic hypogonadism, followed by amenorrhea in up to 70-80% of
patients, pregnancy is a rare event in women with CS occurring in those who keep ovulatory cycles
in spite of hypercortisolism (24) (see Chap. 21).

GROWTH RETARDATION

Chronic hypercortisolism inhibits GHRH synthesis at hypothalamic level and GH formation at
pituitary level. Growth hormone induced IGF-1 synthesis is also decreased with the resulting lack of
stimulation of the cartilage plate leading to growth arrest (25). In children, weight gain associated



Clinical Features of Cushing’s Syndrome 61

Fig. 7. Lateral MRI view of the dorsolumbar spine showing vertebral crushing in a 28-year-old man with Cushing’s
disease.

with growth retardation should include CS in the differential diagnosis. However, this clinical picture
is interpreted erroneously as hypothyroidism in many cases. The CS in children is thoroughly
discussed in Chap. 22 of this book.

THYROID GLAND

Classically, thyroid dysfunction in CS has been attributed to a state of steroid-induced central
hypothyroidism with inhibition of TRH, TSH, and T4 to T3 peripheral conversion. However, an
increased frequency of primary thyroid abnormalities (up to 30%) has been found in patients with CS
as compared with the general population (26, 27). Autoimmune thyroid disease frequency further
increases after resolution of hypercortisolism (26, 27).

IMMUNE SYSTEM

Physiologically, there exists an interaction between the hypothalamic pituitary adrenal axis and the
immune system. Immune molecules such as cytokines are stimulatory of the activation of the hypoth-
alamic-pituitary structures resulting in secretion of ACTH. Alternatively, cortisol modulates cytokine
production (28). The GC in excess are strong inhibitors of the immune and inflammatory responses
to diverse noxae. Patients with CS are severely immunocompromised and at high risk of acquiring
infections caused by usual and unusual germs. Opportunistic infections in endogenous CS are associ-
ated with severe cortisol excess and carry a high mortality. They are most prevalent in the ectopic
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ACTH syndrome explained by the very high plasma cortisol concentrations in this condition in which
infections with Cryptococcus neoformans, Aspergillus fumigatus, Herpes simplex, Pneumocystis
carinii, and Nocardia asteroides predominate (29).

IN WHAT CLINICAL SETTINGS SHOULD CUSHING’S SYNDROME BE
SUSPECTED?

The different signs through which CS is manifested as well as its pathogenesis have been described
in the preceding paragraphs. However, they do not usually present themselves all together but
regrouped in different ways according to the relative predominance of one or the other and depending
on diverse factors such as age, sex, previous disease, and genetic background (Table 3). In the experi-
ence of the author, the signs that are most sensitive in discriminating CS from pseudo-Cushing states
are the presence of supraclavicular fat pads, myopathy, thin skin, and easy bruising. Frequently, those
manifestations are not initially well interpreted, and therefore diagnosis is delayed sometimes for
many months or years. This is probably due to the fact that many of the main signs of CS leading to

Table 3
Clinical Settings in Which CS Should Be Suspected

Recently developed truncal obesity with plethora

Recently discovered arterial hypertension

Recent neuropsychiatric changes (depression, anxiety, insomnia)
Polycystic ovarian syndrome

Metabolic syndrome

Type 2 diabetes

Osteoporosis

Adrenal incidentaloma

o)
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Fig. 8. Increasing number of new cases of CS derived over a 30-year span to the Division of Endocrinology, Hospital
de Clinicas, University of Buenos Aires.
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consultation are of high prevalence in the general population: overweight or obesity, arterial hypertension,
menstrual cycle disturbances, diabetes, dyslipidemia, osteoporosis, or depression; therefore, the
probability that two or more of those signs present themselves in a combined manner is also very high.
A growing number of cases are presently derived to specialized centers (Fig. 8) suggesting an increase
in the knowledge of the clinical features of hypercortisolism by general practitioners, internists, car-
diologists, gynecologists, dermatologists, and specialists of other branches of clinical medicine who,
after evoking the possibility of hypercortisolism, indicate the initial studies aiming to confirm or reject
the diagnosis. Afterwards, etiologic diagnosis and therapeutic management must be conducted by
experienced endocrinologists in a multidisciplinary team.
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The diagnosis of Cushing’s syndrome requires a high degree of suspicion and this may lead to testing
of patients with some, but not all, features of hypercortisolism due to causes other than adrenal/
pituitary dysfunction. Indeed, conditions such as depression, alcoholism, obesity and polycystic ovary
syndrome may be accompanied by Cushing’s-like physical and biochemical changes and are therefore
grouped under the heading of “pseudoCushing”.

This review will summarize clinical and biochemical findings in pseudoCushing’s states and
describe the differential diagnosis with Cushing’s syndrome.

Key Words: Cushing’s syndrome, pseudoCushing, alcoholism, obesity, depression, polycystic ovary
syndrome, diagnosis, urinary free cortisol, dexamethasone suppression test, cortisol circadian rhythm

The diagnosis of Cushing’s syndrome may not be obvious. Indeed, one of the major difficulties in
the diagnostic work-up of these patients lies in the distinction between Cushing’s syndrome and pseu-
doCushing’s states. PseudoCushing is a condition due to causes other than those responsible for
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TESTS for the DIAGNOSIS of CUSHING’S SYNDROME

First tier tests for Cushing’s syndrome Criteria for Cushing’s syndrome*
Urinary free contisol: 2-3 collections above normal range; =250 pg/24h (1)
Midnight cortisol: - salivary assay dependent
- serum >1.8 ng/dl (9). =5 pg/dl (146); >7.5 pg/dl (10)
- 1 mg dexamethasone at 11 PM, measure cortisol at § AM =1.8 pg/dl (17), =5 pg/dl (110)
- 0.5 mg dexamethasone every 6 h for 2 days, measure UFC on 2™ day or =>20 pg/24h (146)
cortisol at 8 AM on 3" day >1.4 png/dl (26). =1.8 pg/dl (9)

Tests for distinction between PseudoCushing and Cushing’s syndrome
Currently used
S : 0.5 mg dexamethasone every 6 h for 2 days =>1.4 pg/dl (26), =3.98 pg/dl (30)
followed by C‘RH testing on 3™ d:Ly (2h after last dexamethasone tablet): measure
cortisol 15 minutes after CRH injection
Desmopressin test: 10 pg i.v.; measure ACTH for 2 hours increase by at least 27 pg/ml (32)

Rm'e!y used

: 0.15-0.3 Ulkg body weight i.v.; measure cortisol impaired increase (< 20 pg/dl) (84)
and gly&mm for 2 hours [blood glucose must fall below 46 mg/dl)
Hexarelin: 2 pg/kg body weight i.v., measure ACTH and cortisol for 90 minutes marked ACTH/cortisol increase (49)
Naloxone: 125 pg/kg body weight i.v., measure cortisol for 2 hours diminshed ACTH/cortisol increase (57)
Loperamide: 16 mg p.o.; measure cortisol after 3.5 hours absent ACTH/cortisol suppression (52)

Fig. 1. Tests for the diagnosis of Cushing’s syndrome. * Different cut-off values yield different diagnostic accuracy.

Cushing’s syndrome, characterized by milder clinical features and laboratory alterations reminiscent
of Cushing’s syndrome, all of which resolve after cure of the underlying disease (/). The most fre-
quent causes of pseudoCushing are depression, alcoholism, obesity and polycystic ovary syndrome,
which may occur in the same patient. The differential diagnosis between mild Cushing’s syndrome
and pseudoCushing may be difficult, time-consuming and requires multiple tests and extended follow-
up. This review will summarize clinical findings and canvass diagnostic procedures used to distinguish
between the two conditions (Fig. 1), and then discuss individual causes of pseudoCushing.

CLINICAL ASSESSMENT

Both Cushing’s syndrome and pseudoCushing commonly feature truncal obesity, hypertension,
impaired glucose tolerance or frank diabetes, psychiatric disturbances and dyslipidemia, whereas
other features are more distinctive between the two states. In particular, thinning of the skin, proximal
myopathy, easy bruising and early onset osteoporosis characterize true Cushing’s syndrome but are
less common in pseudoCushing. Irregular menses or amenorrhea may accompany polycystic ovary
syndrome or simple obesity or be secondary to true endogenous hypercortisolism, thus do not dif-
ferentiate between the two states. In children, simple obesity is commonly associated with normal or
even above normal growth, whereas children with Cushing’s syndrome are obese but growth stunted.
Lumbar striae rubrae are not uncommon in children with rapid weight gain and, thus, do not help in
the distinction. Rapidly progressing features are usually indicative of Cushing’s syndrome, whereas
pseudoCushing usually does not worsen over time; indeed, prolonged follow-up and symptomatic
treatment may prove a reliable means to distinguish between Cushing’s syndrome and pseudoCushing
in difficult cases.
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LABORATORIAL DIAGNOSIS OF CUSHING’S SYNDROME

Urinary Free Cortisol

As arule, urinary free cortisol (UFC) levels above 250 pg/24 h (690 nmol/24 h) are clearly indicative
of Cushing’s syndrome but mildly elevated or even occasionally normal UFC levels may occasionally
be registered among patients who subsequently prove themselves to be true Cushing’s syndrome (2).
On the other hand, falsely elevated UFC values are registered in only 9% of Cushing’s syndrome
suspects, i.e., patients with features suggestive of hypercortisolism who proved not to be affected by
Cushing’s syndrome (3), thus this procedure is sufficiently accurate (Fig. 2). Impaired kidney function
(i.e., creatinine clearance <20 ml/min) may lead to spuriously low UFC measurements and other
diagnostic procedures should be performed in patients with high serum creatinine or reduced creati-
nine clearance (4). Physiological urine volumes (500—2500 ml/24 h) are unrelated to UFC levels (5);
UFC appears correlated to urine volume only during water loading as the attendant increase in water
diuresis allows more free cortisol to escape proximal tubule reabsorption (6).

Methodology of UFC assay should also be taken into account as some laboratories measure unex-
tracted UFC, some use radioimmunoassays or simple ELISA and others use HPLC or tandem mass
spectrometry. The latter, though vulnerable to interference by some agents, e.g., fenofibrate and car-
bamazepine (7, 8), offers the greatest specificity but is currently costly and not feasible in everyday
clinical setting; for the field endocrinologist, reliability of the UFC assay is a prerequisite to accurate
diagnosis.

Midnight Cortisol

Measurement of midnight serum/salivary cortisol has proven a sensitive means to identify patients
with Cushing’s syndrome, although the highest sensitivity is associated with a considerable propor-
tion of false positives. Indeed, a recent study showed that over 80% of Cushing’s syndrome suspects
present midnight serum cortisol greater than 1.8 pg/dl (50 nmol/l) (3), the threshold which assures
100% sensitivity for Cushing’s syndrome (9). Adopting a higher cut-off (7.5 pg/dl, 207 nmol/l) raised
specificity to 87% at a small expense of sensitivity, i.e., 90-96% (2, 10) (Fig. 2). Patients with pseu-
doCushing often fall within the gray area between these two cut-offs and will require further testing.
Of note, midnight cortisol increases with age (3, //)and this should be taken into account for older
patients although age-related normative values are not available.

100% IFC serum cortiso m: mg cortisol after 1 mg DEY
§0% % Z
60% 7 /
n
40% / %
n
20% % /
0 % Z

Fig. 2. Mean specificity (white boxes) and sensitivity (dashed boxes) of tests used for the diagnosis of Cushing’s
syndrome.
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Salivary cortisol has gained increasing acceptance as a first-line test for Cushing’s syndrome as it
combines evaluation of cortisol circadian rhythm with the assessment of biologically active free
cortisol. Indeed, salivary cortisol closely reflects blood cortisol levels (/2) and is unaffected by
changes in cortisol-binding globulin (/3). Assays for salivary cortisol differ considerably and valida-
tion on a large number of normal subjects is required to establish the upper reference range; indeed,
these differ considerably among assays, i.e., from 0.13 pg/dl (/4) to 0.43 pg/dl (15) or even 0.55 pg/dl
(16). In our experience (17), salivary cortisol levels above 0.35 pg/dl (9.7 nmol/l) offer a good sensi-
tivity (93%), especially for those patients with Cushing’s syndrome in whom UFC values overlap with
those observed in pseudoCushing. As with serum midnight cortisol, salivary cortisol increases with
age (18).

Assessment of midnight cortisol, in serum or saliva, may be the only useful test to exclude Cushing’s
syndrome in patients on drugs such as anticonvulsants, fenofibrate, rifampicin, licorice and carbenox-
olone, which interfere with UFC measurement and/or dexamethasone suppression (8, /19-21).

Low Dose Dexamethasone Suppression Tests

Both 1 mg overnight (Nugent’s test) and 48 h 2 mg/day (Liddle’s low dose test) dexamethasone
suppression tests are among the mainstays of the diagnostic work-up of Cushing’s syndrome.
Diagnostic criteria achieving maximal sensitivity are obviously somewhat lower than those ensuring
greater specificity but, on balance, both 1.8 pg/dl (50 nmol/l) and 5 pg/dl (135 nmol/l) offer good
diagnostic accuracy (Fig. 2) (3, 22, 23). In keeping with the age-related increase in serum cortisol,
older patients may fail to suppress below 1.8 pg/dl (3). These tests should not be used in patients on
drugs which alter hepatic dexamethasone clearance, most notably CYP 3A4 enhancers such as phe-
nobarbital, carbamazepine, phenytoin, rifampicin and pioglitazone, or inhibitors, e.g., itraconazole,
fluoxetine, diltiazem, cimetidine (24), and women on contraceptives in whom increased synthesis of
cortisol-binding globulin leads to higher serum cortisol concentrations (25). Liver or kidney failure
may also alter results of suppression tests and yield false results (2/).

SECOND TIER TESTS TO EXCLUDE/CONFIRM CUSHING’S SYNDROME

Additional tests (Fig. 1) are available to help distinguish Cushing’s syndrome from pseudoCush-
ing’s states although none, not even the dexamethasone-suppressed CRH test (26), achieves absolute
diagnostic accuracy. These tests are particularly useful for those patients with persistently discordant
findings in whom clinical options, e.g., symptomatic treatment, re-evaluation after follow-up, appear
unfeasible.

The dexamethasone-suppressed CRH test was first proposed in the 1990s (26) and is still recom-
mended (24) although several more recent studies have shown that diagnostic accuracy and, in
particular, specificity is far from absolute (27-317). Rationale for this test is the resistance to glucocor-
ticoid negative feedback in patients harboring an ACTH- or cortisol-secreting tumor, who will therefore
be able to mount a cortisol response to CRH (100 g administered 2 h after the last dexamethasone
tablet of the Liddle low dose test). Conversely, if cortisol hypersecretion is due to causes other than
endocrine tumors then enhancement of glucocorticoid negative feedback will blunt the cortisol
response to CRH. One drawback of this test is that the majority of patients with Cushing’s syndrome
(1) will present serum cortisol levels higher than the recommended cut-off (1.4 pug/dl; 38 nmol/l at
15 min after CRH) prior to CRH injection, thereby rendering the administration of this costly drug
quite useless. Further, some 35% of patients with pseudoCushing will exceed the established cut-off
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yielding false-positive responses (29, 3/). Raising the diagnostic threshold to 3.98 pg/dl (110 nmol/l)
increased specificity without affecting sensitivity and might prove a better criterion (30, 31).

The desmopressin test was developed more recently (32) and is based on the observation by
Malerbi and colleagues that patients with Cushing’s disease display an enhanced response to this
long-acting vasopressin agonist (33) due to an overexpression of the pituitary AVP receptor, the V3
subtype (34, 35), as well as possible extrapituitary mechanisms (36). The authors initially recom-
mended its use in the differential diagnosis of ACTH-dependent Cushing’s syndrome, i.e., between
pituitary and ectopic ACTH-secreting tumors, but diagnostic accuracy proved too low in larger series
(37) given the number of extrapituitary neuroendocrine tumors which exhibited an ACTH response.
Conversely, desmopressin may help distinguish pituitary Cushing’s syndrome from pseudoCushing as
the former but not the latter respond to the AVP analogue. In fact, patients with Cushing’s disease
exhibit a marked ACTH response after 10 pg desmopressin i.v. bolus, and increases by at least 27 pg/
ml (6 pmol/l) are a hallmark of pituitary ACTH-secreting adenomas (32). On the contrary, the ACTH/
cortisol increase is negligible in patients with pseudoCushing due to alcoholism, obesity or depression
(32, 38-40), as well as in normal subjects (41, 42). As with the standard CRH test, not all patients with
Cushing’s disease respond (32, 33, 43, 44), but false-positive responses among pseudoCushing patients
are rare (38—40) and, in our hands, this test offers higher specificity than the dexamethasone-suppressed
CRH test (37). Contreras and colleagues proposed, along the same line of the dexamethasone-
suppressed CRH test, a dexamethasone-.suppressed lysine-vasopressin test (1 mg dexamethasone at
midnight followed by 10 UI LVP the following morning) which reportedly achieved excellent specifi-
city and 89% sensitivity for absolute cortisol values >138 nmol/l (5 png/dl) and incremental cortisol
values >166 nmol/l (5 pg/dl) (45).

Insulin-induced hypoglycemia (ITT) was extensively used in the past to diagnose Cushing’s syn-
drome as the hypoglycemic stress obtained with 0.15-0.2 U/kg body weight regular insulin usually
evoked a blunted ACTH and cortisol increase in these patients compared with normal subjects (46),
depressed (47) and obese patients (48).

Other dynamic tests. Patients with Cushing’s syndrome exhibit a marked ACTH release after
hexarelin, the synthetic GH-releasing peptide, injected at 2 g/kg body weight, an effect also observed
in normal subjects but not in obese (49) or alcoholic patients (39). Hexarelin appears to act at
suprapituitary level, possibly via CRH or other, as yet unknown, hypothalamic mediators (50).
Opiates also modulate the HPA axis at hypothalamic or suprahypothalamic level; indeed, naloxone,
an opiate antagonist (125 pg/kg body weight infused i.v. over 2 minutes), stimulates ACTH release
via activation of CRH neurons (5/), whereas the opiate agonist loperamide (16 mg p.o.) potentiates
tonic opiate inhibiton of CRH secretion causing a decrease in cortisol levels (52) in normal and obese
subjects but not in patients with Cushing’s syndrome. None of these tests is currently used for
diagnostic purposes.

DEPRESSION

Hyperactivity of the HPA axis is a typical feature of depression and, indeed, there is a large body of
evidence attesting to this alteration in both human and experimental models. Changes in HPA secretion
reverse upon resolution of depressive symptoms and the bidirectional link between HPA axis and
depression is strengthened by the fact that depression is a common occurrence in Cushing’s disease.
Along this line, adrenal glands are enlarged in depressive patients (53) and their size normalizes after
successful treatment (54). In the past, the adrenal gland was believed to be an independent contributor
to HPA hyperactivity in depression (55, 56), but this mechanism is currently deemed less relevant.
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Most studies on HPA hyperactivity in depression focused on CRH as cerebrospinal fluid (CSF)
CRH levels are increased in depressed patients (57, 58). Indeed, pharmacological trials — as yet in
initial phases — with CRH receptor antagonists have been shown to ameliorate depressive symptoms
(59). CRH hypersecretion in depression is believed to result from an imbalance between the two cen-
tral cortisol receptors, the hippocampal mineralocorticoid receptor (MR) and the hypothalamic gluco-
corticoid receptor (GR). The former is mainly involved in regulating the HPA axis at trough cortisol
levels, for example, during the night, whereas GR is responsible for negative feedback at high cortisol
concentrations, e.g., in the morning or during stress. Increased MR activity (60) accompanied by
reduced GR number or sensitivity (6/, 62) would lead to increased nocturnal cortisol levels and
impaired sensitivity to glucocorticoid feedback, respectively, two hallmarks of HPA dysregulation in
depression. Support for the role of MR/GR imbalance was obtained by studies showing changes in
MR and GR expression in rats (63, 65) and reduced CRH synthesis and secretion in humans (63, 66)
following antidepressant treatment. Other factors could contribute to CRH hypersecretion, most nota-
bly biogenic amines such as norepinephrine (66), or even leptin, which is increased in depressed
patients (67). Another determinant of HPA hyperactivity in depression is vasopressin; indeed, the
proportion of paraventricular hypothalamic CRH neurons that co-express vasopressin is increased in
depressed patients (68); both CRH and vasopressin would then act on the pituitary to stimulate ACTH
secretion. ACTH secretion itself is altered in depressed patients, as the pituitary responds less to CRH
(69), and the reduced responsiveness appears linked to reduced dexamethasone suppressiveness (70).
Indeed, removal of negative glucocorticoid feedback by pretreatment with metyrapone (2 g p.o.)
restores the ACTH response to CRH (7/) and increases evening ACTH levels (72). The importance
of HPA hyperactivity in depression is strengthened by the administration of steroid synthesis inhibi-
tors in addition to traditional antidepressants to patients with drug-refractory depression (73, 74).

Depressed patients present elevated serum and urinary cortisol levels (75-77), altered cortisol daily
rhythm, especially in patients with psychotic major depression (PMD) (78, 79), and resistance to
glucocorticoid negative feedback (80). This latter alteration is closely associated with disease activity
and, indeed, a variant of the dexamethasone-suppressed CRH test, using 1.5 mg dexamethasone
administered at 11 PM and CRH injected at 3 PM the day after, is routinely used to predict beneficial
effects of antidepressant therapy (87, 82) as well as susceptibility to depression in healthy relatives of
depressed subjects (83). As mentioned above, the ACTH response to insulin-induced hypoglycemia
is preserved in depressed patients (84), whereas opiate agonists or antagonists proved of little diag-
nostic use in this context (85). On the other hand, several antidepressants, such as reboxetin and
serotonin-reuptake inhibitors (86), stimulate ACTH and cortisol secretion in the short term and should
therefore be avoided during diagnostic procedures. Remission of depression is accompanied by
reversal of HPA axis alterations, both as regards basal hormone levels and responsiveness to DEX-
CRH test (82, 87-89) and repeat testing can therefore aid to distinguish between primary depression
and Cushing’s syndrome.

ALCOHOLISM

In ethanol-induced pseudoCushing, clinical features are usually more pronounced than those
occurring in depressed patients; indeed, some patients present full blown Cushingoid habitus with
truncal obesity, facial plethora and peripheral muscle atrophy (90, 97). Conversely, hormonal altera-
tions are less clear cut and depend on the degree of alcohol intake, the duration of alcoholism and any
abstinence. Acute, excessive alcohol intake activates CRH and, possibly, AVP neurons (92, 93), lead-
ing to increased ACTH and cortisol secretion (94—96). Increased serum cortisol levels are observed
with blood ethanol levels >30 mg/dl in naive subjects and levels greater than 50—150 mg/dl in
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chronic alcohol consumers (97). Cortisol elevation with the attendant increased negative feedback
upon the hypothalamus is followed by a reversible decrease in hypothalamic CRH (98) and down-
regulation of pituitary CRH receptors (99), which translates into a blunted ACTH response to CRH
(100) and a reduced ACTH and 11deoxycortisol increase after metyrapone (90). Concurrently, hepatic
cortisol activation is enhanced by the increase in 118hydroxysteroid dehydrogenase type 1 (118HSD1)
synthesis and activity (/0/) and, indeed, the urinary cortisol—cortisone metabolite ratio is elevated in
alcoholic disease (102).

Drinkers often temporarily interrupt alcohol consumption and undergo abstinence-related stress,
associated with increased ACTH and cortisol levels (97). Indeed, high CSF levels can be detected on
the first day of alcohol withdrawal (/03). Chronic alcoholism is often characterized by an irregular
pattern of alcohol consumption and withdrawal and the attendant activity of the HPA axis is equally
irregular. Of note, alcoholics are also frequently depressed and malnourished, two conditions that may
directly affect the HPA axis.

Serum cortisol levels in the upper normal range or frankly increased are commonly observed in
active drinkers (/04, 105) and cortisol circadian rhythmicity is set at a higher setpoint (/06—108).
Urinary free cortisol levels are also increased (90, 107, 109) and reflect the abovementioned changes
in 118HSDI1 in addition to increased cortisol secretion. Increased dexamethasone hepatic clearance
(110) may also contribute to the high percentage of non-suppressors after low-dose dexamethasone,
up to 40% of alcoholics in some series (104, 107, 111, 112). Alcoholics commonly do not respond to
desmopressin nor hexarelin (39). Several alterations in the HPA axis have been reported in children
of alcoholic parents (//3), suggesting that some HPA disruptive mechanisms may be an inherited trait
(114, 115).

Prolonged abstinence, e.g., 2—4 months, usually leads to amelioration of Cushingoid features and
laboratory parameters, although normalization may require longer time. Indeed, altered cortisol cir-
cadian rhythm, absent suppression after low-dose dexamethasone and after the short variant of the
DEX-CRH test as well as absence of response to insulin-induced hypoglycemia are still commonly
encountered during short-term abstinence, i.e., within 2—4 months (91, 116).

OBESITY

Excess body weight is associated with a varied pattern of HPA alterations, mostly depending on
adipose tissue distribution. In fact, most changes in HPA hormones occur in patients with truncal
obesity rather than generalized or peripheral fat accumulation, and abdominal adipose tissue appears
to play a pivotal role. Indeed, in contrast to other causes of pseudoCushing, excess cortisol secretion
in obesity seems due, to a large extent, to peripheral causes.

Reports of increased UFC levels in obese patients date back to the 1960s (//7) and are nowadays
believed to be partly due to an increased cortisol clearance via the Salfa reductase pathway (//8).
Elevated UFC measurements can be detected in 5% of patients with simple obesity (//9, /120) and are
higher in subjects with central compared to peripheral obesity (/2/). In obese children, UFC secretion
should be corrected for body surface area (/22) keeping in mind that children with Cushing’s syn-
drome have increased body weight but stunted height velocity, whereas height increases together with
body weight in children with simple obesity (/23). Cortisol secretion is increased in order to compen-
sate for accelerated cortisol clearance and, indeed, the daily cortisol production rate in obese subjects
is 36% higher than in normal weight individuals (/24). The increased cortisol metabolic clearance
may lead to an overdrive of the hypothalamic-pituitary-axis, as documented by the enhanced ACTH/
cortisol response to CRH described by some (725, 126) though not all (/27, 128) investigators, and
the increased adrenal responsiveness to exogenous ACTH (/29). Of note, responses to CRH were
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linked to measures of central adiposity (/25, /130) and BMI (/31). In addition to these changes, gen-
eration of cortisol from cortisone through 118HSD1 in the abdominal adipose tissue is enhanced in
obese subjects (/32), leading to the concept of “Cushing’s disease of the omentum” (/33). The role
of the adipose tissue enzyme as a determinant of abdominal obesity has been elegantly proven by
studies on transgenic and knock-out mice (/34, /35). Further, 11BHSD1 expression in omental adi-
pose tissue is positively correlated with BMI and greater in subjects with simple obesity compared
with patients with Cushing’s syndrome (/36). Obesity is also accompanied by excessive insulin secre-
tion (/37) and hyperinsulinemia has been shown to activate HPA activity (/38, /39). Finally, obese
women often present polycystic ovaries and hyperandrogenism may have additional, deleterious
effects on cortisol secretion. Indeed, androgens increase 5 alfa reductase activity (/40) and reduce
cortisol binding globulin concentrations (/4/), leading to an increased and deranged ACTH and cor-
tisol circadian pulsatility (/42).

Overall, the cortisol daily circadian pattern is maintained in patients with simple obesity, as shown
by measurements of serum and salivary midnight cortisol (3, /7, /43) and by the limited overlap in
evening UFC between patients with Cushing’s syndrome and obese subjects (/44). As regards dex-
amethasone suppression tests, false-positive responses are observed in 2-13% of obese patients
(145—147). Non-alcoholic hepatic steatosis (/48) and abdominal obesity (/49) appear associated with
impaired cortisol suppression after dexamethasone. Conversely, the two-day low-dose dexamethasone
suppression test yielded a consistent cortisol suppression in the obese pediatric population (27).
Regarding second tier tests, obese subjects respond to insulin-induced hypoglycemia, indeed
responses are correlated with body weight (48), and, as expected, fail to respond to desmopressin (40)
and hexarelin (49), thereby qualifying these tests as good means to exclude Cushing’s syndrome in
obese patients. Finally, it is worth to recall that occult Cushing’s syndrome has been reported in a few
obese patients seeking bariatric surgery (/50) or affected by uncontrolled or even newly diagnosed
diabetes (/5/—154), thus careful case-study evaluation is mandatory even in such a high prevalence
disease.

CONCLUSION

Patients with pseudoCushing usually present with mild alterations of one or more laboratory test.
These patients require through hormonal evaluation and follow-up before the definite diagnosis,
before Cushing’s syndrome or any condition associated with pseudoCushing, can be safely estab-
lished. Additional work-up may comprise repeating tests that yielded abnormal results after sympto-
matic treatment, e.g., antidepressives, weight loss, or other, second-tier tests. None of these procedures
achieves absolute diagnostic accuracy and the definite distinction between Cushing’s syndrome and
pseudoCushing cannot rely on endocrine tests alone but requires skilful clinical judgement.
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Once the diagnosis of Cushing’s syndrome is established, it is imperative to differentiate among the
various possible causes. The first step is to differentiate between adrenocorticotropic hormone
(ACTH)-independent and ACTH-dependent causes. This is readily achieved by the determination of
ACTH levels by an immunometric assay. Low ACTH levels are suggestive of an adrenal cause, which
can be readily identified by abdominal imaging studies. On the other hand, the differential diagnosis
of ACTH-dependent Cushing syndrome can be very challenging, as clinical and laboratorial manifes-
tations of Cushing’s disease (CD) and ectopic ACTH syndrome (EAS) are usually very similar. In
order to differentiate between the two etiologies, many non-invasive dynamic tests have been pro-
posed. Unfortunately, all these tests have limitations. The gold-standard in differentiating CD from
EAS is the bilateral inferior petrosal sinus sampling, but this test is laborious and not readily available.
The correct diagnosis is achieved by a composite of clinical, laboratorial and imaging studies allied to
a precise clinical judgment. The following chapter describes how laboratorial tests can help in differ-
entiating among the many etiologies of Cushing’s syndrome. The most used laboratorial tools, its
advantages and limitations are briefly presented.

Key Words: Cushing syndrome/diagnosis/etiology, adrenocorticotropic hormone, corticotropin-releasing
hormone, deamino arginine vasopressin (desmopressin), dexamethasone suppression test, bilateral inferior
petrosal sinus sampling, ectopic ACTH syndrome

From: Contemporary Endocrinology: Cushing’s Syndrome: Pathophysiology, Diagnosis and Treatment
Edited by: M.D. Bronstein (ed.), DOI 10.1007/978-1-60327-449-4_17,
© Springer Science+Business Media, LLC 2011

79



80 Lerdrio and Bronstein

Table 1
Causes of Endogenous Cushing’s syndrome. [Reproduced from (53)]
Cause of CS % of cases Female-to-male rate
ACTH-dependent 80%
Cushing’s disease (ACTH-secreting pituitary adenoma) 70% 3.5:1
Ectopic ACTH syndrome 10% 1:1
ACTH-independent (primary adrenal diseases) 20%
Adrenocortical adenoma 10% 4:1
Adrenocortical carcinoma 5% 1:1
Macronodular hyperplasia (AIMAH) <2% 1:1
Primary pigmented micronodular hyperplasia (PPNAD) <2% 1:1
McCune—Albright syndrome <2% 1:1
INTRODUCTION

Once the laboratorial diagnosis of Cushing’s syndrome (CS) has been biochemically established as
described on previous chapter, the following step is to differentiate among the various possible causes
(Table 1). It should be remarked that all the tests described in this section must be performed only
after hypercortisolism is clearly demonstrated. Endogenous CS is caused by an excessive cortisol
production by the adrenal glands — either by a primary adrenal disease or secondary to an excessive
ACTH stimulation. In the first case, the high levels of cortisol inhibit the corticotroph cells on the
anterior lobe of the pituitary, resulting in low circulating levels of ACTH. As a result, CS caused by
a primary adrenal disease can be classified as ACTH-independent. On the other hand, ACTH-
dependent CS is caused by an abnormal production of ACTH — either “topically,” by a pituitary tumor
(Cushing’s disease), or “ectopically,” by a myriad of neuroendocrine tumors from many sites (the
ectopic ACTH syndrome), as discussed below. Rarely, ACTH-dependent CS may be caused by
eutopic (hypothalamic) or ectopic CRH-producing tumors. In these situations, plasma ACTH levels
are either normal or elevated.

The first step in establishing the differential diagnosis of CS is determining whether the hypercor-
tisolism is ACTH-dependent or independent. This is achieved simply by measuring plasma ACTH.
The newer immunometric ACTH assays reliably detect concentrations as low as 5 pg/mL. On the
contrary, the older radioimmunoassays were not reliable in such low concentrations and consequently,
were not accurate enough to distinguish between ACTH dependent and independent causes (/—3). If
ACTH levels are consistently <5 pg/mL, the diagnosis of ACTH-independent CS is established.
Conversely, ACTH levels >15 pg/mL are consistent with ACTH-dependent CS (3, 4). Intermediate
levels can be troublesome, but adrenal causes are easily identified by a CT scan in most of times,
except in some rare forms of primary adrenal disease (primary pigmented nodular adrenal disease-
PPNAD), in which adrenal glands are normal or only slightly enlarged, as discussed in Chapters 8 and
18. In this situation, other tests may be helpful. One of such tests is the CRH stimulation test. In
ACTH-independent CS, normal corticotrophs are usually suppressed by excessive cortisol produc-
tion. Thus, serum ACTH does not rise in response to exogenous CRH (see CRH test below in the
section dynamic tests) (3). On the other hand, a rise in ACTH levels in response to exogenous CRH
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Fig. 1. High accuracy of basal morning plasma ACTH measured by an immunometric assay in distinguishing between
ACTH-independent and ACTH-dependent CS. Black triangles: Cushing’s disease. White triangle: ectopic ACTH
syndrome. White circles: Adrenocortical Adenoma. Black circle: adrenocortical carcinoma. ACTH are plotted in
pmol/L. Multiply by 4.5 to convert to pg/mL [reproduced from (3)].

is suggestive of an ACTH-dependent etiology. Some care should be taken in collecting blood samples
destined to ACTH determination, as it is quickly degraded by plasma proteases. In order to keep the
molecules intact until the assay is performed, blood samples should be collected in an EDTA-
containing non-glass tube and immediately put on an ice water bath. The sample should be processed
in not more than few hours after it is collected (or stored at -40°C for later processing). Otherwise,
degradation by plasma proteases will lead lo false low results (Fig. 1).

ACTH-Independent CS

As stated above, if ACTH levels are below 5 pg/mL, the diagnosis of ACTH-independent CS is
established. The causes of ACTH-independent CS are listed in Table 1 and discussed in detail else-
where in other chapters of this book. The following step is to perform an imaging study of the adrenal
glands. Either computed tomography or magnetic resonance are very sensitive in identifying adrenal
lesions (for a complete discussion about radiologic features of adrenocortical imaging in ACTH-
independent CS, see Chapter 8). The presence of high serum levels of androgenic precursors, such as
DHEAS, is an important laboratorial tool to differentiate adrenocortical carcinoma from benign adre-
nal lesions causing CS (hyperplasias and adenomas), which usually are associated to low androgenic
levels, although some adenomas may exhibit a mixed hormonal production (35, 6).
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ACTH-Dependent CS

In ACTH-dependent CS, the adrenal glands are overstimulated by abnormal amounts of ACTH,
leading to cortisol overproduction. The source of ACTH is the pituitary gland in 85-90% of cases
(CD) or neuroendocrine tumors elsewhere in the body (ectopic ACTH syndrome — EAS) in the
remaining cases. Rarely, ACTH-dependent CS may be caused by CRH-producing tumors. It is imper-
ative to differentiate among these causes, as the therapeutic approach is different. Since both pituitary
adenomas and ectopic ACTH producing tumors are often small and difficult to visualize by imaging
methods, and the results of such examinations are sometimes unspecific, localization of these tumors
relies on biochemical testing to direct the imaging studies to the appropriate sites. A myriad of non-
invasive dynamic tests have been developed. Since the pre-test probability for CD is 90%, neither of
these tests alone is conclusive. The correct etiologic diagnosis of ACTH-dependent CS is achieved by
a composite of biochemical tests and imaging studies, allied to precise clinical judgment. Preferably,
this investigation process should be performed with the supervision of an experienced endocrinolo-
gist. In doubtful situations, the bilateral inferior petrous sinus sampling (IPSS), an invasive and labori-
ous test, is required. The IPSS is considered the gold standard in the differential diagnosis of
ACTH-dependent CS, as will be discussed below.

Although clinical and laboratorial manifestations of CD and EAS are indistinguishable from each
other in the majority of cases, there are some clinical and laboratorial clues that make the diagnosis
of EAS more likely. Generally, basal ACTH levels tend to be higher in ectopic ACTH syndrome as a
group, but there is a considerable overlap between the two entities. One reason for this overlap is that
many ectopic ACTH-producing tumors secrete an abnormally processed molecule of ACTH (so
called big ACTH), due to a defective post-translational processing of proopiomelanocortin (POMC)
caused by deficient expression levels of convertases enzymes (7—/0). As the primary antibodies of the
newer two-site imunnometric assays for ACTH are monoclonal and design to detect specifically the
mature molecule (ACTH 1-39), the higher molecular weight molecules associated to EAS may be
poorly recognized by the assay, leading to falsely lower levels (/). In this aspect, the older polyclonal
assays had a better performance, as the abnormally processed POMC derivates were also detected by
the assay (/). Two-site immunometric assays to detect these abnormally processed POMC-derived
peptides have been developed (/7). It was shown that serum levels of non-processed POMC derivates
— POMC itself and pro-ACTH — were able to reliably differentiate CD caused by microadenomas
from EAS (7, 11). However, it was later demonstrated that pituitary macroadenomas also exhibited
an abnormal processing of POMC and an overlap between CD caused by such tumors and EAS
existed (/2, 13). Although determination of these peptides was proven to be helpful in the differential
diagnosis between CD and EAS, these assays are not currently available in clinical practice.

As a consequence of the generally higher ACTH levels in EAS, hyperpigmentation, psychiatric
manifestations, profound muscular weakness and metabolic disarrangements such as diabetes melli-
tus, hypertriglyceridemia and hypokalemia tend to be more prevalent in this condition. Hypokalemia
is usually present in approximately 60% of EAS cases, but in only 10% of CD patients (/4, 15). It is
present in virtually all patients with high urinary free cortisol levels (>6,000 mcg/24 h) (15). An
important characteristic of the neuroendocrine tumors associated to EAS is their ability to secrete
various products and peptides, such as gastrin, vasoactive-intestinal peptide (VIP), CA19.9, calci-
tonin, alpha-fetoprotein, hCG and carcinoembryonic antigen, besides ACTH itself. In a recent series
from the St. Bartholomew’s Hospital of London, 22 out of 40 patients with hystologically-proven
ectopic ACTH syndrome exhibited elevated serum levels of at least one of such peptides. The most
commonly elevated tumor marker was calcitonin (3 MTC) and gastrin (1 pancreatic tumor), present
in 50% of these patients. Other peptides such as glucagon, somatostatin and urinary 5-HIAA were
present in sporadic cases (/6). In 25 cases of ectopic ACTH syndrome followed in our institution,
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elevated levels of gastrin were present in 7 cases, CEA in 6 cases, calcitonin in 3 cases and bHCG and
alfa-fetoprotein in one case each (/7). Although only a subset of neuroendocrine tumors produces
these substances, abnormal serum levels of these peptides make the diagnosis of ectopic ACTH
syndrome very likely.

Dynamic Tests

As stated before, the differential diagnosis between CD and ectopic ACTH syndrome relies on a
composite of dynamic tests, imaging studies and very often, the IPSS. The main objective of the
dynamic tests is to address whether the presumed source of ACTH is the pituitary (Cushing’s disease) or
an ectopic tumor, and then, direct the efforts to localize such tumors by appropriate imaging methods.
In the following section, the most commonly used dynamic tests as well as the rationale behind them
will be briefly described (Table 2).

Non-invasive Tests
High-dose Dexamethasone Suppression Test

The high-dose dexamethasone suppression test has been used for many years in the differential
diagnosis of ACTH-dependent CS. It was initially proposed to differentiate between ACTH dependent
and independent CS, when reliable ACTH assays were not available (/8). Early observations sug-
gested that this test had a role in the differential diagnosis of ACTH-dependent Cushing’s syndrome,
as corticotroph adenomas retained some responsiveness to negative feedback of dexamethasone,
while ectopic ACTH-producing tumors did not. The original test is based on 24-h urine collections

Table 2
Dynamic Tests Proposed for Differentiating Between EAS and CD

Sensitivity®  Specificity © Expected response

Test (%) (%) in CD Comments
High-dose dexametha- 80 70-90 A 50% fall in serum  Does not improve the
sone suppression test cortisol levels after pre-test probability
oral dexamethasone for CD
CRH stimulation test 85 94 An ACTH and/or CRH is expensive and
cortisol rise after unavailable in many
stimulation countries
Desmopressin 84 83 An ACTH and/or Desmopressin is cheap
stimulation test cortisol rise after and widespread availa-
stimulation ble; less discriminative

than CRH; does not
improve the pre-test

probability for CD
IPSS 94 100 A central-to-periphery Considered the
ACTH ratio >2 in gold-standard;
basal conditions low complication
and >3 after stimu- rate; and technically
lation difficult test

For the diagnosis of CD
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and determinations of cortisol metabolites (17-OHCS) or cortisol itself, before and after the oral
administration of 2 mg dexamethasone each 6 h for 48 h (/8). Later on, it has been shown that urinary
determinations could be substituted by a morning cortisol serum level, without impairing the test
accuracy (/9). A simplification of the test consist in giving a single oral 8 mg dexamethasone dose at
11:00 — 12:00 p.m. and collecting a serum level of cortisol at 8:00 — 9:00 a.m. on the previous and
following days. A 50% fall in cortisol level after dexamethasone is considered a positive response -
suggestive of CD (20). The original 48-h test has a better accuracy but is somewhat cumbersome (2/).
So, the simplicity of the overnight test justifies its use. Considering the 50% cutoff for morning serum
cortisol, the percentage of ectopic ACTH-producing tumors that exhibit a positive response varies
from 10-30% (false-positives), and around 20% of corticotroph adenomas are nonresponsive to dex-
amethasone (false-negatives) (/9, 20, 22, 23). That makes the overall performance of the test below
the pre-test probability for Cushing’s disease. For this reason, the results of this test should be inter-
preted with care and a therapeutic decision should not be relied solely in its result.

CRH Stimulation Test

Corticotropin-releasing hormone (CRH) is a hormone produced by hypothalamic neurons of the
paraventricular nucleus. Physiologically, it is released according to circadian rhythms and also in
response to stress, such as cold exposure, pain, psychological stress and hypoglycemia. CRH stimu-
lates the production and release of ACTH by the corticotroph cells of the anterior pituitary, through its
actions on specific receptors, as discussed on previous chapters. The CRH test is based on the assump-
tion that pituitary corticotroph tumors are responsive to CRH as most of them express CRH receptors,
while ectopic ACTH-producing ectopic tumors are not, because they usually do not express CRH
receptors. The test consists of giving an intravenous injection of 100 mcg (or 1 mcg/kg) of ovine or
human CRH, and assaying ACTH and cortisol at standardized time points. There is no consensus in
the literature regarding the time points or criterion for interpreting the results, and variations have been
described among different centers. In a large series that included 100 patients with CD and 16 patients
with EAS, a rise of 35% in ACTH levels (usually at 15 or 30 min after CRH injection) had a sensitivity
and specificity of 93% and 100% for CD, which makes it a useful test in the differential diagnosis of
ACTH-dependent CS (24). The cortisol response was less discriminatory, with a sensitivity of 91% and
a specificity of 88% for a 20% rise in serum levels after the stimulus (24). However, this study per-
formed the stimulation test with ovine CRH, whose molecule is slightly different from human CRH
and leads to a more potent stimulus. Because of this fact, there was a concern about the performance
of the test if human CRH were used. An Italian multicenter study addressed this issue by performing
the same test with both human and ovine CRH, in 148 patients with CD and 12 with EAS. Adjusting
the ACTH cutoff to a 50% rise, the sensitivity was 85% and 87% for ovine and human ACTH respec-
tively. However, the performance of serum cortisol in discriminating CD from EAS was better when
ovine CRH was injected (sensitivities of 67% for oCRH and 50% for hCRH) (25). A variant of the
CRH test consist of injecting the peptide 2 h following the completion of a low-dose dexamethasone
suppression test (the dexamethasone-CRH test). This procedure is useful in differentiating mild cases
of CD from pseudo-Cushing states (26). In the original report, the dexamethasone-CRH test was more
accurate in differentiating CS from pseudo-Cushing states than the low-dose dexamethasone test or the
CRH test alone. A plasma cortisol concentration greater than 1.37 mcg/dL (38 nmol/L) measured 15 min
after the administration of CRH correctly identified all cases of Cushing’s syndrome and all cases of
pseudo-Cushing’s states (100% specificity, sensitivity and diagnostic accuracy) (26).

As discussed above, the CRH test is a valuable tool in the differential diagnosis of ACTH-dependent
CS. However, some points have to be taken into account. First, hCRH and oCRH are expensive and
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unavailable in many countries, including Brazil. For this reason, stimulation test with other peptides
such as the more available and cheaper desmopressin, were proposed, as will be discussed on the fol-
lowing topic. Second, the sensitivity of the test is almost the same as the pre-test probability for CD,
in spite of being rather specific, as shown above. Third, as the experience with the test increases
worldwide, there are reports of ectopic ACTH syndrome that respond to CRH stimulation (false-
positive cases) (27). It should also be kept in mind that rarer cases of ACTH-dependent CS due to
ectopic CRH production may also respond to CRH stimulation test.

Desmopressin Stimulation Test

Desmopressin (DDAVP) is a synthetic peptide, analogous to the natural- occurring vasopressin. It
stimulates specifically the V2 and V3 (V1b) isoforms of vasopressin receptors, but does not activate
the vascular isoform V1. The DDAVP stimulation test was proposed as an alternative to the CRH
stimulation test, due to the availability in most centers and the lower cost of the peptide. The rationale
behind this test is that pituitary ACTH producing adenomas overexpress the pituitary-specific V3
(V1b) and the V2 receptors (28) while most of the ACTH-producing ectopic tumors do not. The test
consists in injecting 10 mcg of DDAVP intravenously and to determine serum ACTH and cortisol
concentrations in basal conditions and standardized times. To avoid a possible water overload, the
patients should be advised to reduce water intake at the day of the test. In the original report of
Malerbi et al., a positive response was observed in 15 out of 16 patients with CD while 8 patients with
adrenal tumors and a case of ectopic ACTH syndrome did not respond. The same patients were also
stimulated with oCRH and a high degree of concordance was observed (29). Among 15 normal indi-
viduals studied, 2 exhibited an ACTH response. These results suggested that DDAVP would be an
attractive alternative to the CRH stimulation test, as their accuracy were quite similar (29). However,
later studies have shown that the precision of the test was not as good as the original report, as a con-
siderable fraction of ectopic ACTH producing tumors may respond to DDAVP. Subsequently, it was
demonstrated that these tumors, mainly lung carcinoids, may express the V2 and V3 receptors, which
may cause them to respond to DDAVP (30-32). The combined results from three previously pub-
lished small series reveal an overall sensitivity and specificity of 84 and 83% for a cortisol rise of 20
and 77% and 73% for an ACTH rise of 35%, as proposed in the original study. In spite of the limited
number of patients, these results suggest that the DDAVP stimulation test is less discriminative than
the CRH stimulation test in differentiating CD from EAS. In a recent review from our institution,
among 13 patients with EAS, a positive response to ACTH and cortisol was observed in 6 and 5
patients, respectively (/7). For this reason, the DDAVP stimulation test should be performed only if
CRH is not available, keeping in mind all the limitations of the test.

Combined Non-invasive Strategies

As exposed above, all the non-invasive dynamic tests have limitations in discriminating CD from
EAS. It has been proposed that combining the results of different tests could be more discriminative
than each test alone. One of such proposed combinations is the classical (48 h) high-dose dexametha-
sone suppression test and the CRH stimulation test. A combined-test strategy requiring a negative
cortisol response in the CRH stimulation test plus a cortisol suppression <50% in the dexamethasone
test to exclude a diagnosis of Cushing’s disease yielded a sensitivity of 98—100% and a specificity of
88—-100% (23, 33). Similar results have been obtained when the results of the classical 48 h low-dose
dexamethasone suppression test and CRH-stimulation test were associated (34). Thus, the combined-
test strategy is thought to have a superior performance than the CRH stimulation test alone, although
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this observation should be confirmed in larger series. Discordant results between the two tests have
been observed more often in CD caused by macroadenomas (35). However, this situation is less prob-
lematic, as an image study of the sellar region will reinforce the diagnosis of CD.

To improve the sensitivity of the CRH test in diagnosing CD, a dual stimulation with both hCRH
and DDAVP has been proposed. The initial results were promising, as a cutoff for cortisol rise could
perfectly discriminate patients with CD and ectopic ACTH syndrome (36). However, these data were
not confirmed by other series, and an overlap response between the two conditions remained (37).

BILATERAL INFERIOR PETROSAL SINUS SAMPLING

This test is considered the gold-standard in the differential diagnosis of ACTH-dependent CS. The
objective of the test is to assess whether or not the source of ACTH is the pituitary. This is achieved
by positioning catheters in both inferior petrosal sinuses (which receive tributaries directly from the
pituitary circulation) and simultaneously collecting blood samples for ACTH determination from the
sinuses and from a peripheral vein. The technical aspects of the test are discussed in details in chapter
9. In order to enhance the sensitivity, blood samples are also collected 2, 5 and 10 min following an
intravenous CRH injection (38). A serum ACTH ratio between the petrosal sinuses/peripheral vein
greater than 2 in basal condition or greater than 3 after CRH stimulation is consistent with CD. This
test is very discriminative, with an overall sensitivity of 94% and a specificity approaching 100%.
However, false-negative and false-positive tests have been reported (39, 40). Recent publications have
reported a false-negative ratio up to 10% in patients with proven CD (39, 4/—43). Failure in diagnos-
ing CD by IPSS has been attributed to many factors, such as technical problems, anomalous venous
drainage or bizarre localization of a corticotroph tumor (43). It has been proposed that measures such
as to biochemically reassure the hypercortisolemic state and documenting the correct localization of
the catheters by a retrograde sinusography should be taken routinely (40, 44). However, false-positive
results have been observed even in cases in which these routine measures were performed (45). For
this reason, some authors recommend performing a normalization of the ACTH levels by the prolactin
levels, in order to correct ACTH values for eventual non-uniform sinus drainage or sampling dilution
(45, 46). The IPSS may also be useful in defining the lateralization of a microadenoma within the
pituitary. An ACTH gradient between both inferior petrosal sinus >1.4 suggests that the lesion is at
the side of the higher value, with an accuracy of 59-83% (38, 47). However, if the left-to-right gradi-
ent is reverted after the stimulus, lateralization prediction is not reliable (48). It is important to assess
the anatomy of the petrosal sinuses by performing a retrograde sinosography, as non-uniform drainage
might lead to erroneous interpretation.

Desmopressin (DDAVP) is also an acceptable alternative in centers where CRH is not available. In
a series of 56 patients with ACTH-dependent CS submitted to IPSS in our institution, a positive
central-to-periphery gradient was found in 40 in basal conditions and in 47 after the DDAVP stimula-
tion. The test accuracy after DDAVP stimulation was similar to that of CRH stimulation, with a sen-
sitivity of 92.1% and a specificity of 100% (49). In our experience, even in cases which presented no
peripheral ACTH or cortisol response in a previous DDAVP test, an increment in ACTH secretion
may be documented in the petrosal sinuses after stimulation.

The complication rate of the procedure is reported to be very low (50, 51). The reported complica-
tions include transient ear discomfort or pain, groin hematoma, transient and permanent neurologic
lesions and one case of pituitary apoplexy (50-52).

Overall, the IPSS is the most accurate test for the differential diagnosis of ACTH-dependent CS,
but the procedure is technically difficult and not universally available. Due to its complexity, in our
opinion, this test should be reserved for situations in which the diagnosis could not be established
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based on non-invasive tests and imaging exams — i.e. discordant results of non-invasive dynamic tests
and/or absent imaging findings.

FINAL CONSIDERATIONS

The differential diagnosis of endogenous CS can be very challenging, especially among the ACTH-
dependent etiologies as no single test is totally reliable and the final diagnosis relies on a composite of
many tests. In addition, atypical cases such as cyclic hypercortisolism, (see Chapter 23) bizarre localiza-
tion of corticotroph tumors and CRH producing tumors, allied to frequently observed unspecific imag-
ing findings can be very tricky. Defining a flowchart for the differential diagnosis of ACTH-dependent
CS is not an easy task, and should be individualized not only according to each center expertise but also
in an individual basis. For this reason, a correct clinical judgment is essential and these investigations
should be performed with the supervision of an experienced endocrinologist whenever possible. In addi-
tion, once the diagnosis is established, treatment is also a challenging task, with high failure rates. A
possibility for an unsuccessful treatment is an initial misdiagnosis, which is not uncommon even in
specialized centers. For this reason, if failure occurs, it is always important to review the diagnosis, as
many tests results require interpretation, sometimes based on individual experience.
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SUMMARY

In this chapter, the current available radiological (and scintigraphic) techniques used for intra-
pituitary tumor localization in the ACTH-dependent CS will be discussed. In general this involves
dedicated MRI protocols and sometimes sampling procedures are required. Adrenal imaging in CS can
involve CT, MRI and scintigraphic procedures. Several radiological techniques such as CT, MRI, and
sampling procedures, but also scintigraphic procedures are useful for localizing the extra-pituitary
source of ACTH overproduction in the ectopic ACTH syndrome. Still the (occult) ACTH-producing
tumor may sometimes not be revealed.

Key Words: Adrenal, pituitary, MRI, CT, ultrasound, scintigraphy, sampling, Cushing pituitary imag-
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RADIOLOGY IN THE ACTH-DEPENDENT CUSHING’S SYNDROME

MRI

Patients with the adrenocorticotropin (ACTH)-dependent Cushing’s syndrome (CS) should eventually
all undergo dedicated pituitary magnetic resonance imaging (MRI) (/-3). Corticotroph pituitary adeno-
mas are characteristically hypointense on MRI (Fig. 2a) and fail to enhance following administration
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Fig. 1. T1-weighted Gd-DTPA-enhanced image in the coronal plane of a corticotroph pituitary microadenoma (arrow)
located in the proximity of the internal carotid artery and showing as a hypointense area in a contrast-enhanced
pituitary. Also note the deviation of the pituitary stalk to the contralateral (/eff) side.

of gadopentetate dimeglumine (Gd-DPTA) contrast (Figs.1 and 2b). Precontrast scans and Gd-DPTA-
enhanced studies always should be performed in conjunction to improve diagnostic accuracy (Fig. 2a,
b). The sensitivity of T1-weighted spin echo (SE) pituitary MRI is between 50 and 60% (4—6). False-
negative pituitary MRIs may result from small tumor size (picoadenomas — small microadenomas) or
signal characteristics and contrast enhancement characteristics of the ACTH-secreting tumor that are
similar to normal, surrounding pituitary tissue (5, 7—/7). In addition, the specificity of T1-weighted
SE MRI is limited, as incidental pituitary lesions (incidentalomas) are present in up to 10% of the
normal population (3, /2—17). Therefore, most experts require an inferior petrosal sinus sampling for
ACTH for differentiating pituitary from ectopic sources of ACTH (Fig. 7¢). It was stated at a recent
consensus meeting that pituitary MRI may provide a definitive diagnosis without the need for further
invasive testing in the setting of a greater than 6-mm pituitary adenoma with classic clinical and
dynamic biochemical results (/).

A recent series evaluated the possibility for improved tumor detection using MRI with 1-mm
spoiled gradient recalled acquisition in the steady-state (SPGR) sequences compared with T1-weighted
SE MRI (9). This technique has potential benefits, such as faster acquisition, provision of thinner
slices, and better soft tissue enhancement (9, /8). Compared with T1-weighted SE MRI for the detec-
tion of tumor, SPGR had superior sensitivity (80% versus 49%) but a higher false-positive rate (2%
versus 4%). The authors recommend the addition of coronal post-contrast SPGR to conventional SE
pituitary imaging protocols to improve MRI detection of ACTH-secreting pituitary tumors. This tech-
nique should be used in combination, not alone, however, to minimize false positives (9). In individual
cases, T2-weighted MRI images may provide superior results when compared to per- and post-
contrast T1-weighted imaging (3) (Fig. 2c).
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Fig. 2. (a) T1-weighted non-enhanced MR image in the coronal plane of a corticotroph pituitary microadenoma
(arrow) showing as a hypointense area at the right side. (b) T1-weighted Gd-DTPA-enhanced MR image in the coronal
plane of a corticotroph pituitary microadenoma (arrow) showing as a hypointense area at the right side. (same patients
as in (a)). Visualization is slightly improved as compared to (a). (¢) T2-weighted MR image in the coronal plane of
a corticotroph pituitary microadenoma (arrow) showing as a hyperintense area at the right side. (same patients as in
(a) and —(b)). Visualization is improved as compared to (a) and —(b).

SCINTIGRAPHY IN THE ACTH-DEPENDENT CS

Somatostatin Receptor Scintigraphy in Cushing’s Disease

n-pentetreotide SPECT was negative in patients with ACTH-secreting pituitary microadenomas (79).
n-pentetreotide scintigraphy was positive in patients with ACTH-secreting macroadenomas (/9-21).
Generally, the somatostatin receptor subtype 2 (sst,) number is low in corticotroph adenomas because of
suppressive effects of high circulating cortisol levels on sst, expression, which limits binding of a
preferential sst, binding radioligand such as '''In-pentetreotide (22, 23).

ADRENAL IMAGING IN CS

On computed tomography (CT) and MRI, the maximum width of the right adrenal limb is 2.8mm
and the left adrenal limb is 3.3mm (24). In 15-25% of cases of CS, the cause is a primary adrenocorti-
cal neoplasm, usually a benign adenoma (2).

ADRENAL RADIOLOGY IN CS
cT

Thin-section CT or MRI of the adrenal glands is often the final diagnostic test in patients who have
ACTH-independent causes of CS (25, 26). Adrenocortical adenomas causing CS are usually larger
than 2.0cm in diameter. CT can detect adrenal masses with a diameter more than Smm. Adrenocortical
adenomas in the ACTH-independent CS should, therefore, be easily visualized using CT. However,
CT is known to underestimate the size of adrenal tumors (27).
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Most adrenocortical adenomas in patients with ACTH-independent CS are rich in lipid content
and thus have an attenuation less than 10 Hounsfield units (HU) at non-enhanced CT (26, 28-34)
(Fig. 3). However, lipid-poor adenomas might have unenhanced CT attenuation values more than
10 HU (35, 36).

Cortisol-producing carcinomas tend to be larger than adenomas at the time of discovery. Usually
their diameter is larger than 4cm (29, 37—41). The majority of these carcinomas have irregular margins
and contain inhomogeneous areas of necrosis, hemorrhage and calcifications (34, 37, 42) (Fig. 4).

In the presence of heterogeneous masses, or a mass of >10 HU, contrast-enhanced CT should be
performed. Adenomas may show the same density as normal adrenal tissue on unenhanced CT. On
contrast-enhanced CT, they enhance rapidly with intravenous contrast agent and wash it out rapidly
(35, 43-47). The absolute contrast washout can be used to distinguish between adenomas (>60%
contrast washout) and carcinomas (<40% contrast washout) (42, 44, 48—-52). The pattern of enhance-
ment of carcinomas can be inhomogeneous in the presence of central necrosis or hemorrhage (34, 42,
44, 48-51, 53).

Features compatible with an autonomously functioning adrenocortical adenoma include atrophy of
the contralateral adrenal gland. In the absence of atrophy of the contralateral adrenal gland or the
remaining involved gland, the diagnosis should be reconsidered. If the diagnosis is biochemically
affirmed, ACTH-dependent micronodular or macronodular adrenocortical hyperplasia should be con-
sidered (Fig. 5). Bilateral micronodular disease, with or without Carney’s complex, is suggested by
classic clinical and biochemical features (54). In these patients, imaging of the adrenal glands may
reveal slightly enlarged glands with or without discernable nodules, but a proportion will have normal-
size adrenal glands (54).

Erasmus MC Rotterdam

Compression: 1:5242

Fig. 3. CT in the transversal plane showing a right-sided adrenal adenoma (diameter: 3 x 4 x 2 cm) causing Cushing’s
syndrome.
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Fig. 4. CT in the transversal plane after the administration of contrast agent showing a right-sided adrenal carcinoma
(diameter: 8.5 x 6 x 9 cm) causing Cushing’s syndrome. Please note the inhomogeneous aspect at CT.
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Fig. 5. Non-contrast-enhanced CT in the transversal plane showing bilateral nodular adrenal hyperplasia (arrows) in
a patient with food-dependent Cushing’s syndrome.
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Fig. 6. CT in the transversal plane after the administration of contrast agent showing a left-sided adrenal hyperplasia
(thick arrow) in a patient with a metastatic neuroendocrine tumor of the lung with liver metastases (small arrows) and
the ectopic ACTH syndrome.

The adrenal glands are often symmetrically enlarged in patients with ACTH-dependent Cushing
syndrome; however, up to 30% of patients will have normal-size adrenal glands (55) (Fig. 6).

MRI

Various MR imaging parameters can be used to characterize adrenocortical masses, including T1
and T2 characteristics, enhancement patterns, and chemical shift characteristics (47, 56—64).

On MRI, adenomas appear homogeneous on all sequences. Adenomas have low or equal signal
intensity to the liver on T2-weighted images and may appear of lower signal intensity than the rest of
the adrenal gland (29, 34, 42). Because of their lipid content, adenomas lose signal on the out-of-
phase images with chemical shift imaging. In general, carcinomas contain larger amounts of fluid than
adenomas and thus appear bright on T2-weighted images. Heterogeneity is also noted on T2-weighted
images because of hemorrhage and/or necrosis. They show intermediate to high signal intensity on
T1-weighted images. Adrenocortical carcinomas seem to have no or only partial loss of signal inten-
sity on out-of-phase images with chemical shift imaging (34, 42, 48, 65-67).

Contrast-enhanced CT and MRI studies further enable the assessment of retroperitoneal lymph
nodes, vascular extension and thrombosis, and encroachment of adrenal and renal veins, or the infe-
rior vena cava (42, 48, 65).

ADRENAL SCINTIGRAPHY IN CS

Functional Imaging Modalities Specific for Adrenocortical Tumors

[*T]-6-Iodomethyl norcholesterol (NP-59) is a radio-pharmaceutical which is stored in the adreno-
cortical intracellular lipid droplets after receptor-mediated uptake. Conventional NP-59 examinations
are planar, although recently single photon emission computed tomography (SPECT) with NP-59 has
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been assessed (68, 69). Normal adrenals are visualized at 5 days after injection of NP-59 (517).
Unilateral adrenal uptake seen before day 5 suggests a functioning steroid-synthesizing adenoma (51,
65, 69). The minimum size of the adrenocortical mass to be evaluated with NP-59 is more than 2cm.
Its practical use is further hampered by limited availability (51, 65, 69).

[''C]-Metomidate is a positron emission tomography (PET) ligand that inhibits the synthesis of
adrenocortical steroids via binding with steroidogenic enzymes. It has been assessed in small series of
adrenocortical masses, showing indiscriminately high (sometimes irregular) uptake in adenomas and
carcinomas and may thus indicate whether an adrenal mass is of adrenocortical or non-adrenocortical
(pheochromocytoma, adrenal metastasis) origin (70-74).

Non-specific Functional Imaging Modalities for Adrenocortical Tumors

Fluorine-18 ["*F]-deoxyglucose (FDG) PET has been predominantly suggested as a useful tool in
the evaluation of non-hyperfunctioning adrenocortical masses. In general, malignant adrenocortical
masses show increased uptake of ["®!F]-FDG because of increased glucose utilization, but benign
lesions show no evidence of increased ['8F]-FDG uptake (70, 72, 75-79).

IMAGING IN THE ECTOPIC ACTH SYNDROME

Localization of ectopic ACTH-secreting tumors is challenging and primarily relies on CT, MRI,
and nuclear medicine imaging. The ectopic ACTH syndrome can develop in patients with already
diagnosed, mostly metastatic, mostly neuroendocrine tumors, such as small cell lung cancer, carci-
noids of the bronchi and thymus, pancreatic, endocrine tumors (islet cell tumors), medullary thyroid
carcinoma, pheochromocytoma, gastrinoma, and prostate cancer with endocrine differentiation
(80-83). However, sometimes these tumors cause a diagnostic challenge with regard to their localiza-
tion and remain occult because of their small size during follow-up. Many of these tumors express
somatostatin receptors, and specifically sst, on their cell surface, thereby facilitating localization
using somatostatin receptor scintigraphy (SRS) (84).

SCINTIGRAPHY IN THE ECTOPIC ACTH SYNDROME

Somatostatin Receptor Scintigraphy and PET

"n-pentetreotide scintigraphy has been successful for the localization of extra-pituitary ACTH-
and CRH-secreting tumors and their metastases, especially in those difficult cases in which conven-
tional radiological studies had initially failed to localize the tumors. (Fig. 7a) (19, 85-98). The
imaging protocol requires the administration of laxatives from —24h. throughout imaging period, an
recommended injected dose of 222MBq (6mCi) and planar imaging and SPECT at 24h p.i. and 48h
p-i, and sometimes after 72h (99). Results heavily depend on the imaging protocol. An analysis of
recent studies examining the usefulness of SRS in the ectopic ACTH syndrome demonstrated diag-
nostic sensitivity ranging from 33% to 80% for tumor localization (92, 95, 100). Comparison of these
series is not straightforward given variable study design and whether outcomes were based on single
or multiple imaging procedures or even on final histological diagnosis (87, 92, 93, 95, 100, 101).
Using a range of dosing regimens (6—18mCi), the smallest tumor size detected using SRS was 0.6cm
(87, 95). SRS always should be correlated with conventional imaging because of false-positive results
observed with thyroid nodes and nodules, inflammation, radiation fibrosis, and accessory spleen
(93, 100). There have been a few reports of negative SRS becoming positive, and repeat SRS every
6—12 months should be considered during long-term follow-up in persistent occult disease (92).
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Fig. 7. (a) """In-pentetreotide SPECT in the coronal plane in a patient with the ectopic ACTH syndrome showing an
area of intense uptake in the left lung (thick arrow) corresponding to a bronchial carcinoid and a central lymph node
metastasis (small arrow). (b) CT scan of the chest in the transversal plane showing the primary bronchial carcinoid
in the left lung. (¢) Results of bilateral inferior petrosal sinus (IPS) sampling for ACTH before and after the adminis-
tration of CRH, pointing to an ectopic ACTH source. Note the absence of a gradient between central IPS and peripheral
ACTH levels and the ACTH response to CRH, which erroneously points to a pituitary source.

In the near future, somatostatin receptor SPECT with !''In-pentetreotide will probably be replaced by
PET using ®Ga-labelled tracers, like ®*Ga-labelled 1,4,7,10-tetraazacyclododecane-N,N’,N”’,N’-
tetraacetic acid-d-Phe(1)-Tyr(3)-octreotide (*Ga-DOTA-TOC) (98, 102—-104). The fast pharmacoki-
netics and rapid tumor accumulation of this peptide allow for PET studies approximately less than 1 h.
after tracer administration. %®Ga is a positron emitter which is easily available and does not need to be
produced by an on-site cyclotron. As compared to SPECT, PET produces images with a better spatial
resolution and preliminary data show that smaller lesions might be detected with this technique (/04).

Currently, the combination of SRS, or PET using ®®Ga-labelled somatostatin analogs and conven-
tional CT/MRI probably facilitates the best overall localization in these difficult cases (Fig. 7a—c).

BF-FDG PET
[®F]-FDG PET has been shown to localize ectopic ACTH-secreting tumors in 35% of cases, but failed
to identify tumors that were occult on CT/MRI (95). In this series, the sensitivity of CT and combined
SRS was higher than that of MRI or ['®F]-FDG-PET. This suggests that ['*F]-FDG-PET confers no addi-
tional benefit for detection of ectopic ACTH-secreting tumors beyond existing modalities (95, 98, 105).
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BF-L-DOPA PET and /"'C-5-HT PET
Studies with whole-body !'C-5-hydroxy-I-tryptophan (''C-5-HT) PET and 'SF-I-
dihydroxophenylalanine ('*F-1-DOPA) PET show potential additional usefulness for the improved
localization of neuroendocrine tumors (98, 102, 103, 106—-108). However, the experience with these
techniques in the ectopic ACTH syndrome is very limited and until now these techniques were only
available in a few centers worldwide.

CONCLUSIONS

Various radiological and scintigraphic techniques for pituitary, adrenal or whole body imaging have
also been applied for the localization of pituitary, adrenal or other pathologies in CS.
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Despite the high pretest probability of a pituitary adenoma in patients with adrenocorticotropic
hormone (ACTH)-dependent Cushing’s syndrome, a definitive diagnosis is elusive for many patients.
Pituitary imaging and biochemical testing have limited diagnostic accuracy. Bilateral simultaneous
inferior petrosal sinus ACTH sampling (IPSS) has become the test of choice in the differential evalu-
ation of ACTH-dependent Cushing’s syndrome. Administration of corticotropin-releasing hormone
further enhances the sensitivity of this test. The use of IPSS for lateralization of corticotroph micro-
adenomas is controversial and has not yet replaced the thorough examination of the pituitary gland by
an experienced neurosurgeon after the diagnosis of Cushing’s disease has been made. IPSS is feasible
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INTRODUCTION

Since its initial description in 1932, Cushing’s syndrome has been plagued by diagnostic
uncertainty (/). The protean effects of cortisol excess are commonly the result of neoplasms only a
few millimeters in size. These tumors continue to evade even the most sensitive modern imaging tests.
Additional diagnostic modalities have therefore been studied. Vascular sampling has long been
utilized in the diagnostic evaluation of endocrine syndromes of excess hormone production (e.g.
aldosterone secreting adrenal tumors, insulinomas, and parathyroid tumors). Over the past 30 years,
bilateral simultaneous inferior petrosal sinus adrenocorticotropic hormone (ACTH) sampling (IPSS)
has emerged as the gold standard for the differentiation of pituitary-dependent from non-pituitary
ACTH-dependent hypercortisolism.

In the 1970s, the introduction of pituitary microsurgery as a treatment choice for patients with
ACTH-secreting pituitary adenomas (Cushing’s disease), as well as the recognition that some non-
pituitary ACTH-secreting tumors (ectopic ACTH syndrome) were not radiographically identifiable
for years after the clinical presentation of hypercortisolism, mandated a precise differential diagnostic
test. Historically, clinicians had relied on dexamethasone suppression testing to distinguish these two
forms of ACTH-dependent Cushing’s syndrome. However, biochemical studies such as high-dose
dexamethasone suppression testing and eventually corticotropin-releasing hormone (CRH) stimula-
tion were associated with limited diagnostic accuracy (2, 3).

Since the majority of patients with ACTH-dependent Cushing’s syndrome harbor a corticotroph
microadenoma (80-90%), radiologic imaging of the pituitary gland has always been an important
part of the differential diagnostic investigation. Despite dramatic improvements in the quality of
pituitary imaging, from sella polytomography to computed tomography (CT) to magnetic resonance
imaging (MRI), approximately 20-50% of patients with pathologically confirmed Cushing’s disease
do not have tumors seen on even the most sensitive studies (4). Furthermore, non-functioning tumors
are visualized on MRI in as many as 10% of the normal population making false-positive results
a concern (5).

In light of the high pretest probability of Cushing’s disease in patients with ACTH-dependent
Cushing’s syndrome, and the poor performance of biochemical testing and radiologic imaging,
IPSS emerged as the differential diagnostic test of choice. This chapter will highlight the history,
technical aspects, interpretation, clinical data, and the potential risks and limitations of this proce-
dure. Recommendations on how and when IPSS should be incorporated into clinical practice will
also be made.

HISTORY OF INFERIOR PETROSAL SINUS SAMPLING

The hypothalamic—pituitary—adrenal axis is a tightly regulated and highly conserved system that is
essential for normal functioning. Dysregulation of this system with excessive amounts of the end
product, the glucocorticoid cortisol, results in the clinical disorder known as Cushing’s syndrome.
Endogenous hypercortisolism may be the result of excessive production of cortisol from an adrenal
neoplasm, or from excessive production of ACTH from the pituitary or ectopic source. Inappropriate
or ectopic secretion of CRH as a cause of hypercortisolism is uncommon, but has been described in
case reports (6-S8).

A case report in 1977 by Corrigan et al. described the use of selective catheterization of bilateral
petrosal sinuses to successfully differentiate ectopic ACTH secretion from Cushing’s disease (9). In
1981, Findling et al. published a case series of 10 patients who underwent IPSS (/0). This study
demonstrated the importance of sampling from the petrosal sinus (as opposed to other vascular sites)
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for the differential diagnosis of ACTH-dependent Cushing’s syndrome. It also showed that IPSS was
safe and reliable in patients with inconclusive biochemical studies. Many studies have been performed
since that time confirming and expanding these findings (//-23).

The addition of CRH stimulation during IPSS has increased the sensitivity and specificity of the
test. CRH was isolated and sequenced in 1981 by Vale et al. (24). Orth et al. demonstrated that admin-
istration of CRH potently stimulates release of ACTH in normal subjects and patients with Cushing’s
disease (25). Other factors such as vasopressin, oxytocin, prolactin, GH, TSH, and alpha-subunit are
also released (26—28). Muller et al. (29) first used CRH administration in the differential diagnosis of
Cushing’s disease, while Landolt et al. combined CRH with IPSS (30). ACTH is intermittently
secreted in Cushing’s disease, and in contrast to pituitary adenomas, non-pituitary ACTH-producing
tumors respond poorly to CRH administration. For these reasons, ACTH is now sampled several times
before and after CRH administration during IPSS.

ANATOMY AND TECHNICAL DETAILS

IPSS should be performed at centers with considerable experience and a dedicated team to ensure
proper and safe execution of the study. Diagnostic accuracy is high, and complications are uncom-
mon, in institutions that perform IPSS regularly (71, 31-34).

The anatomy of venous drainage from the human pituitary has been previously described in detail
(35-39). Hypophyseal veins exit from the anterior pituitary lobe into the ipsilateral cavernous sinus.
The pituitary fossa is surrounded laterally by venous channels known as the cavernous sinuses that
drain into the inferior petrosal sinuses (which then drain into the jugular veins) (Fig. 1). The carotid
arteries and cranial nerves (III, IV, V1, V2, and VI) course through the cavernous sinuses. Given the
drainage patterns of the hypophyseal veins, lateralization of a pituitary adenoma should theoretically
be achieved based on measurements of hormone secretion within the inferior petrosal sinuses.
However, venous drainage patterns can vary from individual to individual. In one series, 39% of sub-
jects had asymmetric venous drainage (40). Some authors therefore recommend routine venous
angiography to help interpret lateralization data (40).
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VEINS
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i

Fig. 1. Catheter placement for bilateral simultaneous blood sampling of the inferior petrosal sinuses. Confluent
pituitary veins empty laterally into the cavernous sinuses, which drain into the inferior petrosal sinuses. Used with
permission from Ref. (49), Copyright 1985, Massachusetts Medical Society, all rights reserved.
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A percutaneous bilateral femoral approach is used. To sample the inferior petrosal sinuses, a
pre-shaped 5-French catheter is directed anteromedially in the internal jugular vein. To prevent the
risk of cavernous sinus thrombosis, the catheter should not be advanced too deeply into the petrosal
sinus. In addition, patients should be routinely heparinized prior to the procedure. Conscious sedation
should be used (rather than general anesthesia) so that symptoms can be monitored to avoid adverse
effects. Digital subtraction angiography should be performed to establish correct catheter positioning
and assess for abnormal venous anatomy. Blood is withdrawn simultaneously from both catheters and
a peripheral vein (superior vena cava) for hormonal assays. Bilateral sampling should be performed
since small pituitary adenomas may drain unilaterally into the cavernous sinus. Thus, false-negative
studies are possible when done unilaterally. Although controversial, bilateral sampling may also pro-
vide a modest improvement in the ability to predict lateralization of the tumor.

Samples are collected for ACTH and prolactin at two baseline time points (-5 and 0 min) and then
at 3, 5, and 10 min after intravenous administration of 1 pg/kg or 100 ug CRH. A final peripheral
venous blood sample is also obtained at 30 min. Proper collection of ACTH is essential. It should be
collected in chilled tubes containing EDTA, centrifuged to separate plasma within 45 min, and stored
at —20°C until the assay is performed. Prolactin samples are stored and measured when results are
equivocal or there is a question of atypical venous anatomy. Contrast medium is administered again
at the end of the study to confirm stable and appropriate positioning of the catheters throughout the
sampling procedure. A retrograde flux of contrast to the contralateral cavernous sinus should be seen.
The length of the procedure is generally 1-2 h and the patient is discharged the same day. In our
institution, patients are asked to collect a midnight salivary cortisol sample the night prior to IPSS.
This can be used to confirm periprocedural hypercortisolism should the results be perplexing.

INTERPRETATION OF IPSS DATA

Petrosal sinus to peripheral (IPS:P) ACTH ratios >2.0 at baseline or a peak >3.0 after CRH admin-
istration (at any of the time points) are diagnostic of Cushing’s disease (Table 1). By convention, tests
that meet these criteria are called positive tests.

The false-negative rate for IPSS is 1-10% (13, 15, 23, 41). Anomalous venous drainage may be
responsible for these diagnostic errors (/3, 40). For these patients, it may take years before the diag-
nosis of Cushing’s disease is made, resulting in unnecessary morbidity (4/, 42). In situations where

Table 1
Interpretation of IPSS Results for the Differential Diagnosis of Cushing’s Syndrome.
Inferior Petrosal Sinus to Peripheral Ratio (IPS:P)

Cushing’s disease is confirmed if:

Baseline IPS:P ACTH ratio (any baseline value, either side) >2

OR

CRH stimulated IPS:P ACTH ratio (any post administration value, either side) >3

If results suggest ectopic ACTH syndrome, evaluate for false negative by normalizing IPS:P ACTH
ratio to IPS:P prolactin ratio:

Normalized ACTH/prolactin IPS:P ratio= (Dominant peak post-CRH IPS:P ACTH ratio)/(Ipsilateral
basal IPS:P prolactin ratio)

>0.8 — indicative of Cushing’s disease
<0.6 — indicative of ectopic ACTH syndrome
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Fig. 2. IPS:P ratios for patients with proven Cushing’s disease (pituitary; circles), ectopic ACTH syndrome (ectopic;
squares), and the three index cases (triangles). The left panel is the post-CRH IPS to peripheral ACTH ratio. The
middle panel is the basal (pre-CRH) IPS to peripheral prolactin ratio from the same sites as the ACTH ratios. The
right panel is the left panel divided by the middle panel giving IPS:P ratios normalized to the ipsilateral prolactin ratio.
Notice the overlap of the IPS—peripheral ACTH ratio for the ectopic ACTH and index cases, that the index cases had
IPS—peripheral prolactin ratios that were lower than in pituitary and ectopic ACTH, and that normalizing the peak
ACTH IPS:P ratio to the ipsilateral prolactin ratio led to results in index cases (with subsequently proven Cushing’s
disease) similar to prospectively proven pituitary Cushing’s disease. Used with permission from Ref. (42), Copyright
2004, The Endocrine Society.

the IPSS results suggest ectopic ACTH syndrome, normalization of the IPS:P ACTH ratio to the
IPS:P prolactin ratio can increase the diagnostic accuracy of this test (Fig. 2) (42). This is possible
since the IPS:P prolactin ratio is an effective index of pituitary venous effluent. Normalized ratios
greater than 0.8 are indicative of Cushing’s disease, while ratios less than 0.6 are seen in patients with
ectopic ACTH syndrome (Table 1) (42). Thus, prolactin samples should be collected at the time of
IPSS and stored until the time of measurement, should they be needed.

TRIAL RESULTS: SENSITIVITY AND SPECIFICITY

Differential Diagnosis

Cushing’s disease and ectopic ACTH syndrome may be clinically indistinguishable. Radiological
studies and dynamic tests of steroid secretion are also often inconclusive in separating these disease
entities (2, /2, 17, 43). The inability to correctly diagnose the etiology of hypercortisolism puts
patients at risk of additional and unnecessary morbidity. Similarly, transphenoidal surgical exploration
carries with it significant risks and should be avoided if less invasive testing can demonstrate that it
is unnecessary. Since ~90% of patients with Cushing’s syndrome have an ACTH-secreting pituitary
adenoma, it is essential that further diagnostic testing have an even greater diagnostic accuracy.

In the first large series of IPSS, Oldfield et al. prospectively studied 281 patients with Cushing’s
syndrome (/7). IPSS was successfully performed in 278 patients (99%) and 262 also received CRH
during the procedure. With the exception of groin hematomas, no major complications were reported.
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Fig. 3. Maximal IPS:P ACTH ratio in patients with Cushing’s syndrome. During basal sampling (panel a), the maxi-
mal ratio was >2.0 in 205 of 215 patients with confirmed Cushing’s disease but below 2.0 in all patients with ectopic
ACTH syndrome or primary adrenal disease. Panel b shows that all patients with Cushing’s disease who received
CRH had maximal ratios of 3.0, whereas all patients with ectopic ACTH syndrome had ratios of <3.0. The asterisks
represent five patients with primary adrenal disease in whom ACTH was undetectable in peripheral-blood plasma
before and after CRH administration. Used with permission from Ref. (/7), Copyright 1991, Massachusetts Medical
Society, all rights reserved.

Sensitivity of a central-to-peripheral (IPS:P) ACTH ratio >2.0 for Cushing’s disease was 95% with a
specificity of 100%. After CRH administration, both sensitivity and specificity of a peak IPS:P ACTH
ratio >3.0 was 100%. It should be noted, however, that 32 patients whose diagnosis could not be con-
firmed were excluded from their analysis (Fig. 3).

In a subsequent report by Findling et al., 29 patients with ACTH-dependent hypercortisolism were
prospectively studied by means of IPSS with CRH stimulation (/2). In all patients confirmed to have
Cushing’s disease (n = 20), IPS:P ACTH ratios were >2.0. In contrast, the nine patients with occult
ectopic ACTH-secreting adenomas had IPS:P ACTH ratios <2.0. The authors also demonstrated that
CRH administration was necessary to correctly classify all patients since rare patients may have a
baseline IPS:P ACTH ratio <2.0. Furthermore, bilateral sampling was essential since the non-domi-
nant IPS:P ACTH ratio was less than 2.0 in 33% of patients with Cushing’s disease even after CRH
administration. Finally, high-dose dexamethasone testing incorrectly diagnosed 24% of patients in
this report.

Subsequent studies have largely replicated these findings, reporting sensitivities ranging from 85
to 100% with specificities of 90-100% (12-23). A 1998 review by Newell-Price et al. of 21 studies
found an overall sensitivity and specificity of 96 and 100%, respectively (44).
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Lateralization

Given the hypophyseal venous anatomy in most individuals, lateralization of a pituitary adenoma
should theoretically be possible using IPSS. Early studies in monkeys demonstrated minimal mixture
of blood between the cavernous sinuses and inferior petrosal sinuses (45). However, as noted previ-
ously, venous drainage patterns can vary significantly between individuals and therefore may preclude
accurate lateralization if not accounted for. Furthermore, multi-focal ACTH-secreting pituitary adeno-
mas have been described (46). These observations have led some pituitary specialists to conclude that
lateralization using IPSS is “no better than the flip of a coin.” Indeed, at least one study reported cor-
rect lateralization only 50% of the time using IPSS (/4). Liu et al. found that hemihypophysectomy
based on lateralization data was successful only ~50% of the time in patients with suspected Cushing’s
disease based on central venous sampling and no tumor visualized by MRI or the surgeon intraopera-
tively (47). However, other studies have generally reported lateralization rates of 58—-100% and the
review by Newell-Price et al. found an overall diagnostic accuracy of 78% (44).

The first report of lateralization by Manni et al. described three Cushing’s disease patients with
peripherally located intra-pituitary tumors. All three had lateralizing ratios >2 (48). Oldfield et al.
subsequently reported that 10 out of 10 patients were cured of Cushing’s disease when a lateralizing
ratio of >1.4 was used to localize the adenoma (49). Seven of eight patients in a series by Vignati
et al. showed lateralization of ACTH at baseline and after CRH administration (50). Lefournier et al.
demonstrated that diagnostic accuracy of IPSS in predicting lateralization increased from 57 to 71%
when both venous flow anatomy and catheter positions were symmetric (57). Miller et al. reported
on seven patients that had conflicting basal and post-CRH lateralization results, suggesting that
neither can be relied on uniformly (52). In the large series of 281 patients by Oldfield et al., an inter-
petrosal ACTH gradient of >1.4 correctly predicted the microadenoma location in 71% of patients
after CRH administration (//). Clearly, while lateralization data should not be taken without some
skepticism (and should not obviate the need for a thorough surgical exploration of the entire pituitary
gland) it may provide a starting point for neurosurgeons, especially when adenomas are not seen on
imaging studies.

Comparison with Other Tests

High-dose dexamethasone suppression (HDD), CRH stimulation testing, and imaging studies have
traditionally been used to distinguish between excessive pituitary-dependent and pituitary-independ-
ent ACTH secretion. The sensitivity, specificity, and diagnostic accuracy of these tests are reviewed
in detail in other chapters of this text. Here, we will comment on several reports comparing these
modalities to IPSS.

The pretest probability of pituitary adenomas in patients with ACTH-dependent Cushing’s syn-
drome is approximately 90%. Furthermore, a regression analysis using easily obtained clinical data
such as the patient’s gender, age, duration of symptoms, urinary-free cortisol, plasma potassium, and
plasma ACTH yields a diagnostic sensitivity greater than 92% (2). A successful diagnostic study must
therefore have a sensitivity and specificity greater than these figures.

Using IPSS as a gold standard, Aron et al. reported a sensitivity and specificity of HDD (using the
standard criterion of >50% cortisol suppression) for the diagnosis of Cushing’s syndrome to be 81 and
66.7%, respectively (2). HDD misclassified 24% of patients in another report (/2). In a NIH series of
90 patients with ectopic ACTH syndrome, 86% had no suppression of urinary-free cortisol after 2-day
HDD, 90% had no suppression of plasma cortisol after overnight HDD, and 92% had no rise in
plasma cortisol in response to CRH administration. In contrast, 66 of 67 (98%) patients failed to have
significant central to peripheral ACTH gradients with IPSS (53). Wiggam et al. compared IPSS
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(without CRH administration) to HDD and CRH testing in 44 patients with confirmed Cushing’s disease
and 1 patient with confirmed ectopic ACTH syndrome (43). Stringent response criteria were used (>90%
suppression with HDD and >50% rise in serum cortisol with CRH for the diagnosis of Cushing’s dis-
ease) to maximize specificity. They showed that in patients with proven pituitary disease, only 48%
met the criteria for HDD and 70% met the criteria for CRH testing (only 35% had a correct response
to both tests). In contrast, IPSS successfully indicated Cushing’s disease in 82% of cases (had CRH
been administered during IPSS, the sensitivity would have presumably been even higher).

In a study comparing the ability of MRI and IPSS to determine the cause of Cushing’s syndrome,
Kaskarelis et al. showed that the accuracy for detecting a pituitary source of ACTH was 50% for MRI
and 88% for successful IPSS (54). Of the 54 patients with confirmed final diagnoses, MRI resulted in
25 false negatives and 2 false positives, while IPSS had 2 false negatives and 3 false positives.

A number of studies have also compared IPSS to imaging with CT and MRI for the localization of
tumors within the pituitary. In 38 patients with Cushing’s disease, Landolt et al. found that pituitary
adenomas were correctly localized in 6 of 20 (30%) patients by CT, 11 of 29 (38%) patients by MRI,
and 29 of 38 (76%) patients by CRH-stimulated IPSS (55). Booth et al. also found that IPSS was more
likely than imaging studies to localize an adenoma (70% vs. 49%, p < 0.06) and agree with final
pathology (63% vs. 13%, p < 0.10) (56). However, a study by de Herder et al. showed that MRI, when
positive for an adenoma, was a superior localizing technique as compared to IPSS (57).

Cavernous Sinus and Jugular Vein Sampling

Since IPSS is not always technically successful even at centers with experienced interventional
radiologists, and has been associated with rare but significant complications, other less technically
demanding procedures have been investigated. In Corrigan’s initial 1977 report, jugular bulb ACTH
levels were 1.6 times higher than peripheral levels, while the IPS:P ACTH ratio was 2.1 (9). In other
studies, however, jugular bulb and jugular vein sampling were non-diagnostic (/0, 58). Doppman
et al. directly compared IPSS with internal jugular vein sampling (before and after CRH stimulation)
in 20 patients with Cushing’s disease and 1 patient with the ectopic ACTH syndrome (59). Sensitivity
for the diagnosis of Cushing’s disease with internal jugular vein sampling and IPSS were 80 and 95%,
respectively. They concluded that since jugular vein sampling is less invasive than IPSS, negative
results with the former procedure should be confirmed with the latter. Similar findings were reported
by Erickson et al. in a group of 35 patients showing a sensitivity of 81.3% for internal jugular vein
sampling and 93.8% for IPSS (60). In a larger group of patients reported by the investigators at the
NIH (65 with Cushing’s disease and 13 with ectopic ACTH secretion), IPSS had a sensitivity of 94%
while jugular vein sampling had a sensitivity of 83% (100% specificity for both tests) (61).

Results for cavernous sinus sampling have been mixed. Teramoto et al. reported on seven patients
with Cushing’s disease that had more reliable and significantly greater central to peripheral ACTH
gradients with cavernous sinus sampling than with IPSS (58). Though CRH was not administered in
this study, the authors concluded that it was unnecessary. Lateralization could be predicted in all but
one subject based on intercavernous gradients. A subsequent report by Teramoto et al. on 44 patients
with ACTH-dependent Cushing’s syndrome supported these findings (62). Oliverio et al. demon-
strated that cavernous sinus sampling with and without CRH stimulation had a sensitivity of 94 and
71%, respectively (using a central to peripheral ratio of >3.0) (63). Lateralization was correct in all
patients with intercavernous gradients >1.4. Graham et al. reported a 100% sensitivity and specificity for
CRH-stimulated cavernous sinus sampling in 90 patients with ACTH-dependent Cushing’s syndrome,
though these calculations were based on only 70 patients that had a proven source of ACTH (64).

A subsequent study by Doppman et al. decreased enthusiasm for this procedure. They compared
cavernous sinus ACTH levels to inferior petrosal sinus ACTH levels before and after CRH stimulation
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in patients with surgically proven Cushing’s disease (65). Using a central to peripheral ACTH ratio of
>2.0, sensitivity for the diagnosis of Cushing’s disease was 80% for the unstimulated cavernous sinus
samples, while the sensitivity for unstimulated and CRH stimulated inferior petrosal sinus samples
was 87 and 100%, respectively. Lateralization of the pituitary adenoma was correct in only 40% of
patients using cavernous sinus samples and 60% of patients using inferior petrosal sinus samples
(defined as interpetrosal and intercavernous ACTH ratios of >1.4). Lefournier et al. did not see an
improvement in lateralization using cavernous sinus sampling compared to IPSS (57). Furthermore,
two transient sixth nerve palsies occurred during cavernous sinus catheterization. In a study of 95
patients with ACTH-dependent Cushing’s syndrome by Liu et al., cavernous sinus sampling without
CRH was not superior to IPSS for tumor localization or sensitivity for the detection of Cushing’s
disease (47).

Taken together, these studies underscore several important points. First, IPSS is more sensitive than
jugular vein sampling, and possibly cavernous sinus sampling, for the diagnosis of Cushing’s disease.
Second, to achieve the highest possible diagnostic accuracy, CRH is an essential component of IPSS.
Third, lateralization of adenomas using jugular vein sampling is not better than IPSS. Finally, these
procedures are technically successful in most patients and complications are rare. Of note, many stud-
ies exclude suspected, but unproven, cases of Cushing’s disease or ectopic ACTH syndrome in their
analysis, necessitating caution in interpretation of sensitivity and specificity data. Nevertheless, these
observations suggest that IPSS with CRH stimulation should be the differential diagnostic test of
choice in centers with experienced radiologists.

IPSS with Desmopressin

The posterior pituitary hormone vasopressin has long been known to be a potent stimulus for the
secretion of ACTH. Since vasopressin receptors are present on corticotroph adenoma cells and only
rarely on ectopic tumors producing ACTH, and CRH is not available in all centers, desmopressin
(a synthetic analog of vasopressin) administration during IPSS has been investigated in several studies.
Castinetti et al. reported on 43 patients with Cushing’s syndrome (66). Using an IPS:P ACTH ratio >2
after desmopressin administration, sensitivity and specificity were 95 and 100%, respectively. This
technique was not effective for localization of the tumor in this study. Machado et al. found a sensitiv-
ity of 92.1% and specificity of 100% using an IPS:P ACTH >3 after desmopressin stimulation (67).
In that study, lateralization of the pituitary tumor was surgically confirmed in 78.7%. Tsagarakis et al.
used a combination of CRH with desmopressin during IPSS (68, 69). In their report of 30 patients with
Cushing’s disease, 15 patients received desmopressin plus CRH during IPSS, while 15 received only
CRH. Using an IPS:P ACTH ratio >2, they found a sensitivity of 100% for the combined approach,
but only 87% for CRH alone. A subsequent study of 47 patients with Cushing’s disease and 7 patients
with the ectopic ACTH syndrome found a sensitivity and specificity of 97.9 and 100%, respectively,
using the combined desmopressin and CRH approach. In summary, desmopressin administration dur-
ing IPSS, either in combination with CRH or alone, appears to be a safe and effective diagnostic
strategy. These results need to be confirmed in larger studies before this practice is adopted on a wide-
spread basis.

LIMITATIONS AND COMPLICATIONS

In experienced hands, IPSS has been shown to be a safe and reliable procedure (//, 3/-34). There
are, however, important risks and limitations. The decision to use IPSS as a diagnostic tool, therefore,
must be made with considerable care and thought.
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IPSS Cannot Diagnose Cushing’s Syndrome

It must be stressed that IPSS cannot be used to establish the diagnosis of hypercortisolism or
Cushing’s syndrome, and should not be used when other tests to diagnose Cushing’s syndrome are
confusing or contradictory. Normal individuals and patients with “pseudo-Cushing” states have IPSS
results that overlap with patients shown to have pathology confirmed pituitary adenomas (70). In a
study of 40 individuals with mild to moderate Cushing’s disease, 8 with pseudo-Cushing states, and
7 normal volunteers, Yanovski et al. demonstrated that basal ACTH levels, ACTH after CRH stimula-
tion, or central to peripheral ACTH ratios had, at best, a diagnostic accuracy of 81% (70). Thus, IPSS
offers no diagnostic improvement over other less invasive tests. IPSS, therefore, should only be con-
sidered after hypercortisolism has been firmly established and imaging studies are inconclusive or
negative for a pituitary adenoma.

Pituitary Venous Drainage Variability

Variation in pituitary venous drainage has been well described (/3, 40). These anatomical differ-
ences may be a significant source of false-negative or false-lateralization IPSS results. In a series of
501 patients reported by Doppman et al., 4 patients had false-negative IPSS results. All four patients
were found to have a hypoplastic or plexiform inferior petrosal sinus ipsilateral to an ACTH-secreting
tumor (/3). For this reason, attempts have been made to correct for this variation or minimize error.
This includes routine venography and prolactin measurements (40, 42).

Episodic Hypercortisolism

Several reports in the literature describe a subset of patients with episodic hypercortisolemia (7/).
These patients pose a problem when trying to interpret IPSS results. Since eucortisolemic individuals
have IPSS results that overlap with Cushing’s disease, false-positive results may be reported in
patients with episodic hypercortisolemia secondary to ectopic ACTH secretion if patients happen to
be eucortisolemic during the IPSS study. Indeed, Yamamoto et al. reported two such cases (72). It is
for this reason that we recommend assessing cortisol levels periprocedurally. We measure late-night
salivary cortisol levels the evening prior to IPSS.

Ectopic CRH

Ectopic production of CRH as a cause of Cushing’s syndrome is rare, but has been reported (6-8).
Sources of the ectopic CRH include neuroendocrine pancreatic tumors, pheochromocytoma, and
bronchial carcinoid tumors. These patients may have false-positive central-to-peripheral ACTH gra-
dients during IPSS. Production of CRH by the tumor likely prevents the suppression of the pituitary—
adrenal axis usually seen with ectopic ACTH secretion.

Complications

Minor groin hematomas are the most common complication of IPSS, occurring at a frequency of
3-4% (31). Major neurological complications are rare, occurring in only 0.2% of procedures at one
center (32). In that report, brain stem injury was felt to be due to variant anatomy and catheter type
causing localized venous hypertension. The authors concluded that both catheters should be removed,
or the entire IPSS procedure should be terminated, at the first sign of unusual symptoms or signs.
These include paresthesias, difficulty with speech, arterial hypertension, or vomiting. In a series
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reported by Lefournier et al., neurological complications occurred in 1 of 166 patients undergoing
IPSS (transient sixth nerve palsy) (34).

Thromboembolic complications have also been reported (73, 74). Blevins et al. reported 2 of 34
patients who had developed deep venous thromboses after the procedure. Of note, heparin was not
routinely administered during IPSS at that institution. Factors that promote thrombotic complications
in patients with Cushing’s syndrome include the hypercoaguable state of hypercortisolism, immobi-
lization, obesity, hypertension, surgery, and vessel trauma during the procedure. Venous subarachnoid
hemorrhage with subsequent acute obstructive hydrocephalus has also been reported, occurring in 1
of 94 patients (75). This complication was associated with anomalous venous anatomy and arterial
hypertension.

ROLE OF IPSS IN THE EVALUATION OF CUSHING’S SYNDROME

The role of IPSS in clinical practice varies considerably from institution to institution. No formal
societal guidelines address how or when it should be utilized in the evaluation of Cushing’s syndrome.
Some investigators advocate that IPSS be used routinely in all patients with ACTH-dependent
Cushing’s syndrome (/9). In centers where IPSS is not available, other diagnostic modalities are
relied upon including imaging studies, HDD, and CRH stimulation testing.

Most authorities agree that because of the costs and potential risks, IPSS should be reserved for
cases that have negative imaging studies or equivocal biochemical test results. A recent study tested
this approach (33). This report described the experience of one neurosurgeon on 193 patients referred
for surgical treatment of presumed Cushing’s disease. IPSS was performed in 105 of these patients
who did not have an identifiable lesion on pituitary imaging and/or biochemical testing or clinical
features were not consistent with Cushing’s disease (IPSS was not performed in the other 88 patients).
There was no statistical difference between these groups in the remission rate after first transsphenoi-
dal surgery, recurrence rate, and long-term remission rate. Cushing’s disease was confirmed in all
patients except one in each group. This report suggests that Cushing’s disease can be successfully
diagnosed and treated using this algorithm for selective use of IPSS.

Further refinements in imaging capabilities, or new imaging techniques, may ultimately reduce the
number of IPSS procedures that are performed. Indeed, the spoiled gradient recalled acquisition in the
steady-state MRI sequence, a relatively new MRI technique, was shown to have a higher sensitivity for the
detection of pituitary adenomas in patients with Cushing’s disease as compared to standard T1-weighted
spin echo MRI (80% vs. 49%), though the false-positive rate also increased (4% vs. 2%) (4).

While the diagnostic accuracy is superior to other modalities for the differential diagnosis of
Cushing’s syndrome, its cost-effectiveness compared to imaging studies and biochemical tests
remains unclear as few studies have addressed this question. A 1995 decision analysis by Midgette
and Aron comparing IPSS and HDD testing concluded that selective use of IPSS after a negative
HDD test was the most cost-effective approach, assuming a diagnostic accuracy of 100% for IPSS
and sensitivity and specificity of 81 and 79%, respectively, for HDD (76). However, it was noted that
the IPSS strategy saves lives whenever HDD specificity is less than 100%. The incremental benefit of
IPSS was $1,000,000 per life saved.

SUMMARY AND CONCLUSIONS

Elucidating the cause of ACTH-dependent Cushing’s syndrome remains a challenging diagnostic
exercise for clinicians. The introduction of effective surgical techniques several decades ago neces-
sitated the development of more precise diagnostic techniques. Imaging studies and traditional
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biochemical provocative tests lack the sensitivity and specificity required to surpass the 90% pretest
probability of pituitary adenomas in patients with ACTH-dependent Cushing’s syndrome. Bilateral
simultaneous IPSS has the high sensitivity and specificity required of a test to distinguish between
Cushing’s disease and ectopic ACTH syndrome. As a result, IPSS has become the gold standard for
the differential diagnosis of ACTH-dependent Cushing’s syndrome.
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ABSTRACT

The prompt and effective lowering of increased cortisol becomes essential for the well-being of
patient’s with Cushing’s disease. As 80% of patients with the clinical signs and symptoms of Cushing’s
disease have a pituitary source of excessive and uncontrolled adrenocorticotropic hormone (ACTH)
secretion, well-trained pituitary surgeons are required to deal with this complex disease. At present,
surgical removal of a pituitary adenoma which is the source of excessive ACTH provides the most
reliable method of reducing cortisol, with the potential for “cure” of the tumor and immediate remis-
sion of disease. The most popular methods are endonasal microsurgical or endoscopic approaches,
which have become increasingly safe and effective. The goals of surgery are to reverse the endocrin-
opathy and restore normal pituitary function; eliminate mass effect and restore normal neurological
function; eliminate or minimize the possibility of tumor recurrence; and obtain a definitive histologic
diagnosis. Reported long-term recurrence rates mandate close monitoring in this patient population.
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INTRODUCTION

Once the diagnosis of Cushing’s disease is made, prompt and effective lowering of increased cortisol
becomes essential for the well-being of the patient. It has been demonstrated that 80% of patients with
the clinical signs and symptoms of Cushing’s disease have a pituitary source of excessive and uncon-
trolled adrenocorticotropic hormone (ACTH) secretion (29), underscoring the need for focused and
well-trained pituitary surgeons to deal with this complex and debilitating disease first recognized by
Harvey Cushing (25).

At present, surgical removal of a pituitary adenoma which is the source of excessive ACTH provides
the most reliable method of reducing cortisol, with the potential for “cure” of the tumor and immedi-
ate remission of disease. The initial selective transsphenoidal microadenomectomy was first per-
formed by Hardy in the 1960s (3, 13, /4) and soon thereafter by Salassa and Laws (30, 45, 46); since
then, several large surgical series have been published, validating this approach in the management of
Cushing’s disease (Table 1). The goals of surgery today are the same as they were in Hardy’s day:
reverse the endocrinopathy and restore normal pituitary function; eliminate mass effect and restore
normal neurological function; eliminate or minimize the possibility of tumor recurrence; and obtain a
definitive histologic diagnosis.

Table 1
Surgical Series of Cushing’s Disease After 1999*

Follow-up in

months, mean % Criteria %
Author and Year Patients  (range) Remission®  for remission Recurrence
Invitti et al., 1999 (17) 288 27 (6-115) 69 Variable 17
Swearingen et al., 161 96 (12-240) 85 Low morning cortisol/ 7
1999 (53) low urine-free
cortisol
Chee et al., 2001 (5) 61 88 (7-211) 78 Low-dose dexametha- 14.6
sone suppression
normal
Rees et al., 2002 (43) 54 72 (6-252) 77 Low morning serum 5
cortisol level
Shimon et al., 2002 (50) 82 50 (no range 78 24 h urinary cortisol 5
given) normal
Yap et al., 2002 (54) 97 92 (6-348) 69 Low morning serum  11.5
cortisol level
Chen et al., 2003 (6) 174 At least 60 73 24 h urinary cortisol 7
normal
Flitsch et al., 2003 (10) 147 61 (14-123) 98 Low morning serum 5.5
cortisol level
Pereira et al. 2003 (40) 78 84 (12-288) 65 Low morning serum 17

cortisol level

(continued)
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Table 1 (continued)

Follow-up in

months, mean % Criteria %
Author and Year Patients  (range) Remission®  for remission Recurrence
Hammer et al., 289 133 (12-288) 82 Low-dose dexametha- 6
2004 (12) sone suppression
normal
Rollin et al., 2004 (44) 41 58 (4-170) 88 Low-dose dexametha- 5
sone suppression
normal
Atkinson et al., 2005 (/) 63 115 (12-252) 71 Low-dose dexametha- 22
sone suppression
normal
Esposito et al., 2006 (9) 40 33 (14-65) 93 Subnormal morning 3
cortisol level
Hofmann et al., 2008 (16) 426 72 (3-300) 76 2 mg dexamethasone 15
suppression
normal
Patil et al., 2008 (38) 215 45 (6-166) 86 24 h urinary cortisol 17
normal
Fomekong et al., 40 87 (20-152) 80 24 h urinary cortisol 9.4
2009 (11) normal

2Listed are those with at least 40 patients included
b After initial surgery

MAKING THE DIAGNOSIS

In the evaluation of the patient with Cushing’s syndrome and characteristic features of excess
cortisol secretion, it is essential to prove that increased levels of circulating cortisol actually exist. This
is done by measuring fasting cortisol and ACTH levels in the serum, 24-h urinary excretion of cortisol,
as well as salivary cortisol. The goal is to demonstrate significantly elevated cortisol, moderately ele-
vated ACTH, and a loss of the normal diurnal variation in cortisol secretion. If the clinical symptoms
and laboratory findings are not classical, it is essential to rule out extra-pituitary sources. Ordinarily
this would involve imaging of the adrenal glands, and efforts to rule out an ectopic source of excess
ACTH or corticotropin-releasing hormone (CRH). Imaging of the chest and abdomen can detect car-
cinoid and other tumors that may be ectopic sources of ACTH or CRH. In the face of demonstrated
excess levels of circulating cortisol, bilateral inferior petrosal sinus sampling is the best method currently
available to rule out such an ectopic source and help lateralize a pituitary source (2, 31, 35).

Careful and comprehensive pituitary imaging studies are essential. New methods that take advantage
of 3T MR imaging (23), dynamic postcontrast sequences (7), and methionine PET/3T fusion have prom-
ise in improving the detection of small intrasellar ACTH-secreting tumors (Fig. 1). In evaluating the
imaging studies, careful attention must be paid to the cavernous sinuses and the supra-diaphragmatic
area where ectopic pituitary adenoma tissue may be present.
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Fig. 1. T1 coronal MRI showing an ACTH-secreting microadenoma (blue arrow). Note the cortical atrophy in this
young patient, a recently recognized phenomenon in Cushing’s disease (37, 52).

SURGICAL PRINCIPLES

With the confirmation of a pituitary source for Cushing’s disease, exploration of the pituitary is
indicated. Currently, this is almost always done using one or another variant of the transsphenoidal
approach. The most popular methods are endonasal microsurgical or endoscopic approaches, which
have become increasingly safe and effective.

Anatomic aspects in patients with Cushing’s disease complicate the operation. The sella turcica
itself is often quite small. The lack of sellar enlargement and increased intra-sellar pressure from a
large lesion predisposes the patient to venous bleeding from the channels between the leaves of the
sellar dura. Because the sella is small, manipulations within it can cause inadvertent trauma and dam-
age to the posterior pituitary, making diabetes insipidus riskier in these patients as compared to other
pituitary tumor patients.

Another anatomic feature of the typical patient with Cushing’s disease is centripetal obesity, often
producing increased intra-abdominal and intrathoracic venous pressure. Recognizing this, we are dili-
gent in positioning the patient for surgery, being certain that the head and thorax are elevated 20-30
degrees above the horizontal.

It is our practice in operating for Cushing’s disease not to administer perioperative corticosteroids,
as these patients already have high circulating levels of cortisol. This policy allows for prompt post-
operative assessment of the lowering of cortisol following excision of the pituitary tumor. In these
patients we also tend to avoid the routine use of an abdominal fat graft, which is employed only when
an intraoperative spinal fluid leak is present. Similarly, we avoid the routine use of a lumbar intrathe-
cal catheter and postoperative spinal drainage.

Because patients with Cushing’s disease are at a higher than normal risk for the development of
deep venous thromboses, it is our practice to institute low-dose aspirin therapy immediately following
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surgery, and to use sequential lower limb compression devices until the patient is ambulatory.
Occasionally, in high-risk patients subcutaneous heparin is utilized during the hospitalization.

TECHNICAL ASPECTS OF THE SURGERY FOR CUSHING’S DISEASE

Once the sella is exposed through an endonasal endoscopic or microscopic approach, the following
steps have been useful:

. Wide exposure of the dura, from one cavernous sinus to the other

. Wide opening of the dura, usually with an “X-shaped” incision and cauterization of the dural leaves

. Broad subdural exposure of the face of the pituitary gland

. Explore for and remove obvious tumor detected visually, as directed by imaging studies, or by softness upon
palpation

5. With appropriate incision of the gland, attempt to define and resect the pseudocapsule (27) around the tumor,

removing all tumor and the adjacent margin of normal gland.

AW N =

If no tumor is readily detected, we systematically incise the gland and explore within it. If there are
no anatomic clues from the imaging studies, the initial exploration is an excisional biopsy of the cen-
tral mucoid wedge of the pituitary gland where the highest concentrations of ACTH cells are present.
This includes the pars intermedia just anterior to the posterior pituitary. If tumor is still undetected, a
subdural exploration and delivery to the center of the exposure of the lateral lobes of the pituitary is
carried out, searching for tumor. A thin rim of normal gland is preserved superiorly to protect the
pituitary stalk, unless a total hypophysectomy is planned. Any manipulation or stretching of the pitui-
tary stalk is assiduously avoided in an attempt to avoid postoperative diabetes insipidus. Finally, one
may carefully biopsy the posterior pituitary. During exploration, one must also consider the possibility
that more than one adenoma may be present (26, 34). It is our practice to explore carefully with the
angled endoscopes the cavernous sinus walls, and to remove intracavernous extensions when possible;
we have not routinely attempted to resect invaded dura of the cavernous sinus.

After a brief trial of using intraoperative ultrasound for the detection of microadenomas we have
not persisted in using this modality, although others have found it useful.

In accordance with the advice of experienced pituitary pathologists, it is our practice not to use intra-
operative smears, touch preparations or frozen sections in an attempt to confirm the presence of tumor.
This is a difficult challenge for most surgical pathologists and we prefer to have the maximum amount of
tissue available for permanent study. When no gross tumor has been detected, the entire surgical specimen
is embedded and serially sectioned in the search for a small tumor or other ACTH staining tissue.

The method of closure of the sella depends upon whether or not a spinal fluid leak is present.
If there is no leak, it is our practice to fill the tumor cavity with Gelfoam and to reconstruct the floor
of the sella with bone or an artificial material such as Porex. If a spinal fluid leak has occurred, an
abdominal fat graft is obtained, usually from a sub-umbilical incision, is placed in the sella to occlude
the leak, and is buttressed by the reconstruction of the sellar floor. Ordinarily the sphenoid sinus is
not packed, nor are the nostrils.

POSTOPERATIVE MANAGEMENT

Patients are managed in a systematic manner to maximize safe and efficient patient care (28). If the
surgery has been uncomplicated, we do not routinely utilize the intensive care unit. Serum cortisol is
measured every 6 h, with the anticipation that it will be essentially undetectable within about 18 h of
surgery if the operation is successful (57).
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Careful management of intake and output with measurement of serum sodium is undertaken, and
diabetes insipidus is managed appropriately with DDAVP.

Every effort is made to mobilize the patient as rapidly as possible, and routine nasal care is provided
with saline irrigation and decongestants as indicated.

Patients who become clinically adrenally insufficient, or who have extremely low cortisol measure-
ments are given replacement hydrocortisone, initially at a dose of 40 mg upon awakening in the morn-
ing, and 20 mg at 5-6 p.m. This is tapered to routine replacement doses after several days, according
to the patient’s condition.

COMPLICATIONS OF SURGERY

The complication rate of this operation has been carefully studied (47). Fortunately, major complica-
tions are rare and occur in less than 2% of patients (20). The most common and worrisome complication
is a postoperative spinal fluid leak that potentially can lead to meningitis. Our strategy with his problem
is to perform immediate reexploration and repair of the spinal fluid leak with a new abdominal fat graft.

Patients with Cushing’s disease have fragile tissues and are prone to bleeding, so that careful
hemostasis is important. Occasionally, postoperative nasal bleeding may occur. The complication that
is more frequent after using the endoscopic approach is delayed epistaxis from unrecognized damage
to the sphenopalatine artery. This bleeding requires prompt attention and is often best handled with
endovascular occlusion of the main trunk of the bleeding artery.

Deep venous thrombosis and pulmonary embolus can occur in these patients. Appropriate precau-
tions should be taken and prompt therapy initiated when such complications occur.

Diabetes insipidus and delayed hyponatremia from SIADH can occur as complications of the
procedure. Diabetes insipidus is controlled with appropriate medical therapy using desmopressin.
Hyponatremia is usually related to inappropriate ADH secretion and ordinarily responds well to
aggressive fluid restriction.

Postoperative sinus complaints may occur. They include congestion, mucocele formation, infec-
tion, and inflammatory disease. Appropriate therapy is usually effective but may involve referral to an
otorhinolaryngologist. Symptomatic nasal septal perforations have become extremely uncommon
with improvements in technique. On rare occasions there can be alterations or loss of the sense of taste
or smell.

RESULTS OF SURGERY

Recent series of surgery for Cushing’s disease have reported remission rates of between 65% and
93% after initial surgery, though the series vary in length of follow-up and remission criteria (/, 4, 5,
8-12, 16, 17, 20, 38, 40, 4244, 50, 53, 54). Our overall series of surgery for Cushing’s disease incor-
porates 672 patients operated upon between 1972 and 2009. The series has been reviewed a number
of times with the goal of focusing on specific aspects of the management of this difficult disease entity
(20, 33, 37, 38, 39, 41, 42). In the optimal situation where a pituitary microadenoma is detected on
MRI and removed, the initial remission rate has been 88% (42); even in cases where a tumor is not
identified on MR, initial remission rates are similar in experienced surgical hands (48). Expectedly,
remission rates are lower (50%) in cases without pathological confirmation of tumor (4/).

With macroadenomas, which are often invasive, the initial remission rate ranges from 55 (20) to
80% (11).

In patients who do not achieve remission after the initial operation, assuming that the localization
of the source of excess ACTH in the pituitary is correct, it is our practice to recommend immediate
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reexploration (33), except for patients who have very mild disease or preferred to be followed. This
strategy of immediate reexploration has yielded a 55% remission rate. In patients who have not
achieved remission and who have major morbidity associated with their Cushing’s disease, the reex-
ploration is done with the intent of performing a total hypophysectomy.

When these strategies are unsuccessful, focused radiosurgery becomes an important adjunct in the
management of persistent Cushing’s disease (18, 19, 29, 49).

POSTOPERATIVE RECURRENCE OF CUSHING’S DISEASE

With a sizable number of patients followed for more than 10 years, it has become evident that the
recurrence rate inexorably increases with the passage of time (38). Although it is true that most recur-
rences occur within the first 5 years, and that most are located in the same part of the sella as the
original tumor, the recurrence rate after 20 years exceeds 20%. Moreover, the remission rates after
surgery for recurrent Cushing’s disease are lower than those reported after initial surgery (15, 24, 39),
further emphasizing the importance of as complete an extirpation as possible during the first opera-
tion. The reported long-term recurrence rates demand that these patients are closely monitored for
recurrence; this is particularly true in the pediatric population (27, 22, 30, 32, 36). Often, the patients
can tell us that they are experiencing a recurrence even before the laboratory data are conclusive.

CONCLUSION

Cushing’s disease remains a challenging diagnostic and therapeutic problem. With a systematic
approach, most patients can achieve satisfactory control of this debilitating disease. At present, suc-
cessful surgery remains the most effective management of achieving this goal.
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Adrenal-directed treatment for Cushing’s disease should be considered when pituitary-directed
treatment has not been successful. Bilateral adrenalectomy in this setting, although a secondary option,
is a good treatment to decrease morbidity and mortality. Laparoscopic adrenalectomy is one of the
most clinically important advances in the past two decades for the treatment of adrenal disorders.
When compared to open adrenalectomy, laparoscopic adrenalectomy is equally safe, effective, and
curative; it is more successful in shortening hospitalization and convalescence and has less long-term
morbidity. The keys to successful laparoscopic adrenalectomy are appropriate patient selection,
knowledge of anatomy, delicate tissue handling, meticulous hemostasis, and experience with the tech-
nique of laparoscopic adrenalectomy.

Key Words: Adrenalectomy, Cushing’s syndrome, laparoscopic surgeries

INTRODUCTION AND BACKGROUND

The laparoscopic approach to removing the adrenal gland was first reported in 1992 (/, 2) and it has
rapidly become the procedure of choice for unilateral adrenalectomy when the adrenal mass is less than
10 cm in size and there are no imaging findings to suggest malignancy (e.g., invasion of contiguous
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Table 1
Types of Cushing’s Syndrome that may be Treated Laparoscopically

Unilateral adrenalectomy

Cortisol-producing adenoma
Asymmetric ACTH-independent macronodular adrenal hyperplasia (AIMAH)

Bilateral partial adrenalectomy
Bilateral cortisol-secreting adenomas
Bilateral adrenalectomy

ACTH-independent Cushing’s syndrome caused by primary pigmented nodular adrenal disease
(PPNAD) or AIMAH
ACTH-dependent Cushing’s syndrome that failed attempts at removal of ACTH-secreting tumor
(pituitary or ectopic)
ACTH corticotropin, AIMAH ACTH-independent macronodular adrenal hyperplasia, PPNAD primary pigmented nodular
adrenal disease

structures, nodal or distant metastases) (3). When compared to open adrenalectomy, the laparoscopic
approach is associated with shorter postoperative recovery time and less long-term morbidity (3).

In a review of 2,550 laparoscopic adrenalectomy procedures reported in the literature, the most
frequent adrenal disorder operated laparoscopically was aldosterone-producing adenoma (36%) fol-
lowed by cortisol-producing adenoma (19%), apparent nonfunctioning cortical adenoma (18%), and
pheochromocytoma (18%) (3). However, patients with corticotropin (ACTH)-dependent Cushing’s
syndrome who have experienced failed attempts to remove the ACTH-secreting neoplasm — whether
pituitary or ectopic — are also ideal candidates for one-stage bilateral laparoscopic adrenalectomy
(4-6). The types of Cushing’s syndrome that can be treated with laparoscopic unilateral or bilateral
adrenalectomy are summarized in Table 1.

ADVANTAGES OF THE LAPAROSCOPIC APPROACH

The surgical approach to adrenal was revolutionized with the introduction of the laparoscope.
Although laparoscopic adrenalectomy is technically more demanding to perform than conventional
open anterior or posterior adrenalectomy, it is associated with shorter hospitalization, less morbidity,
and earlier return to daily activities (3, 6—/2). Conventional open adrenalectomy — by the anterior or
posterior approach — requires a large incision to gain access to a relatively small gland. In addition,
the incision used for posterior adrenalectomy, with its associated 12th rib resection and subcostal
nerve retraction, has been associated with incisional and musculoskeletal problems that may persist
long after the operation (6, /3). These incisional problems are especially pronounced and severe in
patients with Cushing’s syndrome because of poor wound healing, laxity of the abdominal wall, and
glucocorticoid-associated obesity (/4—17).

BILATERAL LAPAROSCOPIC ADRENALECTOMY

Bilateral laparoscopic adrenalectomy is an excellent treatment option for patients with ACTH-
dependent Cushing’s syndrome after failed pituitary surgery or when the ACTH source cannot be
resected or localized in patients with ectopic ACTH syndrome (5, /8-20). When compared to the
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open approach, bilateral laparoscopic adrenal surgery is associated with much less tissue injury in
patients who are immunocompromised and/or are predisposed to delayed wound healing. An addi-
tional advantage — because of the magnification — is better visibility of the surgical field, thus decreasing
the risk for retained remnants and adrenal rest tissue.

Although transsphenoidal surgery for resection of an ACTH-secreting pituitary tumor is the treat-
ment of choice in patients with pituitary-dependent disease, this surgery is not always successful
(21-24) because the pituitary adenoma may invade areas that are not surgically accessible (e.g., cavernous
sinuses) or it is so small that it escapes detection and resection at the time of pituitary surgery. Thus,
transsphenoidal surgery for pituitary-dependent Cushing’s syndrome is associated with a 20-40%
failure rate (23-27). Because reoperation in these patients carries an increased risk of causing panhy-
popituitarism, bilateral adrenalectomy has an important therapeutic role in this setting.

Radiation therapy to the sella is not an optimal therapy for Cushing’s disease because its onset of
action is slow and the failure rate is unacceptably high (28). The main side effect is varying degrees
of pituitary insufficiency (29). Because bilateral laparoscopic adrenalectomy results in immediate
cure of hypercortisolism, the role of pituitary irradiation should be limited to those that demonstrate
pituitary tumor growth following bilateral adrenalectomy (Nelson’s syndrome) — in this setting sellar
radiation therapy or gamma knife radiosurgery are used to prevent a locally invasive pituitary tumor
from further encroaching on surrounding structures. However, the clinician should recognize that a
fear of Nelson’s syndrome should never dissuade proceeding with a definitive cure for Cushing’s
syndrome.

Patients with the syndrome of ectopic ACTH secretion often have an unresectable, metastatic, or
occult source of ACTH secretion (30, 317) (see also Chap. 14). In these patients, the metabolic mani-
festations of cortisol excess may appear suddenly and progress rapidly. However, most patients with
clinically evident ectopic ACTH syndrome have more indolent tumors, such as bronchial or thymic
carcinoid tumors, islet cell tumors, or medullary carcinoma of the thyroid. Carcinoid tumors that
secrete ACTH may not be apparent even with careful radiological investigation and may take up to
20 years to localize (3/). When the source of ACTH is unresectable or occult, bilateral laparoscopic
adrenalectomy is a life-saving treatment option because of the minimal morbidity associated with the
procedure, especially when compared with conventional adrenalectomy (5, /8, 19). Laparoscopic
adrenalectomy is also superior to medical therapy in regard to tolerance, efficacy, and safety (/9).
Bilateral laparoscopic adrenalectomy offers improved quality of life and palliation of hypercortiso-
lism-related symptoms even in patients with disseminated, untreatable malignancy (/8).

Long-term medical management of Cushing’s syndrome is not an optimal treatment option. The
adrenal enzyme inhibitors, aminogluthetimide, metyrapone, mitotane, and ketoconazole, are the phar-
maceuticals used most often to treat Cushing’s syndrome medically. However, complete blockade of
adrenal steroid synthesis is typically achieved only transiently; ACTH levels usually increase and
override the blockade — leading to additional increases in the dosage of the enzyme inhibitor. The
frequency of patient intolerance and side effects (e.g., liver enzyme abnormalities) of these medica-
tions is high and few patients are able to tolerate long-term pharmacologic therapy (see Chap. 13).

Since the description of laparoscopic adrenalectomy in 1992 (/, 2), multiple centers have described
their experience with bilateral laparoscopic adrenalectomy for the treatment of Cushing’s syndrome
(3-5, 32-38). Increased experience with the technique has resulted in a decreased conversion rate to
open adrenalectomy as well as decreased complications. At our center — between January of 1995 and
October of 2006 — bilateral laparoscopic adrenalectomy was attempted in 68 patients with ACTH-
dependent Cushing’s syndrome (26, ectopic ACTH syndrome; 42, persistent pituitary-dependent
Cushing’s syndrome following pituitary surgery) and was successfully completed in 59 of 68 patients
(87%); 9 (13%) required conversion to open adrenalectomy (5). Intra-operative complications occurred
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in 3 patients (4.4%) and non-operative complications occurred in 11 (16%) patients. There were no
perioperative deaths. In patients with follow-up data available, all achieved biochemical resolution
and at least partial clinical resolution of signs and symptoms associated with hypercortisolism. Resolution
of hypertension, diabetes, and obesity was achieved in 64, 29, and 35% of patients carrying those
diagnoses prior to surgery, respectively (5).

SURGICAL APPROACHES TO THE ADRENAL GLAND

In the past, the open posterior retroperitoneal approach was favored by many adrenal surgeons
because, when compared to the open anterior approach, it resulted in less pain, a shortened period
of ileus, fewer pulmonary complications, and less blood loss (39). For laparoscopic adrenalec-
tomy, the lateral transabdominal approach is preferred by most surgeons — the lateral decubitus
position of the patient and the medial rotation of the viscera allow gravity to keep the liver, bowel,
and spleen away from the surgical field. The posterior retroperitoneoscopic approach to the adre-
nal has not been found to be superior to the lateral transabdominal approach. However, this
approach may be indicated in patients who have had prior upper abdominal surgery (40). Some
surgeons prefer the posterior retroperitoneoscopic approach because of shorter operating time,
reduced blood loss, reduced risk of injury to the viscera, and lack of interference from previous
abdominal surgery (41, 42).

Regardless of the approach, the keys to successful adrenalectomy are knowledge of the anatomy,
delicate tissue handling, and meticulous hemostasis. Since clinical outcomes are similar amongst the
different approaches for endoscope-based adrenalectomy (4), the choice of the approach is dependent
upon surgeon preference and the clinical setting.

LAPAROSCOPIC TECHNIQUE

General endotracheal anesthesia is used. The patient is placed in the lateral decubitus position
with the affected adrenal gland placed in the upper position. The operating table placed in the
flexed position so that the patient’s flank is maximally exposed. The initial skin incision — 1 cm in
length — is 2 cm below and parallel to the costal margin and the pneumoperitoneum is established
with carbon dioxide. Then the surgeon places three to four 10-mm trocar ports — the laparoscope is
initially placed through the most anterior trocar and working instruments through the other ports
(camera and instruments are interchangeable throughout the dissection). The right adrenal gland
approach involves: mobilization of the lateral attachments of the liver for medial rotation and eleva-
tion; inferior retraction of the kidney; exposure of adrenal vein and vena cava. The left adrenal
gland approach involves: mobilization of the splenic flexure of the colon along its attachments to
the spleen; mobilization of the spleen and pancreas to allow for medial visceral rotation; exposure
of left adrenal vein/inferior phrenic vein junction; and mobilization of the adrenal gland along
Gerota’s fascia. For both the right and left adrenal glands, the main adrenal is vein identified,
clipped and transected; the adrenal gland and tumor are resected and placed in a retrieval pouch and
delivered via a port site. The adrenal vein may be transected early or late in the dissection depending
on the ease of exposure.

Most patients begin a clear liquid diet the evening of surgery and a regular diet the next day. Patients
are encouraged to ambulate the evening of surgery. Most patients undergoing unilateral adrenalectomy
may be dismissed from the hospital on postoperative day 1 or 2. Bilateral adrenalectomy patients and
patients with severe Cushing’s syndrome may require more than a 2-day hospitalization.
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EFFICACY OF LAPAROSCOPIC ADRENALECTOMY

Prospective human randomized controlled trials comparing laparoscopic adrenalectomy to any of
the open surgical approaches has not and will not be done (3). In a prospective randomized study done
at the Mayo Clinic, we examined the acute-phase response and wound healing in laparoscopic adrena-
lectomy vs. open adrenalectomy in a cushingoid porcine model (/7). Nitrogen balance, wound scores,
and tensile strength at 24 h and 1 week were more favorable in the laparoscopic adrenalectomy group
than the open adrenalectomy group. At least 20 case—control retrospective comparative studies in
humans have evaluated the efficacy of laparoscopic adrenalectomy (3). All of the studies reported less
analgesia requirement, less blood loss, lower complication rate, and shorter hospital stay for laparo-
scopic than open adrenalectomy (3). At Mayo Clinic, we performed a matched case—control study
comparing 50 patients having laparoscopic adrenalectomy to 50 patients having adrenalectomy
through the open posterior approach (6). We found that laparoscopic adrenalectomy, compared to
open adrenalectomy, was associated with shorter hospital stay, less postoperative narcotic use, more
rapid return to normal activity, increased patient satisfaction, and less late morbidity. The late morbid-
ity associated with posterior open adrenalectomy includes chronic pain, marked laxity involving the
oblique muscles, and bothersome flank numbness (6). The average conversion rate from laparoscopic
to open adrenalectomy in a total of 2,550 patients from 28 reports was 3.6% (3). The reasons for
conversion included bleeding, adhesions, difficulty of dissection, unexpected malignancy, large size
of tumor, vascular invasion, inadvertent pancreatic injury, damage to the pleura, failure to identify the
adrenal tumor, and unsuspected Bochdalek hernia (6, 43-46).

RISKS OF LAPAROSCOPIC ADRENALECTOMY

The surgeon sacrifices some tactile sensation, when compared to open surgery, and the small, flat,
friable adrenal gland is manipulated with instruments in a two-dimensional plane. The overall com-
plication rate associated with laparoscopic adrenalectomy from a summary of 2,550 procedures was
9.5% (3). Some complications of laparoscopic adrenalectomy include bleeding, gland fragmenta-
tion, wound hematomas, organ injury, port site incisional hernia (47), and port site pain (48). Nerve
root pain has been reported with the posterior retroperitoneoscopic adrenalectomy approach (42).
There is risk of violating the tumor capsule and organ parenchyma during manipulation with the
laparoscopic instruments. In one series involving 88 patients (43) there was a 12% postoperative
complication rate (e.g., deep venous thrombosis, hematomas, anemia), a 3% conversion rate to open
adrenalectomy, and no mortality. In a series of 560 adrenalectomies by the posterior retroperitoneoscopic
approach the mortality was zero; conversions to open or laparoscopic lateral surgery were necessary
in nine patients (1.7%); major complications occurred in 1.3% of patients; minor complications in
14.4% (40).

In patients with ACTH-dependent Cushing’s syndrome, any viable cortical cells left behind in the
patient will result in persistent/recurrent hypercortisolism (4). The mortality rate for 2,550 laparo-
scopic adrenalectomies was 0.2% (3); four of the seven deaths occurred in patients with Cushing’s
disease who underwent bilateral laparoscopic adrenalectomy (3).

SUMMARY

Laparoscopic adrenalectomy is safe, effective, curative, and shortens hospitalization and conva-
lescence. Laparoscopic adrenalectomy is the procedure of choice for the surgical management of
Cushing’s syndrome patients who have ACTH-dependent Cushing’s syndrome and failed surgery for
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the removal of the source of ACTH. The keys to successful laparoscopic adrenalectomy are appropriate
patient selection, knowledge of anatomy, delicate tissue handling, meticulous hemostasis, and experience
with advanced laparoscopic surgery.
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SUMMARY

Although transsphenoidal resection is the mainstay of treatment, recurrent or residual ACTH-
secreting adenomas are well suited for radiosurgery. Using a stereotactic device, radiation can be
focused on a well-circumscribed region such as an adenoma and shielding of the nerves and eloquent
structures in the suprasellar and parasellar regions. Radiosurgery is effective in inducing endocrine
remission, even in cases where magnetic resonance (MR)-imaging is negative. This chapter reviews
the indications and outcomes of stereotactic radiosurgery for Cushing’s Disease.

Key Words: Cushing’s disease, adenoma, pituitary, radiosurgery, stereotactic

INTRODUCTION AND EVOLUTION OF RADIATION TECHNIQUES

Pituitary adenomas represent 10-20% of all primary brain tumors (/, 2). Lesions are broadly clas-
sified into two groups, depending on the presence or absence of secreted pituitary hormones. Tumors
that secrete an excessive amount of a hormone are associated with various clinical syndromes. One of
the most challenging pituitary adenomas from a treatment standpoint is ACTH-secreting adenomas.
These tumors can be difficult to discern on magnetic resonance (MR) imaging (3), and, even in the
hands of an experienced surgical team, a significant number of patients may not achieve remission
after transsphenoidal or transcranial resection of the adenoma (4).
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Historically, external beam radiation therapy was the adjuvant treatment of choice for recurrent
or residual pituitary adenomas. In their landmark series on the utility of conventional radiotherapy
for pediatric Cushing’s disease, Jennings et al. (5) reviewed the results of this radiotherapy in 15
Cushing’s disease patients, successfully achieving remission in 12 (80%) within 18 months of
radiation treatment, and 10 of the 15 were cured within 9 months of radiation. The remaining three
patients however, required bilateral adrenalectomy for treatment failure. In another article by
Estrada et al. (6), external beam radiation therapy (mean 50 Gy) was used to treat 30 patients with
persistent or recurrent Cushing’s disease. Eighty-three percent of patients achieved remission
within a 6-60-month period following radiation therapy; 57% developed growth hormone defi-
ciency (Table 1).

Since this initial work, more contemporary data has demonstrated serious limitations of
conventional radiotherapy in treating Cushing’s disease — the time to hormonal normalization is
slow and the rate of post-procedural hypopituitarism is high. Long-term sequelae such as cognitive
deficits, visual dysfunction, radiation induced necrosis, radiation induced neoplasia, optic
neuropathy, and stroke have been well described (7). The incidence of cerebrovascular accidents
and radiation induced neoplasia at 20 years for pituitary patients following radiation therapy are
21 and 2.4% (8-10). Although Cushing’s disease is a serious health problem if left untreated,
many physicians became concerned that with radiation therapy that the “cure” was worse than
the disease.

These aforementioned disadvantages with conventional radiation therapy led to the investiga-
tion of stereotactic radiosurgery as a treatment option for persistent Cushing’s disease. The
advantages of stereotactic radiosurgery over conventional radiation therapy include a higher biologic
equivalent dose, steep fall off, image guidance, and small treatment volume. Moreover, the serious
risks of hypopituitarism, stroke, and radiation-induced neoplasia appear to be substantially less
with radiosurgery (/7).

Shortly after radiosurgery’s development, Lars Leksell treated patients with pituitary tumors
using the Gamma Knife (GK); original localization was achieved through use of plain radiographs
of the sella (/2). With more recent advances in neuro-imaging including positron emission
tomography (PET) scans and fat saturation MRI, the Gamma Knife and other radiosurgical

Table 1
Conventional Radiation in Pediatric Cushing’s Disease
Series Patients (n) Follow-up (months) Remission rate (%) Remission criteria
Estrada et al. (6) 30 42 83 24-UFC
Pandey et al. (76) 11 34 100 24-UFC
Storr et al. (77) 7 83 86 Post-operative
serum cortisol
Thoren et al. (78) 8 56 86 24-UFC
Minniti et al. (79) 40 113 73 (3 years) Plasma Cortisol

84 (10 years)
Jennings et al. (5) 15 18 80 24-UFC
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devices have been utilized to control adenoma growth and normalize hormone over-production
for many Cushing’s patients (7, /3, /4). This chapter reviews the current status of radiosurgery
for Cushing’s disease.

ESTABLISHED RADIOSURGICAL MODALITIES FOR PITUITARY TUMORS

A variety of radiosurgical treatment options exist for the pituitary, each with potential advantages
and limitations. Proton beam radiosurgery was one of the earliest modalities used for the treatment
of pituitary tumors (15, 16). This technique takes advantage of the superior dose distribution of
protons vs. photons, due to the peak in the energy distribution of protons (“Bragg-peak’) before they
come to rest at the treatment depth (/7). This gives the theoretical advantage of producing very little
lateral disruption and essentially no exit dose, and proton beam therapy can be used in the treatment
of deep-seated lesions in the sella or near the cavernous sinus. Early studies on proton beam radio-
surgery were complicated by high rates of hypopituitarism, a factor likely related to the nascent
treatment planning of the time (/5). Reports on modern proton beam therapy have a lower rate of
hypopituitarism, although even more contemporary reports demonstrate that more than half of all
patients treated with the Proton Beam for Cushing’s Disease developed endocrine deficits — a
number that is significantly higher than those seen with other radiosurgical modalities (/8). However
the major limitation of the technique is that proton beam (cyclotron) facilities are only available at
a very limited number of centers worldwide (/9). Recent technological advances with more compact
cyclotrons and dielectric wall accelerator technology may make proton technology more cost effective.
However, in the absence of compelling clinical studies to demonstrate superiority for cranial
radiosurgery, the reduction of the price of a unit from greater than $100 million to $20-30 million
will likely do little to stimulate the widespread adoption of proton-based radiosurgery (20).

In LINAC-based radiosurgery, multiple radiation arcs are used to crossfire photon beams at a target
defined in stereotactic space (2/-23). LINAC-based radiosurgery devices include the Cyberknife
(Accuray), Trilogy (Varian), Synergy (Elekta), Tomotherapy (Tomotherapy, Inc.), and X-Knife
(Radionics). Most of the current systems use non-dynamic techniques in which the patient couch is set
at an angle and the arc is moved around its radius to deliver radiation that enters the skull through many
different points. Numerous techniques have been developed to enhance conformity of dose planning and
delivery using LINAC-based systems. These include beam shaping and intensity modulation (24-26).
Newer developments include the introduction of jaws, noncircular, and mini- and micro-leaf collimators
(27). The conformal beam can be delivered with the micromultileaf collimator or conformal blocks.

Gamma Knife radiosurgery usually involves multiple isocenters of different beam diameter to
achieve a dose plan that conforms to the irregular three-dimensional volumes of most mass
lesions (Fig. 1). The total number of isocenters varies depending upon the size and shape of the
adenoma and the proximity of surrounding at-risk structures (e.g., the optic nerves or chiasm).
The most recent version of the Gamma Knife, the Perfexion, combines advances in dose plan-
ning, beam collimation, and robotic engineering, and it eliminates the need to set coordinates
manually for each isocenter.

No published comparisons of GK multiple isocenter techniques, linear accelerator or proton beam
has shown a clear advantage of one technique over another with regard to sparing normal tissue,
achieving endocrine remission or reducing complications (28, 29). As with other neurosurgical
procedures, the outcome may depend less on the radiosurgical device utilized and more upon the
approach taken by an experienced radiosurgical team.
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Fig. 1. A Gamma Knife dose plan for a patient with persistent Cushing’s Disease. The patient had a prior trans-
sphenoidal resection of her pituitary adenoma. Unfortunately, the adenoma was found to invade the right cavernous
sinus. A Gamma Knife dose plan was developed to treat the residual adenoma and 22 Gy was delivered to the adenoma
margin (yellow). The optic apparatus is outlined in blue and less than 8 Gy was delivered to it.

RADIOSURGICAL PLANNING AND TECHNIQUE

Treatment Planning

Most patients undergo immobilization either with a stereotactic frame or aquaplast mask. Once the
target is immobilized, planning neuro-imaging studies are obtained. In the current era, stereotactic
MR imaging using pre and post-contrast T1 sequences with fat suppression techniques are utilized for
patients with pituitary adenomas. Axial and coronal slices are performed. Stereotactic CT imaging
can be performed so as to co-register to MRI and may help in minimizing registration error; it can
also be utilized for those that are unable to have an MRI (e.g., a patient with a cardiac pacemaker).
PET imaging can also be employed and may have some utility in functional adenomas such as those
in Cushing’s patient (30). Careful attention should also be paid to pre-resection imaging studies,
intra-operative observations from the neurosurgeon, and petrosal sinus sampling (37).

After the acquisition of stereotactic images, multiple isocenter dose planning is performed to
enclose the borders of the tumor within the prescription isodose line (32,33). The 50% isodose is the
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most common prescription isodose line for Gamma Knife radiosurgery because this line is generally
where dose gradient is the steepest (34). However, one should analyze the dose gradient and determine
the optimal fall off isodose, which generally varies between 40 and 60% (35).

There does not appear to be a direct correlation between the effect on adenoma volume and the
endocrine remission rate following radiosurgery (7, 36, 37). Fortunately, since most ACTH-secreting
pituitary adenomas are small enough to be well-suited for stereotactic radiosurgery, radiosurgical
dose—volume constraints are not usually a limiting factor. Since the systemic effects of Cushing’s
disease can be so devastating, it seems intuitive to deliver a reasonably high dose (equal to or greater
than 20 Gy to the margin) to allow rapid hormonal normalization and control of adenoma growth.
For improved rates of hormonal normalization in functioning adenomas, margin dose of 25 or 30 Gy
may even be chosen.

In cases of Cushing’s disease with radiologically identifiable targets in the cavernous sinus, radio-
surgical plans can be devised with higher range treatment doses while shielding much of the normal
stalk, gland, and optic apparatus, in other cases, particularly when MR-imaging is negative, the entire
sellar contents and bilateral cavernous sinuses are targeted.

Neuro-Anatomical Considerations: Radiation Effects on the Optic Apparatus, Structures
Within the Cavernous Sinus, and the Normal Pituitary Gland

Visual deterioration following radiosurgery is rare and can generally be avoided if the dose to the
optic apparatus is restricted to less than 8 Gy, although reports of 10-12 Gy have been described by
some groups (38). Traditionally, a distance of 3 mm or more between the adenoma and the optic
apparatus is desirable. The absolute distance between the optic apparatus is not the limiting factor,
but rather defines how steeply the radiosurgical gradient must be constructed so that a tolerable dose
is delivered to the optic apparatus while still delivering an effective dose to the adenoma. If an
acceptable dose gradient cannot be constructed, then an alternative treatment (e.g. cytoreductive
surgery or radiation therapy) should be considered. The Gamma Knife Perfexion permits treatment
of some adenoma with as little clearance as 1-2 mm from the optic apparatus (7, 39—42). Ultimately,
the tolerable absolute dose permitted to the optic apparatus likely varies from patient to patient, and
it may be affected by factors such as previous damage to the optic apparatus by pituitary adenoma
compression, ischemic changes, type and timing of previous interventions (e.g., fractionated radiation
therapy and surgery), the patient’s age, and the presence or absence of other co-morbidities (43, 44).

The majority of cranial nerves in the cavernous sinus appear to be more resistant to radiation effects
than the optic nerve, but reports of cranial neuropathy, particularly after repeat radiosurgery are well-
documented (43). Although the tolerable limit to the cavernous sinus nerves is unknown, authors have
described effective margin radiosurgical doses of between 15-25 Gy to this region without major side
effects (7, 45—49). Injury to the cavernous segment of the carotid artery is rare after radiosurgery, with
a few isolated case reports (50).

EFFECTIVENESS OF RADIOSURGERY FOR PITUITARY ADENOMAS

The goals of stereotactic radiosurgery in the treatment of Cushing’s disease pituitary tumors are to
inactivate adenoma cells, controlling tumor growth and to normalize hormone overproduction. Ideally,
these goals are met without damaging the residual normal pituitary gland and surrounding vascular
and neuronal structures. Moreover, radiosurgery should be carried out in such a way so as to avoid
delayed radiation injury and secondary tumor formation.
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Most centers define an endocrine remission for Cushing’s disease as a 24 h urine-free cortisol
(UFC) in the normal range associated with the resolution of clinical stigmata or a series of normal
post-radiosurgical serum cortisol levels obtained throughout the day (37, 57).

Reported endocrine remission rates following transsphenoidal vary from 10% to 100%, with higher
remission rates when radiosurgery follows surgical debulking (Table 2) (13, 14, 42, 43, 52-56). In
series with at least ten patients and a median follow-up of 2 years, endocrine remission rates range
from 17 to 83% (54-57). Rihn and associates (53, 54) reported their experience at the Karolinska
Institute involving 59 patients with Cushing’s disease who were treated using the Gamma Knife and
followed for 2—15 years. The efficacy rate of the initial treatment was 50%, with retreatment eventually
providing normalization of cortisol production in 76% of patients (58).

In our experience treating 107 patients with Cushing’s disease, the remission rate was 53%, with
the rate of remission statistically correlated with tumor volume, but not tumor invasion into the
cavernous sinus or suprasellar region (43). The mean prescription (margin) dose in Cushing’s patients
was 23 Gy, and we typically lowered the margin dose in patients who had prior radiation therapy.
As reported by others, the rate of hormone normalization after radiosurgery for Cushing’s disease
appears to be difficult to predict, with remission occurring as early as 2 months and as late as 8 years
(59, 60). Our general experience is that most patients who ultimately have hormonal normalization do
so within the first 2 years following radiosurgery, and patients with persistent disease should consider
alternative treatments such as adrenalectomy, or repeat surgery (although this may be associated with
a higher rate of cranial nerve damage) (43). Recent work by the Marseille group suggests that
ketaconazole and other cortisol-suppressive medications may adversely affect the endocrine outcome
following radiosurgery (6/). As such, a temporary cessation of such cortisol-lowering agents at the
time of radiosurgery seems prudent.

Table 2
Published Series on Radiosurgery for Cushing’s Disease with 20 or More Patients
Authors Type of radiosurgery  Patients (n) Remission criteria Endocrine remission (%)
Levy (65) Proton beam 64 Normal basal 86
cortisol and
dexamethasone
test
Witt (42) Gamma Knife 25 Normal 24-UFC 28
Laws (1) Gamma Knife 50 Normal 24-UFC 58
Sheehan (37) Gamma Knife 43 Normal 24-UFC 63
Kobayashi (54) Gamma Khnife 20 ACTH 35
<50 pg/ml; cortisol
<10 microg/dl
Devin (80) Linear accelerator 35 Normal cortisol 49
Castinetti (6/) Gamma Knife 40 Normal 24-UFC and 42.5
dexamethasone
suppression test
Jagannathan (43) Gamma Knife 90 Normal 24-UFC 54

Petit (18) Proton beam 33 Normal 24-UFC 52
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Despite a conformal dose plan and appropriate dose delivery, some Cushing’s patients do not
achieve hormone normalization following microsurgery and radiosurgery, and require adrenalectomy
as a “salvage” treatment for their disease. Although adrenalectomy is the definitive treatment for
cortisol overproduction, a small subset of patients may develop Nelson’s syndrome, characterized by
rapid adenoma growth, hyperpigmentation, and tumor invasion into the parasellar structures (62).

There are relatively few studies detailing the results of radiosurgery for Nelson’s syndrome (/, 54,
63-68). These studies report a mean tumor dose from between 12 and 28.7 Gy, and an endocrine
remission rate ranging from 0 to 36%, although only a minority of these studies defined what was
meant by endocrine remission. Even cases where endocrine remission was not achieved, tumor
growth control rates were favorable, ranging from 82 to 100%.

Pollock and Young reported on 11 patients who underwent GKS for Nelson’s syndrome. They
reported control of tumor growth in 9 of 11 patients, with ACTH normalization in four patients (36%)
(67). Our experience involves 23 patients with at least 6 months follow-up, and a rate of tumor control
of 90%. Decrease in ACTH levels occurred in 67% of patients, but normalization only occurred in
four patients (66).

COMPLICATIONS FOLLOWING RADIOSURGERY FOR CUSHING’S DISEASE

Side-effects following radiosurgery for pituitary adenomas are typically rare. However, the latency
of such effects may be long (i.e., greater than 10 years) and warrants continued neurological, endo-
crine, and radiological follow-up. The most common problem after radiosurgery is new hypopituitar-
ism. Well-respected groups have reported a low incidence (0-36%) of pituitary dysfunction following
radiosurgery (7, 43, 69, 70). This incidence is likely higher when patients are followed long-term,
with the Karolinska Institute reporting a 72% incidence of hypopituitarism when patients were fol-
lowed longer than 10 years (60). We have observed an overall risk of 20-30% for development of
hypopituitarism following radiosurgery.

Ultimately, total dose prescribed and the prescription (margin) dose are likely the major factors
determining the risk and onset of radiation induced hypopituitarism. The GH axis is the most sensitive
to the late effects of radiation, with the radiation induced defect believed to occur largely at the
hypothalamic level (77, 72). The gonadotropin and corticotrophin axes are the next most sensitive to
radiation damage, and the TSH axis is least sensitive. Diabetes insipidus is extremely uncommon after
radiosurgery with only sporadic case reports (73).

Cranial neuropathies following Gamma Knife surgery for Cushing’s disease are exceedingly rare
following the first procedure, although the incidence may increase on re-treatment (43). Visual
injury in general can be avoided if the dose to the optic apparatus is restricted to less than 8 Gy (see
discussion above).

Injury to the cavernous segment of the carotid artery or brain parenchymal is uncommon following
radiosurgery. The exact incidence of radiosurgical induced neoplasms is unknown at present. To date,
there are no reports of radiation-induced neoplasms following stereotactic radiosurgery to treat a
pituitary adenoma.

PROGNOSIS AND FOLLOW-UP

Prognosis for a pituitary adenoma is dependent upon the pre-radiosurgical status, comorbid conditions,
adenoma size and extension, and functional nature of the tumor. Patients being treated for Cushing’s
disease must be followed long-term with serial clinical, ophthalmological, endocrine, and radiological
evaluations after radiosurgery. In particular, height, weight, and pubertal status must be carefully



146 Jagannathan et al.

monitored in relevant age groups. Serial visual field examinations and screening should be performed.
Questioning directed at assessing hormone function (screening for hypothyroidism, adrenal insuffi-
ciency, diabetes insipidus, etc.) should be directed to the patient and family. Serial testing of adrenal,
thyroid function, and GH status (with IGF-1 levels and provocative testing when applicable) should
be undertaken. Patients receiving hormone replacement should have their replacement therapy
adjusted as necessary. Finally, serial MR imaging should be performed to assess for tumor recurrence.
Generally, an initial post-radiosurgical neuro-imaging is performed 6 months following treatment
and yearly thereafter (or more frequently as indicated). Endocrine and ophthalmologic follow-up
should typically occur at these same time points.

Just as with extirpation, delayed recurrence following radiosurgical induced endocrine remission
with normalization of 24 h UFC and resolution of Cushing’s disease stigmata have been documented.
Careful longitudinal follow-up of these patients will facilitate early detection and therapeutic inter-
vention for patients with a recurrence of their Cushing’s disease. Treatment options include repeat
radiosurgery, adenoma resection, and adrenalectomy. A repeat MRI or other neuro-imaging study at
the time of a recurrence is necessary to help select the appropriate treatment.

CONCLUSIONS

Stereotactic radiosurgery is a safe and effective modality in the treatment of Cushing’s patients
with either a recurrent or residual pituitary adenoma. In most patients, radiosurgery controls adenoma
growth and normalizes ACTH and cortisol levels. Several challenges persist, including the optimal
timing of radiosurgery, the identification of other factors that can improve the response of adenomas
to radiosurgery, and the optimal target of the adenoma.
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The treatment of choice for Cushing’s syndrome remains surgical. Medical therapy may be used to
control hypercortisolaemia before surgery to optimize patient’s preoperative state and where surgery
has failed and radiotherapy has not taken effect. The most effective agents are those that inhibit ster-
oidogenesis and include metyrapone, ketoconazole, and mitotane. Drugs targeting the hypothalamic-
pituitary axis have been investigated but their roles in clinical practice remain limited although PPAR-y
agonists and somatostatin analogue SOM-230 (pasireotide) need further investigation. The only drug
acting at the periphery targeting the glucocorticoid receptor remains mifepristone (RU486) but it is
uncertain because of the challenge of monitoring disease activity. For the foreseeable future, the place
of medical treatment will remain as an interim measure while waiting for definitive treatment.

Key Words: Cushing’s syndrome, drug therapy, steroidogenesis inhibitor, hypothalamic-pituitary modulator

INTRODUCTION

The definitive management for Cushing’s syndrome is surgical excision of the underlying cause of the
hypercortisolaemia, with the exception of ACTH-independent bilateral macronodular hyperplasia where
pharmacological treatment directed against the aberrant receptor can be effective (/) (see chap. 17).
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However, there is a role for medical therapy in the following circumstances:

1) To prepare patients with severe hypercortisolaemia for surgery by lowering circulating cortisol levels,
thereby reversing the metabolic consequence of cortisol excess and by implication reduce the complications
of surgery. This clearly depends on the interval to surgery and disease severity.

2) When it is not possible to make a definitive diagnosis at first investigation, then medical therapy can be used
as a stop gap to control signs and symptoms before re-investigation.

3) After unsuccessful pituitary surgery while considering further definitive surgery, such as bilateral
adrenalectomy.

4) To relieve signs and symptoms in patients with metastatic adrenocortical carcinoma.

5) While waiting for pituitary radiotherapy to be effective, which can be several years.

6) If at presentation psychiatric symptoms are so severe as to make systematic investigation or definitive
treatment impossible.

MEDICAL THERAPY TARGETS

Medical therapy can be separated into agents that inhibit adrenal steroidogenesis, those that modu-
late pituitary ACTH release, or block glucocorticoid action. Currently in clinical practice, the most
effective, reliable and widely used agents are those that inhibit steroidogenesis.

PITUITARY DIRECTED TREATMENT

Pituitary ACTH secretion is regulated by a number of neurotransmitters including catecholamines,
serotonin, acetylcholine, GABA and peptides. In Cushing’s disease, the pituitary tumour still remains
partially responsive to hypothalamic stimuli, illustrated by responsiveness to exogenous CRH and
dexamethasone. Reports exist advocating the virtues of various agents (vide infra) but to-date, none
have gained widespread acceptance. However, recent data have renewed interest in the possibility of
treating Cushing’s disease with centrally acting drugs that modulate ACTH secretion through
dopamine, somatostatin and PPAR-y receptors.

Dopamine Agonists

Bromocriptine and cabergoline are dopamine agonists that have been widely used in the treatment
of hyperprolactinaemia and acromegaly. It is unclear if the action in lowering ACTH secretion by
bromocriptine is via CRH or directly on the pituitary (2—4). A single dose of bromocriptine will cause
a fall in ACTH in half of the patients with Cushing’s disease, but unfortunately this effect is not main-
tained in the long term (4, 5). There are reports that suggest with high-dose bromocriptine (40 mg/
day) may result in clinical improvement in up to 50% of patients but others have found response rate
of only 1-2% in the long term (6, 7). Potential side effects of bromocriptine include nasal congestion,
nausea, postural hypotension, headaches and hallucination.

The use of cabergoline in the management of Cushing’s disease has been more encouraging. In an
open labelled, uncontrolled study, Pivonello et al. found that in 20 patients with Cushing’s disease that
remained active after pituitary surgery, cabergoline at a dose of up to 7 mg per week for three months,
normalised urinary free cortisol (UFC) in 7 (35%) patients, and a further 8 (40%) patients had partial
response (defined as achieving >25% reduction in 24 h UFC from baseline) (8). After 12 months,
6 out of the 8 partial responder achieve normalisation of the UFC. After 24 month, 8 of the 20 patients
remained fully controlled on cabergoline treatment, with a median dose of cabergoline 3.5 mg/week.
Two patients withdrew from the study because of hypotension. Although a number of uncertainties
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remain, it is still not known what determines responsiveness although initial response appear to be
related to hyperprolactinaemia. There is concern regarding that cabergoline can cause valvular heart
disease, but no side effects were detected with 7 mg/week of cabergoline (9, /0). The result of the
study is encouraging, but controlled studies using better measures of disease activity are required.

PPAR-Y Receptor Agonists

In 2002, the nuclear hormone receptor, peroxisome proliferator-activated receptor-y (PPAR-y), was
identified in ACTH-secreting pituitary tumour (/7). In vivo experiments in mice inoculated with cortico-
troph AtT20 tumour cells demonstrated that treatment with an extremely high dose of the PPAR-y agonist
rosiglitazone (150 mg/kg/day) prevented the development of tumours. In mice with already established
corticotroph tumours, rosiglitazone treatment decreased tumour volume in 75% and prevented signs of
hypercortisolaemia in all cases, with a 75% reduction in ACTH level and 96% reduction in cortisol levels
(11). These observations caused great interest but are yet to impact on clinical practice.

A series of uncontrolled studies in humans have been performed with variable results. In a study
of two patients with pituitary-dependent Cushing’s syndrome treated with rosiglitazone 8 mg daily
for 33 and 20 days (the second patient was also taking metyrapone 1 g/day), 24 h UFC fell in both
patients'?. In a second study of ten patients (four before surgery, four after relapse after surgery
and two immediately after failed surgery) treated with 4-16 mg/day of rosiglitazone for a median
3 months, there was no consistent reduction in urinary-free cortisol, plasma ACTH or serum cortisol
levels (/3). Side effects reported included oedema, weight increase, somnolence and increased hir-
sutism. In one of the larger studies, 14 patients with active Cushing’s disease (7 untreated and 7 post-
unsuccessful transsphenoidal surgery) were treated with 8—16 mg of rosiglitazone for 1-7 months
(14). In six patients, plasma ACTH, serum cortisol and 24 h UFC were lowered but only UFC reached
significance. Two of the six patients also noted clinical improvement on follow-up at seven months.
No clinical side effects were noted, but one patient developed hypercholesterolaemia. In a study of
seven patients with Nelson’s syndrome who took 8 mg of rosiglitazone for 12 weeks, no significant
fall in ACTH was seen (/5). Similarly, in another study of six patients with Nelson’s syndrome given
rosiglitazone 12 mg/day for 14 weeks, there was no fall in ACTH levels (/6). In a study of five
patients with Cushing’s disease treated with pioglitazone 45 mg for 30 days, no alteration in 24 h
UFC, or ACTH and cortisol responses to CRH administration was seen (/7).

In summary, the PPAR-y agonists has been a disappointment in the treatment of Cushing’s disease
and have failed to reproduce the success seen in the in vitro and mouse models. The discrepancy
between the in vitro and human experience may reflect the differences in the order of magnitude in
the dose of PPAR- y agonists used i.e. 150 mg/kg in mouse verses ~0.1 mg/kg in human. It is a disap-
pointment that no PPAR- 'y agonists manufacturer has invested in the dose finding or controlled stud-
ies to provide definitive evidence of efficacy or the lack of it.

Somatostatin Analogues

Octreotide and lanreotide are analogues of somatostatin, which act mainly on somatostatin receptor
subtype 2 (sst2), and are used extensively to treat neuroendocrine tumours and acromegaly and have
been tried with limited success in ACTH-dependent Cushing’s syndrome. The lack of efficacy may
reflect that corticotrophs do not reliably express sst2 (/8).

Initial reports did show that somatostatin infusion decreases plasma ACTH level by between 40% and
70% in patients with Nelson’s syndrome (/9). However, subsequent studies in Nelson’s syndrome
using somatostatin and octreotide have been less impressive and most patients with Cushing’s disease



154 Dang and Trainer

have failed to respond (20-24). The lack of clinical efficacy of octreotide may be due to the down
regulation of somatostatin receptors by glucocorticoids. In the mouse, sst2 gene promoter sequence
is the only somatostatin receptor shown to be directly transcriptionally regulated by glucocorticoids
(25, 26). There have been occasional reports that octreotide may have a role in treating ectopic ACTH
producing tumours or in Cushing’s disease in combination with ketoconazole, but the available
evidence suggests that such patients are the exception rather than the rule (27, 28).

There is renewed interest in somatostatin analogues in Cushing’s disease because of encouraging
data emerging from early studies with pasireotide (Novartis), a somatostatin analogue with affinity to
the somatostatin receptor subtypes 1-, 2-, 3- and 40-fold higher affinity for sst5 than octreotide
(29-31). In vitro, compared to octreotide, pasireotide is more potent at suppressing ACTH release and
at inhibiting CRH-induced ACTH release in corticotroph tumour cells (32-34). Dexamethasone
(10 nM) pre-treatment of mouse corticotroph cells fails to suppress pasireotide inhibition of CRH-induced
ACTH release, whereas the suppressive effect of octreotide is blocked (33).

A recent open-labelled, uncontrolled, single-arm phased II study 39 patients with ACTH-dependent
Cushing’s disease and 24 h UFC at least twice the upper limit of normal were treated with pasireotide
600 mcg twice daily subcutaneous injection for 15 days (35). Analysed data are available in
29 patients, of which, 5 (17%) normalised 24 h UFC and 22 (76%) had a reduction in 24 h UFC. A reduc-
tion in serum cortisol and plasma ACTH were also seen. Side effects were common with 92% experi-
encing problems predominantly, affecting gastrointestinal tract. Hyperglycaemia was experienced by
14 (36%) patients, of which three were already known to suffer from diabetes mellitus (one patient
withdrew from the study) and two from impaired fasting glycaemia. Although the result of this study
is encouraging, larger and longer studies are still required to confirm safety and continued efficacy.

Retinoic Acid

Since the 1980s retinoic acid derivatives have been widely used by dermatologists in the treatment
of acne and psoriasis, as well as in certain malignancy such as acute promyelocytic leukaemia
(36, 37). Retinoic acid is a ligand for Nur77/Nurrl receptor, which is involved in the physiological
stimulation of ACTH by CRH (38). In vitro retinoic acid inhibits cell proliferation and induces cell
death in ACTH-secreting tumours but not in normal pituitary cells. In the adrenal cortex it inhibits
corticosterone secretion and cell proliferation, whereas in a mouse model, it blocks tumour growth
and reduces circulating ACTH and cortisol. The dose was 10 mg/kg, which is within the dose range
in human cancer therapy (38). Studies in rodent and dog models of Cushing’s disease are encouraging,
but there are to date no published data in human (38, 39).

Other Agents

A number of agents have also been investigated in the past with initially encouraging results, but
all eventually have been dismissed. Cyproheptadine is a non-selective histamine and serotonin antagonist.
In a series of three patients, at a dose of 24 mg/day, it was effective at reducing ACTH in Cushing’s
disease (40). There is disagreement on whether cyproheptadine acts either directly on the pituitary or
through the inhibition of CRH (4/—44). Subsequent studies failed to confirm its effectiveness, but it
caused sedation and it no longer has a place in the current practice. Ritanserin is a specific 5-HT,
antagonist which has been used in a few patients, but its effects do not appear to be sustained (45, 46).
There are conflicting results on the effectiveness of sodium valproate in treating Cushing’s disease
remain. There are reports suggesting that it is successful at suppressing ACTH at a daily dose of 600
mg, but subsequent data failed to demonstrate benefit either as primary therapy or after failed pituitary
surgery (47, 48).
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DRUGS DIRECTED AT THE ADRENAL

Currently, these agents are the most consistently effective means of controlling cortisol secretion
(Table 1).

Metyrapone

In the era before it was possible to measure plasma ACTH, the metyrapone test was used to
investigate suspected Cushing’s syndrome and hypoadrenalism, but its use now is exclusively
therapeutic (49, 50). It acts primarily on the final step in cortisol synthesis, namely, the conversion
of 11-deoxycortisol to cortisol and therefore, results in a dramatic increase in circulating 11-deoxycortisol
levels, which can cross-react in serum and urine cortisol immunoassays (5/). This cross-reactivity
may result in spuriously elevated cortisol levels and a failure to appreciate that a patient is over-treated
and hypoadrenal.

Metyrapone is a potent, short-acting inhibitor of cortisol synthesis with a rapid onset of action.
Serum cortisol levels fall within four hours of an initial dose and care is required to avoid over-
treatment. The routine starting dose is 250 mg three times per day with reassessment of cortisol levels
72 h later and dose titration as appropriate until a mean cortisol level of between 150 and 300 nmol/l
(5.5—11 pg/dl) is achieved (52). In patients with severe hypercortisolaemia up to 8 g/day in 3—4
divided doses may be necessary. Most patients tolerate the drug without difficulty as long as hypoad-
renalism is avoided. Nausea, anorexia and abdominal pain can occur, but usually this is a sign of
over-treatment. The major limitation of metyrapone is in women as the accumulation of cortisol
precursors results in elevated androgens that frequently is manifested as hirsutism and acne. Although
mineralcorticoid precursors levels are elevated, hypokalaemia, hypertension and oedema are not
problems, presumably because of the benefits of lower circulating cortisol levels (53, 54). In patients
with pituitary-dependent Cushing’s disease, ACTH levels rise but there is no evidence that this results
in tachyphylaxis (53, 55).

Ketoconazole

Ketoconazole is an imidazole derivative developed as an oral antifungal agent that inhibits cholesterol,
sex steroid and cortisol synthesis by acting on the 11B-hydroxylase and C17-20 lyase enzymes
(56-59). It is the most frequently used agent in the treatment of Cushing’s syndrome with starting

Table 1
Agents Inhibiting Steroidogenesis in Clinical Use

Agent Dose

Metyrappone  750-8,000 mg daily =~ Hypoadrenalism
Side effects: nausea, abdominal pain, hirsutism, acne
Ketoconazole  400-1,200 mg daily  Slow onset of action
Side effects: gastro-intestinal upset, rashes, abnormal LFT,
gynaecomastia and reduced libido in men
Mitotane 500—4,000 mg daily =~ Gradual dose titration, taken with meal
Side effects: gastro-intestinal upset, neurological disturbances,

abnormal LFT, hypercholesterolaemia
Avoid pregnancy up to five years after stopping the drug
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dose being 200 mg twice daily increasing as necessary to 1,200 mg/day in four divided doses (60, 61).
In contrast to metyrapone it can take several weeks to see the full benefit of a dose adjustment and
there is less risk of over-treatment and hypoadrenalism. With time it is effective at controlling the
symptoms of Cushing’s syndrome and in women its antiandrogenic properties are a virtue but in men,
gynaecomastia and reduced libido have been reported. The most common side effects are gastrointestinal
upset and skin rashes, but liver enzyme dysfunction can occur in up to 10% of cases, which rarely has
proceeded to acute liver failure and fatality (62-65). Ketoconazole has the added benefit of reducing
the total cholesterol and LDL cholesterol (66).

Metyrapone and ketoconazole can be very successfully co-administered as the former controls
cortisol secretion while waiting for the slower onset of action of the latter agent, which in turn lowers
androgens and thus negates one of the major limitations of the former.

Mitotane

Mitotane was introduced in 1960 as a cytotoxic agent for the treatment of adrenocortical carcinoma,
which remains its main use today but it has also been used to control hypercortisolaemia for the
treatment in benign causes of Cushing’s syndrome. Mitotane reduces cortisol production by blocking
cholesterol side-chain cleavage and 11 B-hydroxylase (67-69). The onset of mitotane action is slow
with sustained action maintained after discontinuation in up to a third of patient (70). When used to
control serum cortisol levels in benign disease, mitotane is initiated at a dose of 0.5—1 g/day, which is
increased gradually by 0.5—1 g every few weeks to minimise side effects. Adverse effects such as
nausea, anorexia and diarrhoea are common with doses of 2 g/day and almost universal at doses greater
than 4 g/day (71). Adrenal insufficiency and neurological side effects including abnormal gait, dizzi-
ness, vertigo, confusion and problem of language expression are often seen at higher dose (70).
Abnormal liver enzymes, hypercholesterolaemia, skin rash, hypouricaemia, gynaecomastia in male and
prolonged bleeding time are also well recognized (72, 73). Changes in hormone binding globulins may
result in total hormone measurement being unreliable during treatment and thus caution is required
when interpreting serum cortisol levels (74, 75). Mitotane increases the metabolic clearance of exog-
enously administered steroid and the replacement dose of steroid is increased by about a third (76). To
minimise side effects, mitotane dose should be gradually titrated up, taken with meals or at bedtime
with food. Changing the schedule to once a day or alternate days may help with gastrointestinal problems.
If side effects are severe, mitotane can be stopped for a week and restarted at a lower dose. Mitotane
may induce spontaneous abortion and is a teratogen. Its effect may persist for a number of months after
discontinuation and so a female patient should avoid pregnancy for up to five years after stopping the
drug (77). Ketoconazole and metyrapone are more effective and better tolerated agents and therefore
the use of mitotane should be confined to the treatment of resistant patients.

Aminoglutethimide

Aminoglutethimide, which was introduced in 1959 as an anticonvulsant, was used in the treatment of
breast cancer and noticed to induce adrenal insufficiency. It inhibits the side-chain cleavage of cholesterol
to pregnenolone and therefore inhibits cortisol, oestrogen and aldosterone production (78, 79). Even when
effective the benefit may be transient either because of an increase in ACTH overcoming the enzymatic
blockade or it may be induction of hepatic enzyme accelerating aminoglutethimide metabolism (80, 81).
Adbverse effects such as lethargy, dizziness, ataxia and rashes are common on initiation and limit its use
although they do resolve with time (82, 83). There are better agents for controlling hypercortisolaemia
and aminoglutethimide does not have a place in the modern treatment of Cushing’s syndrome (84).
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Trilostane

Trilostane is a competitive inhibitor of 3B-hydroxysteroid dehydrogenase, which is an essential
enzyme in the synthesis of cortisol, aldosterone and androstenedione (5/). It is an effective inhibitor
of steroid synthesis in vitro but in man the results have been disappointing (85). However, it is used
in veterinary practice as it is very effective in controlling pituitary-dependent Cushing’s in dogs (86).
The maximum daily dose is 1,440 mg and patients may experience side effects such as abdominal
discomfort, diarrhoea and paraesthesia. Trilostane has largely fallen out of clinical use, but the very
fact that it is so effective in dogs may mean it justifies reconsideration in man.

Etomidate

Etomidate is a parenteral anaesthetic agent which when first introduced was associated with excessive
mortality in patients in intensive care, which was ultimately explained by the recognition that it induced
hypoadrenalism by inhibiting 11B-hydroxylase, 17-hydroxylase, c17-20 lyase as well as cholesterol side
chain cleavage (87-89). A number of case reports have shown etomidate at 2.5 mg/h to be effective at
correcting hypercortisolaemia in seriously ill patients with ectopic ACTH production (90-92).
Etomidate’s use is limited by the need to be given intravenously but it has a place in acutely sick patients
unable to be treated orally where rapid correction of hypercortisolaemia may be life saving.

AGENTS BLOCKING CORTISOL ACTION

Mifepristone (RU486) is a potent antagonist of the glucocorticoid and progesterone receptors (93).
In man, mifepristone blocks glucocorticoid action, resulting in negative feedback at the hypotha-
lamic—pituitary level, leading to a rise in ACTH, arginine—vasopressin and therefore cortisol (94).
Recently, there has been renewed interest in using mifepristone for the management of ectopic ACTH
syndrome. Mifepristone, at doses of up to 20 mg/kg, has been successfully used to treat a small
number of patients with ectopic ACTH syndrome and there is every reason to believe that it could be
successfully used in all patients if it were not for the problem of monitoring therapy (95). As a receptor
antagonist it does not lower circulating cortisol levels, which in fact rise, and therefore, it is very
difficult to dose titrate and judge the effectiveness. The GH receptor antagonist pegvisomant has
gained widespread acceptance as a treatment for acromegaly because its effectiveness can be judge
by monitoring IGF-1. Unfortunately, the HPA axis lacks a marker analogous to IGF-1. Even with
short-term use, a number of patients did develop symptoms of hypoadrenalism which is problematic
as there is no effective method of monitoring over treatment (96). There has also been report of a case
of mifepristone causing severe hypokalaemia that is attributed to excess cortisol activation of miner-
alcorticoid receptor which responds to spironolactone therapy (97). With caution, Mifepristone may
have a role in the treatment of Cushing’s syndrome and could be first line treatment if a biochemical
measure of disease were identified (98).

MONITORING OF TREATMENT

A major challenge of medical therapy is the monitoring of its effectiveness. UFC measurement is
widely used, but has several major limitations and is intrinsically a poor solution to the problem. Only
a small proportion of cortisol is excreted unaltered in urine and UFC immunoassays, to varying
extents, detect biologically inactive cortisol metabolites, which may be raised in patients treated with
agents such as metyrapone. UFC has the additional disadvantages of relying on complete collection
and of being unable to detect over-treatment-induced hypoadrenalism. Although more labour-intensive,
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measurement of serum cortisol is a more appropriate means of assessing disease activity. The best
validated technique is the calculation of a mean serum cortisol from multiple measurements taken
during a single day. Studies comparing isotopically calculated cortisol production rates to serum levels
indicate that a mean serum cortisol in the range 150-300 nmol/l (5.5—11 pg/dl) equates to a normal
cortisol production rate, and this should be the target of medical therapy (52).

Steroid analysis in saliva has been developed over 30 years now with salivary cortisol measurement
popular in sports, stress and psychiatry research (99-7/01). The advantages of salivary cortisol is that
it offer a stress free and non-invasive method of collection that can be collected by patient themselves.
Salivary cortisol correlate with plasma free cortisol and have been useful in the investigation of the
HPA axis (102-105). There are a few case reports using salivary cortisol to monitor Cushing’s
syndrome but major obstacles remain, the absence of a reference range and the lack of standardisation
of assay methods (/06, 107). Salivary cortisol by mass spectrometry has the potential to monitor
therapy without the problem of cross reactivity and contamination but there are no published data
looking specifically at monitoring of Cushing’s treatment (/08, 109). At the moment it is a research
tool and is not yet use in routine clinical setting.

The cyclical nature of Cushing’s syndrome in some patients means that even after disease control
has been achieved regular treatment monitoring is required.

SUMMARY

A number of drugs have been used in the management of Cushing’s syndrome. Regardless of the
aetiology the most reliably effective treatments are metyrapone or ketoconazole as monotherapy, or
in combination. However, the recent advances in understanding the role of the PPAR- vy and sst receptors
in corticotrophs has raised the prospect of novel mode of treatment but enthusiasm must be tempered
by the poor clinical results to date. Recent data suggests cabergoline may have greater role than previously
appreciated, but it must be balanced against the increasing concern about valvulopathy.
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SumMMARY

Ectopic Cushing’s syndrome (ECS) is represented mainly by the ectopic ACTH syndrome (EAS)
and comprises ~20% of ACTH-dependent CS and ~10% of all types of CS. Nearly any neuroendocrine
or non-endocrine tumour may be associated with EAS but the more prevalent tumours are bronchial
carcinoids, small cell lung carcinomas (SCLC), islet cell tumours of the pancreas or pancreatic carci-
noids, thymic carcinoids, medullary carcinomas of the thyroid, phaecochromocytomas and gastrino-
mas. Occult tumours are highly represented in all the series (12-37.5%) and constitute the more
challenging cases of EAS, requiring long-term follow-up. Clinical features are often similar in ACTH-
dependent CS, but the rapid onset and progress may suggest an ectopic source. A combination of
biochemical tests and imaging studies seem the most appropriate approach for the prompt identifica-
tion of EAS, even if there are several pitfalls to be avoided along the way. The most appropriate man-
agement for cure of EAS, when its source is identified, is surgical excision after control of
hypercortisolaemia. Inhibitors of cortisol secretion and other newer modalities can be used alone or in
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combination, and bilateral adrenalectomy remains an alternative option. Tumour histology, the
presence of metastases and effective control of hypercortisolaemia affect mortality and morbidity.
The identification of a primary source for the EAS represents a considerable challenge for
endocrinologists, requiring a careful and logical step-by-step approach of investigational protocols to
avoid the calamity of misdiagnosis.

Key Words: Ectopic Cushing’s syndrome, ACTH ectopic syndrome, Cushing’s syndrome, neuroen-
docrine tumours, SCLC, hypercortisolaemia

INTRODUCTION

Ectopic Cushing’s syndrome (ECS) is represented mainly by the ACTH ectopic syndrome (EAS)
and comprises around 20% of ACTH-dependent CS and some 10% of all types of CS (/). It can be
associated with high malignant tumours or more indolent neuroendocrine tumours (NETSs), and every
effort should be made to localise its source by a meticulous diagnostic work-up followed by an
attempt at complete resection, which represents the most appropriate treatment. However, a source
cannot be always identified promptly, often requiring lifelong follow-up. Recently, we suggested a
reclassification of EAS according to the clarity and timing of the identification of the source (2). Overt
EAS is associated with an obvious tumoural source at the time of the initial investigation, covert EAS
with tumours that are identified during a subsequent evaluation or prolonged follow-up, and occult
EAS with tumours that cannot be identified even after a meticulous diagnostic work-up, which is
repeated during an extended follow-up period.

Another point of conflict in the definition is the presence of EAS before the diagnosis of the causative
tumour or its emergence during follow-up (3). The latter occurs in patients with high malignant tumours
usually seen in oncological departments, and EAS represents a paraneoplastic syndrome appearing in
the end-stage. Patients presenting with the EAS are usually seen in endocrine departments and is the
most challenging, since it requires a structured diagnostic protocol for the identification of the tumoural
source. We suggest that the type presenting with the syndrome ab initio should be defined as classic
EAS, whereas the more oncologically presenting disorder should be considered as paraneoplastic EAS
since its identification is used as a marker of disease progression and severity (Table 1). In addition,
pathologic examination has shown that some tumours with positive immunostaining for ACTH may
never present with clinical or biochemical evidence of excess hormone secretion (4).

Table 1
Suggested Definitions of the Different ACTH Ectopic Syndrome (EAS) Types

Overt EAS when associated with an obvious tumoural source at the time of the initial investigation

Covert EAS when associated with tumours which are identified during a subsequent evaluation or prolonged
follow-up

Occult EAS when associated with tumours that cannot be identified even after a meticulous diagnostic work-
up which is repeated during an extended follow-up period

Classic EAS when presenting ab initio with the tumoural source

Paraneoplastic EAS when presenting during the natural history of an already known tumour
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This review will focus on summarising our more recent knowledge regarding classic EAS as
defined above. Furthermore, a brief description of the rare tumours that are the cause of EAS by
secreting isolated CRH or the combination of CRH and ACTH will also be discussed (/).

SOURCES OF EAS

The most frequently reported type of EAS is represented by Small cell lung carcinoma (SCLC)
followed by neuroendocrine tumours (NETs), phaeochromocytomas and medullary carcinoma of the
thyroid (MTC). The different percentages reported depend on the criteria used to characterise EAS in
each study as well as by the referral pattern of the patients in oncological or endocrine departments;
thus, the previous literature emphasises the high prevalence of SCLCs while nowadays NETs, and
particularly bronchial carcinoids, seem to be more prevalent (5, 6). Published series report as more
frequent tumours associated with EAS bronchial carcinoids, SCLCs, islet cell tumours of the pancreas
or pancreatic carcinoids, thymic carcinoids, MTC, phaeochromocytomas and gastrinomas, as well as
cases in which the tumour was not identified (2, 3, 6—/7). However, the fact that, in some series
SCLCs, MTC and phaechromocytomas were not included (/0, /1) affected the reported percentages
(Table 2). Other type of NETs and other miscellaneous tumours have also been rarely described (2, 4,
6, 17—19) (Table 2). Overall, the thorax and the neck remain the main sites of EAS, whereas the abdo-
men is the site of one-third of primary tumours (6). It is of note that covert tumours are mainly rep-
resented by bronchial and appendiceal carcinoid tumours, NETs and SCLCs (11, 12, 17), whereas the
major occult source where tumours are eventually demonstrated remains the lung (/0).

Table 2

The Various Tumours that are Associated with Ectopic ACTH Syndrome
Tumour type (2—4, 6-19) Percentage reported (%)
Bronchial carcinoids 5-40
SCLC 3.3-50
Islet cell tumours of the pancreas/pancreatic carcinoids 7.5-25
Thymic carcinoids 5-25
MTC 2-8
Phaeochromocytoma 2.5-25
Gastrinoma 5
Tumour not identified 12-37.5

Other neuroendocrine tumours (primary hepatic carcinoid tumours, spindle cell <5
pancreatic endocrine tumours, olfactory esthesioneuroblastoma, paragang-
lioma, ectopic pituitary adenoma or disseminated with unknown primary)

Other miscellaneous tumours (squamous cell cancer of the lung, mesothelioma,
small cell colon carcinomas, tumours of the esophagus, stomach, pancreas,
larynx, trachea, salivary gland, prostate, leydig cell, breast, ovary, uterine
cervix, kidney, gallbladder and anorectal cancer, hepatocellular carcinoma,
melanoma, leukaemia, lymphoma, and osteomyeloma)
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Regarding pathology, in a recent study, immunohistochemistry showed positive staining for chromogranin
in 73% (10 carcinoids, 3 pancreatic tumours, 2 phaeochromocytomas, 1 glomus tumour), ACTH
in 64% (10 carcinoids, 2 phaeochromocytomas, 1 pancreatic tumour, 1 glomus tumour),
neuron-specific enolase (NSE) in 32% (4 carcinoids, 2 phaeochromocytomas, 1 glomus tumour), syn-
aptophysin in 27% (5 carcinoids and 1 phaeochromocytoma), CK 8/18 in 23% (4 carcinoids, 1 phaeo-
chromocytoma), calcitonin in 9% (phaeochromocytomas) and gastrin (pancreatic tumour), glucagon
(pancreatic tumour), CD56 and TTF-1 (carcinoid) each on one occasion (20). It has been suggested
that the negative immunostaining for ACTH results from a high secretory capacity; however, negative
in situ hybridization suggests that either a tumour identified is unrelated to the EAS or that it repre-
sents dedifferentiation of the original tumour (2/). Regarding bronchial carcinoids, approximately an
equal number of typical and atypical carcinoids have been described (/7). In terms of tumour size,
these have ranged from 0.3—4 cm in pulmonary carcinoids, 1-5 cm in thymic carcinoids, 1-4 c¢m in
NETs, 3-7 cm in phaeochromocytomas and 1.5-5 cm in gastrinomas (/7).

DIAGNOSIS OF EAS

The diagnosis of ACTH-dependent CS requires stringent criteria for both EAS and CD (/). The
diagnosis of EAS requires reversal of the clinical picture after resection of the tumour and/or demon-
stration of ACTH immunohistochemical staining in the tumour tissue or in metastatic deposits, and/
or complete/partial resolution of the hypercortisolaemia after tumour removal/debulking. However,
these strict criteria are not applicable to many of the reported cases of EAS (1, 6). There have been
described cases that immunohistochemistry did not show ACTH in the tumoural cells, but a substantial
post-operative fall in ACTH and cortisol was observed, suggesting that only a subpopulation of cells
may actually secrete ACTH (20). On the other hand, tumour resection might not be curative with
disseminated tumours (/).

Clinical Features, Signs and Symptoms

The age range of patients with EAS is at least one decade older than in CD, and the female-to-male
ratio differs also, being from 1:1 to 2:1 in most studies (2, 8~10, 17, 20). In addition, signs and symptoms
seen in EAS cannot be characterised with accuracy since most data are provided from retrospective
studies, and different departmental protocols have been used. However, there is general agreement
that these depend on the tissue of origin and the type of tumour secreting ACTH. Generally, it has
been shown that SCLCs have a more rapid onset of clinical signs than NETs, which generally have a
gradual onset which is often indistinguishable from CD. However, it has been suggested that patients
with SCLC, when evaluated at an early stage in their progression, may present in a similar manner to
patients with other less malignant causes of EAS (5). The time between the first clinical symptom of
hypercortisolism and diagnosis of EAS was shorter in patients with SCLC and pancreatic islet cell
tumours compared to bronchial carcinoids (2, 6).

Concerning specific clinical features, weakness due to proximal myopathy, thinning of the skin and
bruising were frequently present in all the studies, as well as hypertension, abnormalities in carbohy-
drate metabolism, hyperpigmentation and psychiatric features such as psychosis or major depression
(2, 16, 20). The rapidity of onset and the severity of the syndrome have been implicated for the more
frequent presence of skin pigmentation and ankle oedema in SCLCs compared to other causes of EAS
(2). On the other hand, psychiatric disorders are prominent in NETS but less so in SCLCs, representing
approximately 50% of patients with EAS (2, /7). Furthermore systemic, local and even multiple
infections, osteoporosis, osteopenia and/or fractures were features that correlated with the degree of
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hypercortisolaemia (2, 9, 16, 17, 22). Groups of patients with overt or covert EAS did not differ in
their clinical features, supporting the fact that the degree of hypercortisolaemia is the major determinant
of the clinical features of the syndrome rather than its duration (2).

Biochemical Work-up

Biochemical tests are considering crucial in the diagnostic work-up of EAS. Following confirmation
of pathological hypercortisolaemia by the overnight dexamethasone test, low-dose dexamethasone
test (LDDST), urinary free cortisol assessment and midnight serum or salivary cortisol assessments,
testing focuses on differentiating between pituitary and ectopic ACTH production. This is dependent
also on the demonstration of the detection of plasma ACTH to exclude primary adrenal disease. The
subsequent selection of tests is based on the rationale that usually the corticotroph tumour cells in CD
retain some responsiveness to the negative feedback effects of glucocorticoids or other regulatory
mechanisms, whereas tumours ectopically secreting ACTH generally do not (/, 23-25). The high-
dose dexamethasone test (HDDST) and corticotropin-releasing hormone (CRH) (either alone or in
combination with desmopressin) tests have been assessed. In the HDDST, cortisol suppression greater
than 50% is indicative of CD with sensitivity of 60—100% and specificity of 65-100% (23, 26-29);
the sensitivity reaches 91% when the cut-off value for suppression is 50% of the baseline value
and 97% when the cut-off value for suppression is 60%. Six to 40% of EAS patients have shown
serum cortisol or urinary cortisol or 17-OHCS suppression on the HDDST (9, 15, 17, 20, 24),
but serum assessment is considered the more sensitive marker (/, 24). Interestingly, when a cut-off
for serum cortisol suppression was greater than 60% it occurred in 3% of patients with EAS, and when
it was >80% it did not occur in any patients with EAS (24, 26, 29). Patients with bronchial carcinoids
have shown a higher incidence of cortisol suppression, approximately 60% following the HDDST (15,
24). With the classic CRH stimulation test, an ACTH increase >35% and cortisol >20% above base-
line levels is considered to be a specific response for CD when ovine CRH is used (30), and an
increase >105% and >14% respectively when human CRH is used (3/). The CRH test had a sensitiv-
ity of 94% for cortisol and ACTH responses, and overall approximately 5—17% of patients with EAS
respond to CRH administration using a variety of cut-offs for cortisol and ACTH criteria (23, 24,
26, 30, 31). In general, for a plasma ACTH increase >35% and cortisol >20% above baseline levels,
the sensitivity is 70-93% and 85-92%, and specificity 100% and 88-100%, respectively; for an
ACTH increase >50% and cortisol >20% the sensitivity is 93% and and 91% and the specificity 100%
and 88%, respectively (26, 31). Using desmopressin instead of CRH, 40% false-positive responses
were observed in patients with EAS (32), with a reported sensitivity of 77-84% and specificity
73-83% (23, 26). Thus, looking at all the published data it appears that while each test on its own may
be of relatively limited diagnostic accuracy, the combination of the results from HDDST and CRH
tests is of clinical value, since the lack of response to both tests had a sensitivity of 100% and a diag-
nostic accuracy of 98% (2, 5, 24, 33). The combination of these tests resulted in a 100% correct
diagnosis for CD or 79% for EAS, while a 1% false-positive response was shown in patients with EAS
(17, 20, 26). Interestingly, a patient with EAS has been described associated with a lung carcinoid
tumour with an absent response to desmopressin and CRH tests but with a significant increment in
plasma ACTH and serum cortisol levels after the administration of GHRP-6 (20), which is a potent
ACTH secretagogue in normal individuals and patients with CD (34).

The next step in the diagnostic work-up depends on the availability of bilateral inferior petrosal
sinus sampling (BIPSS) with CRH stimulation, which represents the best diagnostic tool for differ-
entiation of ACTH-dependent CS (/, 23). Regarding BIPSS, the criteria used to identify CD is an
inferior petrosal sinus-to-peripheral (IPS:P) ACTH ratio at baseline more than 2.0 and a gradient
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greater than 3.0 following CRH or desmopressin stimulation (/). In patients with EAS, an IPS:P of
less than 2.0 before and after CRH or desmopressin administration has been reported (35, 36).
However, there have been rare reports of false negative (5, 36, 37) as well as false-positive responses,
even following CRH (2, 17, 37-39), particularly when an adequate hypercortisolaemic state is not
present (/0). Furthermore, this test demands experience and is performed only in specialised centres
since its complications include stroke, perforation of the atrial wall, hematomas and transitory
arrhythmias (20).

The responses to these tests did not differ among patients with overt, covert and occult EAS (2). In
addition, no difference was seen among patients with NETs or other tumours or patients with occult
tumours (/7). The importance of the combination of these tests has been proved by reported cases that
showed disconcordance between HDDST/CRH and BIPSS in the presence of EAS (5).

Whole-body venous catheterisation and sampling when an ectopic source is suspected has not been
shown to be useful, and is no longer recommended, besides being clinically demanding, as modern
imaging modalities have proved to be more useful (10, 17, 40). However, selective venous sampling
from suspected sources of EAS on the basis of an abnormal CT may still occasionally be useful to
confirm the source of EAS (2, 10).

Other discriminatory factors traditionally used to differentiate between EAS and CD are the abso-
lute levels of plasma ACTH and the degree of hypokalaemia. With regard to ACTH levels, no cut-off
limit has been defined to distinguish patients with EAS and CD even if some discriminatory values
of baseline ACTH have been described previously (2, 11, 17, 41). In 50-64% of patients with EAS
ACTH levels were greater than 200 ng/L, but with considerable overlap between patients with CD and
EAS (9, 15, 26); 24-32% of patients with EAS had levels within the normal range (/7, 20). On the
other hand, ACTH levels did not differ in patients with occult and overt EAS, suggesting that the
dimension of a tumour is not correlated with the level of ACTH (2, 17); however, higher levels were
observed in patients where the source was identified within 6 months (/7). Biologically-inactive frag-
ments or precursors not detected in conventional ACTH assays have been associated with EAS, such
as pro-opiomelanocortin (POMC) (42), and a high POMC/ACTH ratio has been considered a marker
of tumour aggressiveness (43). However, macroadenomas in CD also tend to produce a larger propor-
tion of inactive ACTH-related molecules. Hypokalaemia is present in around 64—70% of patients with
EAS (9, 15, 17, 20), but is also seen in a minority of patients with CD. Severe systemic infection and/
or sepsis were present in 35% of EAS patients (22), but any grade of infection from mild to severe
was reported in some 50% of patients (/7).

Additional biochemical markers may be associated with NETs and these have been assessed in
several studies. Calcitonin and urinary catecholamines have been measured to exclude MTC and
phaeochromocytoma as a source (6). Calcitonin and gastrin have been both found to be the most com-
monly elevated tumour markers, regardless of tumour type, in all the recent series (2, 20); calcitonin
has been suggested to be particularly useful in differentiation between EAS and CD since in the latter
it shows low levels (/7). Specifically, increased levels were seen in 75% and 38% patients with overt
and occult tumours, respectively, and overall in 44-66% of EAS (9, 11, 17). It has been also suggested
that when tumour markers indicative of endocrine islet cell tumours were positive, such tumours were
relatively large and radiologically evident. On the other hand, urinary 5-hydroxyindoleacetic acid
levels were normal in the majority of patients since NETs arising from the embryonic foregut (such
as the lung) are usually deficient in the enzyme aromatic L-amino acid decarboxylase (44); however,
they have been found to be increased in 26% of EAS patients (/8). Other tumour markers occasionally
documented as elevated are the gut peptides such as glucagon, somatostatin, pancreatic polypeptide,
vasoactive intestinal peptide, the placental marker B-human chorionic gonadotropin, and the oncofetal
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proteins o-fetoprotein, carcinoembryonic antigen, and other neuroendocrine or hormonal markers
such as NSE, o-subunit and GHRH (72, 2/). In general, one or other of such tumour markers is
increased in 72% of patients with EAS (20).

Imaging

In searching for an ectopic source, axial imaging with thin-cut multislice imaging with chest,
abdominal, and pelvic CT scanning, plus possibly MRI of the thorax and pelvis, are complementary
and have the highest detection rate for EAS source identification (2, /1, 17, 21). MRI of the abdomen
is not used routinely, in part because of the problem of bowel movement artefact and because of the
fact that calcification associated with the primary tumour is easier to identify on a CT scan; CT and
MRI fail to localise the source of EAS in 8-50% of patients (2, /0, 17, 20), but this rate reduces to
12.5% when an appropriate and meticulous technique is used and patients are followed-up long-term
along with the additional newer imaging modalities (2, 5).

Scintigraphy has been reported to be variably helpful, and in the absence of conventional imaging
is often difficult to interpret (2/). Standard !''In-octreotide scintigraphy (Octreoscan™) has been
claimed by some groups as offering novel information, but while it may occasionally be useful on
its own it generally has not shown a source undetectable on CT and MRI, although it does add
supportive functional data (16, 17, 45). However, even if the data do not support the superiority of
the octreotide scintiscan over CT scanning, as shown in a direct comparison (9, /2, 45), it has been
proved useful to enhance their resolution for findings not seen on first assessment (/2, 20), and there
are isolated cases that report its superiority (46, 47). It has been recently suggested that its performance
is useful as complementary modality to CT and MRI in specific cases (20, 48, 49) and should be
considered when other imaging modalities fail to localise the ACTH-secreting tumour (5, 49, 50). In
one report, the octreotide scintiscan (using high doses - 180 mCi) identified a tumour in one patient
with otherwise negative imaging (5/). It may be that PET scanning with the new isotope Ga-68 will
be more sensitive.

The standard ['®F]Flurodeoxyglucose positron emission tomography (FDG-PET) scan usually does
not add more information since such occult tumours have a low metabolic rate and FDG-PET did not
detect tumours that were occult on CT/MRI (51, 52). However, there are isolated cases where FDG-
PET identified tumours not revealed by the other imaging studies, or were useful to confirm suspicious
findings and recurrence (53, 54). Furthermore, a bronchial carcinoid overlooked by planar indium-111
pentetreotide scintigraphy was accurately localised by SPECT/CT acquisition (55). On the other hand,
whole-body PET with "'C-5-hydroxytryptophan has been used in few cases and it seems promising
when the source of EAS cannot be identified and may thus identify an otherwise occult NET (56, 57).
BI1- and 'I meta-iodobenzylguanidine scans have also been used in occasional patients with or without
success in primary tumour or metastasis identification (2, /0). Other imaging studies such as selective
abdominal angiography and endoscopic ultrasonography can be used in specific cases when there is a
suspicion of a pancreatic NET (/2), and thyroid ultrasound to exclude an MTC (21).

Finally, one additional imaging tool is the appearance of the adrenals on CT scanning, as these have
been reported to be normal in size in only 7% of patients with EAS, while a moderate or marked hyperplasia
is present in 56% and 37% respectively. By contrast, in CD 50% show either normal or mildly enlarged
adrenals (/0). However, no difference was observed between EAS and CD regarding macronodular
hyperplasia (11% vs. 10%, respectively). Of note, the search for a secretory phaecochromocytoma has
to be included in the investigation of EAS, as well as the fact that the presence of adrenal hyperplasia
might complicate the search for a source prior to control of the hypercortisolaemia (/0).
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TREATMENT OF EAS

Surgical Approaches

When an ectopic source is identified the ideal treatment is radical excision of the tumour. In
patients with a single primary lesion, curative resection with complete remission was found in 83%
(2). In most studies curative surgery was successful in 30-47% (2, 17). Conversely, the surgical
approach might be non-curative in disseminated tumours but may still supply useful diagnostic biopsies.
On the other hand, multiple recurrences may be controlled by multiple surgical excisions (58).

Another surgical approach in EAS is unilateral or complete bilateral adrenalectomy, performed in
30-56% of patients when hypercortisolaemia cannot be treated by other means, or when a source of
EAS remains occult after a long-term follow-up. It has also been used when medical treatment was
ineffective, not well tolerated, or rejected by the patient, as in young women desiring pregnancy
(2, 8, 17, 20). The recent advances in the technique of bilateral laparoscopic adrenalectomy make this
alternative attractive, particularly in occult EAS (59).

Medical Therapy

The medical management of a tumour associated with EAS should target the tumour or its conse-
quences, namely the hypercortisolaemia. Consequently, inhibitors of cortisol secretion have to be
used for the rapid control of the short-term sequelae of hypercortisolaemia, the metabolic conse-
quences and poor healing (60). The time to use these drugs is during the diagnostic work-up after the
biochemical tests and before the surgical approach, or during the “waiting period” for the identifica-
tion of a covert or occult tumour (/7, 6/). This fact has to be considered in case of SCLCs, since the
correction of hypercortisolism has to be achieved promptly to normalise serum cortisol rapidly since
myelosuppressive cytotoxic chemotherapy creates a highly lethal combination with cortisol excess.
It has been recently reported that in medical oncology departments, myelosuppressive regimens are
often postponed for several weeks until cortisol has been normalised (62). Additionally, etomidate
infusions have been successfully used when a rapid control of hypercortisolaemia in severely ill
patients with EAS is required (63), or when severely ill patients are unable to take oral medications
long-term (64).

In some cases, somatostatin receptors (SSTRs) as well as dopamine receptors have been identified
in tumour specimens or by imaging studies, and thus somatostatin analogues (SSAs) and dopamine
agonists, alone or in combination, have been used in cases of recurrence, incomplete resection or
occult tumours (65, 66). The presence of SSTRs in EAS has been investigated and confirmed by
octreotide scintiscanning (67), and SSAs have been successfully used to reduce cortisol levels alone
or in combination with inhibitors of cortisol secretion (68—70). Interestingly, it has been demonstrated
that aberrant functioning of the glucocorticoid receptor may be responsible for the sensitivity to SSAs
in EAS opposed to CD (65, 71, 72). In addition, D, and D, receptors were identified in NETSs, and
cabergoline treatment effectively reduced cortisol levels in some patients with persistent EAS after
surgery (73). However, each treatment alone was associated with an escape phenomenon (73, 74)
although this was abrogated by the combination with SSA and the dopamine agonist treatment, as
shown in a patient with EAS and an atypical carcinoid tumour (75).

Complementary Therapy

Additional types of treatment have been used whenever surgery is not curative, and a multidisci-
plinary approach should be adopted to control tumour growth and associated symptoms (6). External
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radiotherapy directed to the mediastinum has been used for carcinoids directed to the tumour bed or
to metastatic deposits (2, /7). Radiofrequency ablation was used to treat hepatic metastases of NETs,
and intraoperative “octreoscanning” with a hand-held gamma detector probe has been proposed to
increase the intraoperative detection rate (76, 77). Interferon has also been used in metastatic NETS
and SCLCs, as well as chemotherapy with 5-fluorouracil, streptozotocin, cisplatin, etoposide, and/
or adriamycin (/7). Hormone analogues and/or radionuclide treatment, chemoembolisation and
BII-MIBG treatment have also been used (2).

Prognosis

The prognosis of patients with EAS is influenced by tumour histology and by hypercortisolaemia,
since they both affect mortality and morbidity. Patients with SCLCs and thymic carcinoids seem to
have the worst prognosis, while patients with tumours with endocrine differentiation have a better
prognosis. Furthermore, patients with MTC, phaeochromocytoma and other carcinoid tumours have
a worse prognosis compared to bronchial carcinoid tumours. Islet cell tumours and MTC are aggres-
sive and frequently metastatic at the time of diagnosis (2). Metastatic deposits imply a negative effect
on overall survival in patients with NETs, while extrathoracic NETs, thymic carcinoids, SCLCs,
MTC, and gastrinomas which usually were detected as overt tumours with metastatic disease caused
death within 2 years (/7). On the other hand, pulmonary, appendiceal and pancreatic carcinoids, and
pulmonary or mediastinal NETSs, tended to be initially occult and were less likely to metastasise
(3, 17). Patients harbouring phaeochromocytomas or bronchial carcinoids, and those without local or
lymph node metastases, seemed to have a better prognosis when compared with those with local
or distant metastases (20). Generally, patients with pulmonary EAS (besides SCLCs) survived longest
(17). Survival analysis revealed that tumour histology and, in the subgroup of NETs, the presence of
non-lymph node metastases, are the most important prognostic factors predicting overall survival (2).
The mortality rate described was 18—-63% depending on the duration of follow-up: 81% of patients
died because of metastases (2, /7). Interestingly, the observed mortality rate was 100% for SCLSs,
100% for MTC, 67% for gastrinoma, 67% for islet-cell tumours, 40% for thymic carcinoid, 20% for
phaeochromocytomas, 15% for NETSs, 9% for pulmonary carcinoids, and 12-40% for occult tumours
(2, 17). Thus, patients with occult tumours survived longer (2, /7, 20), and in the longest follow-up
study only patients with NETs were still alive (2). Interestingly, the survival of patients with occult
EAS was affected by the prompt and effective control of hypercortisolaemia (5, /7). Hypercortisolaemia
was associated with infections, pancreatitis, peritonitis with perforation, meningitis, cardiac failure
and pulmonary embolism, these also being causes of death (2, /7, 20). This fact implies the necessity
for the rapid control of hypercortisolaemia and the prophylaxis of its complications.

OTHER TYPES OF ECS

Isolated CRH CS is a very rare cause of ECS and has been described with SCLCs, bronchial
carcinoid, ectopic pituitary adenoma, intrasellar gangliocytomas, phaeochromocytomas, prostatic
carcinomas and MTC or its metastases (/2, 78). Most patients had pituitary surgery with the dem-
onstration of pituitary hyperplasia, and their diagnosis followed surgery or was post-mortem (/2).
It has been suggested that some of those cases are tumours co-secreting CRH and ACTH, with
negative immunostaining for ACTH because of the high ACTH secretion levels (/2, 79). Such
combined CRH and ACTH secretion causing CS has been described with SCLCs, bronchial and
thymic carcinoids, pancreatic carcinoma and MTC, phaeochromocytoma, paraganglioma and
nephroblastoma (12, 79).
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PITFALLS IN DIFFERENTIAL DIAGNOSIS

As previously stated the diagnosis of EAS has to be carefully based on clinical, biochemical and
imaging features of a patient with CS. A conclusive diagnosis may need to be deferred until there is
clear-cut evidence of an ectopic source or the identification of a pituitary adenoma; the major pitfall
is the interruption of follow-up of occult EAS, which has to be prolonged for more than 20 years (27).
The outcome of this management is a rate of 12-50% of patients with EAS undergoing transsphenoi-
dal surgery, this rate being higher in occult EAS (8, 10, 16, 17, 80).

However, improvements in imaging may demonstrate “lesions” which are unrelated to the source
of ACTH, as they do in the pituitary (8/). On the other hand, the fact that bronchial carcinoids might
be equal or less than 1cm (23), and may be confused with vascular shadows, is a further pitfall for the
unwary (25). Octreotide scintiscanning should always be performed only in conjunction with conven-
tional imaging studies since false-positive results have been reported in certain conditions, such as
inflammation, granulomatous and autoimmune lesions, follicular thyroid adenomas, radiation fibro-
sis, lymphomas, and accessory spleens (25).

With regard to biochemical testing, again all results must be judged in combination. Recently, it
was reported that the clinical and biochemical features, and very high ACTH levels, seen in a cohort
of patients with pituitary macroadenomas to some extent mimicked those of the EAS: the rate of
cortisol suppression is lower in patients with CD caused by pituitary macroadenomas compared to
microadenomas (82, 83). Furthermore, technical problems during catheterisation, petrosal sinus hypo-
plasia, and anomalous venous drainage may result in false-negative results of BIPSS (25), while
ectopic CRH secretion or treatment with inhibitors of cortisol secretion result in false-positive results
of BIPSS because of desuppression of the normal corticotrophs with consequent responsivity to CRH
or desmopressin (21, 25).

Finally, the cyclical secretion of ACTH in EAS has to be considered since the intercycle suppres-
sion of normal corticotroph production could lead to a false-negative BIPSS if sampled during an
“off” phase (37). Cyclic hypercortisolaemia has been described in association with typical bronchial
and malignant carcinoid tumour of the lung, gastric carcinoid, oncocytic carcinoid of the kidney,
bronchial adenoma, phaeochromocytoma, ectopic pituitary adenoma and in occult tumours (47, 66,
84-86). A recent review reported a prevalence of 26% of EAS in patients with cyclic CS between
published series and case reports (85). However, in the most recent series of patients with EAS,
4-10% had “cyclic” CS as opposed to a prevalence of 15% recently described in CD (2, 20, 87).

CONCLUSIONS

We would emphasise that nearly any neuroendocrine or non-endocrine tumour, including atypical
tumours, may be associated with EAS. This is the reason why a multidisciplinary approach is required
for both diagnostic work-up and therapeutic management. The lack of consistent endocrine evaluation
and imaging to clearly reveal the source of EAS suggests the adoption of a step-by-step approach,
particularly in the case of occult disease. It is important to consider a probabilistic approach to
diagnostic testing in place of a linear algorithm. New technologies in imaging and nuclear medicine
as well as new drugs that target the sources of EAS are continuously under exploration for better
management of EAS. Survival of patients with EAS depends on the source of the primary tumour;
those with SCLCs fare badly but the more indolent tumours, especially the bronchial carcinoids, show
prolonged survival followed by pancreatic and appendiceal carcinoids. Furthermore, if a source
repeatedly fails to be found, the prognosis is often favourable and the appearance of a malignant
tumour, albeit of low grade, must be sought during follow-up, which should be lifelong.
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Since Don Nelson’s first description in 1958 of a pituitary macroadenoma occurring after adrenalectomy
in a patient with Cushing’s disease, the “Nelson’s syndrome” has long been feared. However, major
medical advances, such as pituitary imaging with MRI, surgery by the transsphenoidal route, and safe
radiotherapy, have changed the way corticotroph tumor progression (CTP) can be monitored and
treated. Rather than “wait” for the late occurrence of Nelson’s syndrome, as defined originally with
the complications of macroadenomas, we can now detect, early and precisely, the possible occurrence
of CTP long before the classical features of Nelson’s syndrome have developed.
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In a recent study of 53 patients followed by MRI after bilateral adrenalectomy, we showed that
3 years after adrenalectomy, the proportion of patients showing evidence of CTP reached 39%; this
number tended to plateau at 47% after 7 years. Thus, ca. 50% of the patients showed no evidence of
CTP under this time period. Factors that were found to be significantly associated with a higher risk
to develop CTP were duration of Cushing’s disease, baseline ACTH plasma level in the year following
adrenalectomy, and the rate of increase in ACTH plasma levels after adrenalectomy.

If necessary, pituitary surgery and/or radiotherapy can control the CTP in a majority of situations.
The CTP does not seem accelerated during the pregnancy.

There is no question that pituitary surgery remains the first-line treatment in most patients with
Cushing’s disease. Yet, when complete removal of a corticotroph tumor is not achievable, total bilat-
eral adrenalectomy can be considered among the various therapeutic options in Cushing’s disease.
The CTP is not constant and is manageable in most cases. There is a definite need for new pharma-
cologic agent directed against corticotroph tumors.

Key Words: Nelson’s syndrome, Cushing’s syndrome, Cushing’s disease, bilateral adrenalectomy

A WORD OF HISTORY

In 1958, Don Nelson et al. (/) (Fig. 1) first reported on the occurrence of a pituitary macroadenoma
secreting high amounts of ACTH after total bilateral adrenalectomy for Cushing’s syndrome:
a 33-year-old woman who developed marked skin hyperpigmentation, and evidence of pituitary tumor
(enlarged sella on skull X-ray and visual field defects), 3 years after she had been subjected to
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syndrome, but no demonstration of elevated levels of
ACTH has been reported in the plasma ol patients
with this condition. The case described below is that
of a patient who, three years after bilateral adrenalec-
tomy for hyperadrenocorticism, was found to have
a chromophobe tumor of the pituitary gland that
was secreting large quantities of ACTH.

Case RepORT

CR. (P.B.B.H. 9G418), a 33-year-old married woman of
talian extraction, was first admitted to the Peter Bent Brig-
ham Hospital on August 17, 1954. The family and past
histories were nonmnmbutory. Two pregnancies 9 and 10
years previously had been essentially normal. Presenting
symptoms (from 1 to 12 months in duration) included nerv-
ousness, weakness, leg cramps, amenorrhea, acne, lnrsuunn
deepened voice, obesity, rounding of the f

bruisability, abdominal striae, polydipsia and yuna

July 24, 1958

Fig. 1. Publication of the first patient with “Nelson’s syndrome” in the New England Journal of Medicine in 1958.
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bilateral adrenalectomy for Cushing’s syndrome. ACTH plasma levels were high enough to be measured
by a bioassay in the hypophysectomized dog. Other authors independently reported similar cases
(2-5), demonstrating the existence of ACTH-secreting pituitary adenomas, as had been previously
surmised by Harvey Cushing (6). These observations came as an illuminating clue for the pathogenesis
of Cushing’s disease. They also raised the fear that adrenalectomy in Cushing’s disease could induce
the occurrence or trigger the growth of a pituitary adenoma, with the risk of subsequent complications
related to the tumor burden. In 1960, Nelson et al. published the first series of patients (7): “Nelson’s
syndrome” (NS) was born, which, 50 years later, still remains an “ill-defined”” condition.

NELSON’S SYNDROME: IS THERE A DEFINITION?

About 50 series (8, 9) have reported on NS, grossly defined by the association of an “expanding”
pituitary tumor and “high” ACTH secretion after adrenalectomy in Cushing’s disease. Variable criteria
have been used: (1) the presence of a pituitary macroadenoma either diagnosed on X-ray or sellar
tomography, or on the occurrence of visual defects, is even not considered; (2) the diagnosis of “high
ACTH plasma levels” based either on qualitative assessment of cutaneous pigmentation, or on various
baseline plasma ACTH cutoffs; (3) the cohorts of patients received heterogeneous treatments, some directly
interfering with the potential tumor growth such as pituitary irradiation. Moreover, major advances such
as transsphenoidal surgery or pituitary MRI have often occurred during the inclusion period.

With these various and heterogeneous “definitions,” the prevalence of NS ranged from 8 to 29% in the
largest series, with a time interval between adrenalectomy and the diagnosis of NS ranging 0.5-24 years.

WE SHOULD RATHER LOOK AT “CORTICOTROPH TUMOR PROGRESSION”

Today we know that the corticotroph adenoma is indeed the cause of Cushing’s disease, and we
can use highly sensitive imaging and biological means to visualize it and assess its function through
pituitary MRI and ACTH measurements with immunoassays. In these cases where bilateral adrenalectomy
is eventually performed, these modern approaches are now routinely used for the diagnosis and/or the
follow-up of patients with Cushing’s disease (Fig. 2).

Nelson syndrome ?
Corticotroph Tumor Progression
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Fig. 2. Corticotroph tumor progresssion (CTP) as assessed by repeat pituitary MRI, 1 year after total bilateral
adrenalectomy in a patient with Cushing’s disease and a negative imaging initially. Parallel increases in ACTH plasma
levels are shown, basally, and after stimulation (desmopressin).
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Rather than “wait” for the late occurrence of NS, as “defined” originally (Fig. 3, upper), we can

now “detect,” early and precisely, the possible occurrence of CTP long before the “classical” features
of NS have developed (Fig. 3, lower).

IS CORTICOTROPH TUMOR PROGRESSION INEVITABLE?

We recently studied (9) the rate of occurrence of CTP in a cohort of 53 patients with Cushing’s
disease who were carefully followed in a single center after bilateral adrenalectomy, using repeat
MRI, for a median duration of follow-up after adrenalectomy of 4.6 years (range 0.5-13.5). None had
received pituitary radiotherapy. The CTP was defined either by the occurrence of an adenoma at MRI
or the growth of a pre-existing adenoma on pituitary MRI.

Three years after adrenalectomy, the proportion of patients showing evidence of CTP reached 39%;
this number tended to plateau at 47% after 7 years (Fig. 4). Thus, ca. 50% of the patients showed no
evidence of CTP under this time period.

Nelson syndrome

Ryl — | — —~ — \,'\,

...today:

Corticotroph Tumor Progression

DT R L 1

I time

Adrenalectomy

Fig. 3. Nelson’s syndrome or Corticotroph Tumor Progression (CTP)? Late diagnosis of the Nelson’s syndrome,

originally, when the diagnosis means lacked sensitivity (upper part). Close follow-up of possible CTP, with modern
tools such as pituitary MRI (lower part).

Proportion of patients with CTP at MRI
w

(] 20 40 &0 a0 100 120 140 180

Months after adrenalectomy

Fig. 4. Survival without evidence of CTP at MRI after total bilateral adrenalectomy in a cohort of 53 patients with
Cushing’s disease not subjected to pituitary irradiation.
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CAN WE PREDICT CORTICOTROPH TUMOR PROGRESSION?

In the past, many studies (9) have attempted to identify predictive factors of the classical NS with
contrasted results, such as young age at adrenalectomy in some studies but not all, lack of pituitary
irradiation prior to adrenalectomy in some studies but not all, the surgical or morphological documen-
tation of a pituitary adenoma before adrenalectomy, the existence of an adrenal remnant after
adrenalectomy in some studies but not all, the duration of the Cushing’s disease in some studies but
not all, and free urinary cortisol before adrenalectomy in some studies but not all. Finally, some factors
have never been demonstrated as predictive, such as the patient’s sex, basal ACTH in the morning
before adrenalectomy, the level of glucocorticoid substitution after adrenalectomy, and pregnancy.

Eventually many studies agreed that a high baseline ACTH plasma value in the year following
adrenalectomy was the best validated predictive factor (9).

In our recent study (9), factors that were found to be significantly associated with a higher risk
to develop CTP were duration of Cushing’s disease, baseline ACTH plasma level in the year fol-
lowing adrenalectomy, and the rate of increase in ACTH plasma levels after adrenalectomy. Some
of our patients had been treated by o,p’DDD at some time in the course of their disease; we
showed that increases in plasma ACTH concentration during o,p’ DDD-induced cortisol depriva-
tion tended to predict CTP after adrenalectomy, but this relationship did not reach full significance
(» =0.08).

In those patients that have been subjected to pituitary surgery before adrenalectomy, pathological
studies of the tissue until now have not unraveled predictors of CTP: in our recent study (9), neither
the presence of mitoses nor a high percentage of Ki67-immunopositive nuclei in the adenoma was
predictive of CTP.

CAN WE DETECT CORTICOTROPH TUMOR PROGRESSION EARLY?

There is a definite need to improve the accuracy of our means to assess pituitary tumor growth by
imaging. Pituitary MRI has brought a real revolution in the field (/0-12), yet little data are available
that provide us with clear tools to evaluate subtle morphological changes. They will be useful not only
to follow CTP after adrenalectomy in Cushing’s disease, but also in other circumstances, when other
types of adenomas are subjected to direct — medical or irradiation — treatments, or, when patients with
acromegaly are treated with GH-receptor antagonists. We have thoroughly evaluated the performance
of pituitary MRI to assess specifically pituitary ACTH secreting adenomas (/3).

The CTP can indeed be easily detected by repeat pituitary MRI. It is recommended that it be
performed before and 6 months after adrenalectomy, then every year, at least for the next 5-6 years.
In the absence of CTP, it seems reasonable to increase the time intervals of MRI surveillance
thereafter.

Repeat determinations of ACTH plasma levels also add valuable information (9). Yet there is no
threshold, no accepted condition (baseline, before or after the morning glucocorticoid administration),
stimulated, suppressed that has proven to be a valid and more sensitive detector of early CTP.

CAN WE PREVENT OR TREAT CORTICOTROPH TUMOR PROGRESSION?

The historical cases of Nelson’s syndrome were characterized by large invasive pituitary macroad-
enomas presenting a major therapeutic challenge. Today with pituitary MRI the tumor could have
been detected much earlier at a smaller size, and the surgical procedures have improved as well as the
radiotherapy protocol.
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Fig. 5. Successful removal of a pituitary corticotroph adenoma that had appeared at MRI years after total bilateral
adrenalectomy.

After adrenalectomy, the goal is not to cure the pituitary adenoma, but rather to manage CTP so
that no complication related to the tumor burden occurs. Indeed, a microadenoma that appears on MRI
after adrenalectomy may not be removed as far as it does not grow, especially in patients with high
risk for pituitary surgery. Alternatively, it may be successfully removed in case of progression
(Fig. 5). A close pituitary MRI follow-up is necessary for an early CTP diagnosis.

Some studies, but not all have shown some protective effect of radiotherapy performed immediately
following bilateral adrenalectomy (9).

The identification of clinical and molecular factors predicting aggressive CTP is needed. With such
factors, we could adapt the pituitary MRI follow-up schedule, we could propose pituitary irradiation
in high-risk patients, and we could better choose the right time for pituitary surgery in face of a growing
pituitary adenoma. It is clear that further prospective studies would be ideally necessary to answer all
these questions, a goal that is difficult to reach when we deal with a rare disease.

IS THERE A ROLE FOR BILATERAL ADRENALECTOMY IN CUSHING’S DISEASE?

Bilateral adrenalectomy is by no means the ideal treatment for Cushing’s disease.

Pituitary surgery, usually by the transsphenoidal route, is indeed the first-line treatment. In case of
failure or recurrence, the choice is generally between pituitary irradiation (inconstant and delayed
success with the risk of pituitary insufficiency) and adrenal directed therapy, either pharmacological
(usually ketoconazol o,p’DDD with their inconstant efficacy and frequent side effects, and precluding
pregnancy) or surgical (constant and immediate success, but adrenal failure and the risk of NS).

In any case, we know that CTP is not constant, and modern follow-up with repeat MRI allows
managing it before the classical NS develops. Under these conditions adrenalectomy is an efficient
therapeutic means in difficult cases, particularly in young women who wish to get pregnant.
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DOES PREGNANCY ACCELERATE CORTICOTROPH TUMOR PROGRESSION?

Because Cushing’s disease often occurs in young female patients, the wish of pregnancy is
frequently an issue that must be taken into account when one has to choose amongst a variety of thera-
peutical options when pituitary surgery has failed. We have thoroughly examined the hypothesis that
pregnancy could unfavorably act on CTP:

A retrospective cohort study was performed on patients who underwent pregnancy after bilateral
adrenalectomy, followed in a single center (Cochin Hospital, Paris): 20 pregnancies from 11 patients.
None had pituitary irradiation: CTP was assessed by pituitary MRI. Plasma ACTH and corticotroph
tumor volume variations before, around and after pregnancy, were monitored and compared using
paired Wilcoxon rank test. Data on maternal and neonatal outcomes were recorded by phone and
obstetrical correspondence. The CTP occurred in 8 out of 17 pregnancies, and ACTH increased in
8 out of 10 pregnancies. However, compared to before pregnancy, neither the corticotroph tumor vari-
ation nor the ACTH variation increased during pregnancy or after pregnancy. We concluded that
pregnancy does not accelerate CTP after bilateral adrenalectomy. Pregnancy in these conditions is
manageable provided the patients can be followed closely (/4).

WHAT WE ALL LOOK FOR IN CUSHING’S DISEASE

The corticotroph adenoma is an “orphan pituitary tumor.”

In contrast with other secreting adenomas like PRL-, GH-, or TSH adenomas, there is, at this time,
no pharmacological means that has unequivocally shown a therapeutic action at ACTH-secreting
pituitary tumors.

Thorough studies are ongoing that may bear some promises: new dopaminergic and/or somato-
statinergic drugs such as cabergoline and the preferential SST5 ligand SOM-230 are actively being
studied, including in clinical trials in patients with Cushing’s disease (/5, /6). The PPAR gamma
agonists have not proved as active in human as in experimental studies (/7), and animal studies with
retinoic acid may also shed some light (/8). Yet, one should remain very cautious.

PATHOPHYSIOLOGICAL HYPOTHESES

There are many questions that still have not found an answer.

Can we distinguish the adenomas of Nelson’s syndrome from the micro adenomas of Cushing’s disease?

Most approaches have shown that pituitary tissues obtained in patients with NS essentially show
molecular features identical to that observed in corticotroph adenomas of Cushing’s disease (/9-27):
POMC gene transcription is qualitatively unaltered, generating the normal 1,200 nucleotide (nt)
POMC mRNA; POMC is normally processed, generating intact ACTH, with no unanticipated POMC
product; most tumors are loaded with CRH-R1 and vasopressin V3 receptors, and remain highly
responsive to their ligands; they express a variety of nuclear factors that are associated with the cor-
ticotroph phenotype: Ptx1, Tpit, Neuro D, Nurr 77, Nur 1, the glucorticoid receptor type 1I; and they
are monoclonal tumors. Yet these tumors, like corticotroph adenomas in general, show a set-point
defect or partial resistance to glucocorticoids. This is best shown by in vivo studies showing that
ACTH plasma levels are not normally suppressed by glucocorticoid administration in patients with
Nelson’s syndrome. Confirmation of this feature in vitro is difficult because the direct comparison
with normal corticotroph cells is absent in most studies.

Does bilateral adrenalectomy actually trigger an accelerated growth of the pituitary corticotroph
adenoma? And, if yes, by what mechanism?
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That some adenomas do indeed grow after adrenalectomy is by no way a proof. We do not know
if the adenoma — whose natural destiny is indeed to grow — would have grown slower if we had taken
the time to observe it without treatment. There is no room here for a controlled trial, with a placebo
group patients placed on anticortisolic drugs, particularly when they are under o,p’DDD, a drug that
can really induce a “chemical adrenalectomy,” often show evidence of CTP, both by imaging
and increased ACTH plasma levels. Yet in both situations a common feature is the efficient cortisol
deprivation that is chronically induced.

Corticotroph adenoma cells express the ubiquitous glucocorticoid receptor (GR), with no evidence for
imbalance between its two isoforms (28, 29). Cortisol lowers the proliferation rate of human corticotroph
adenoma cells in primary culture (30). In rats, dexamethasone induces apoptosis of a subpopulation of
anterior pituitary cells that is expanded by adrenalectomy (28). Whether these cells are corticotroph cells
remains to be established. One case of somatic mutation of the GR in an aggressive corticotroph tumor
in a patient with NS has been reported, but seems to be uncommon (3/). Furthermore, LOH at the GR
locus was found in 6 of 22 corticotroph adenomas (32), but haplo insufficiency was not established.
Whether these abnormalities are more frequent in aggressive tumors of the Nelson’s syndrome is not
known. These data would plead for a direct glucocorticoid inhibition of the corticotroph tumor growth,
but such an evidence in Cushing’s disease is not demonstrable, as glucocorticoids have undissociable plei-
trophic effects such as CRH downregulation. Thus, we cannot definitely conclude that abrogation of
chronic glucocorticoid excess after adrenalectomy would boost the corticotroph tumor growth.

In both situations, “chemical” or surgical adrenalectomy, the cortisol deprivation is relative:
patients are indeed substituted. And the endocrinologist has all the possibilities to monitor his treat-
ment. Yet there are two fundamental differences compared with the untreated situation: (a) much
less cortisol in blood and (b) because patients are usually on hydrocortisone replacement in the
morning and noon, most likely no circulating cortisol overnight. It is conceivable therefore that, in
the latter situation, hypothalamic CRH activity can resume, possibly in an exaggerated manner,
whereas it is thought to be totally suppressed in active Cushing’s disease. It could be hypothesized
that the recovered CRH production acting on a cortisol-deprived ACTH-producing pituitary
adenoma may exert a growth promotion effect. Some animal models provide evidence for such a
role of CRH: CRH excess induces an increase of corticotroph cells number, as seen in tumors with
ectopic CRH secretion (33), in rats with chronic CRH infusion (34) and in transgenic mouse over-
expressing the CRH receptor (35). CRH receptor 1 (CRH-R1) is abundantly expressed in cortico-
troph adenomas (36, 37). However, no mutation of CRH-R1 was found in corticotroph adenomas
(36). Adrenalectomy in rats increases hypothalamic CRH transcription, and is followed by a mod-
erate increase of corticotroph cell number (38), and by a downregulation of CRH-R1 expression
(39, 40). To our knowledge no data are available on the kinetics of CRH-R1 expression in human
corticotroph adenomas after adrenalectomy. Moreover, evaluating the CRH tone in humans after
adrenalectomy is challenging, so that the role for CRH in stimulating the proliferation of cortico-
troph adenoma after adrenalectomy, although attractive, remains speculative. Compounds with
anti-CRH activity might prove useful to test such a hypothesis.

BACK TO HISTORY

After our initial paper of 2004 (9) suggesting that NS should be “revisited,” a more recent one
appeared in the September 2007 issue of Neurosurgical Focus (41) which retrospectively analyzed the
“historical perspectives and current concepts” in Nelson syndrome. Somehow acknowledging
the need to reassess this condition, these authors eventually wrote “the authors believe this disease
must be reevaluated in the contemporary era and a modern paradigm adapted.”

Among the authors of this paper, Don Nelson himself (Fig. 6).
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Nelson syndrome : historical
perspectives and current concepts

Hornyak M, Weiss MH,
Nelson DH, Couldwell WT

Neurosurg Focus 23:E12,
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« Recent photograph of Dr. Don H. Nelson »

« ...the authors believe this disease must be reevaluated in
the contemporary era and a modern paradigm adopted. »

Fig. 6. Reassessment of Nelson’s syndrome by Don H. Nelson.
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Approximately 15-20% of endogenous Cushing’s syndrome (CS) is secondary to adrenal gland
disorders. Unilateral adrenocortical tumors (adenoma or carcinomas) are responsible for the majority
of the cases of primary adrenal CS. Adrenocortical tumors are more common in the population above
50 years of age. Steroid-secreting adrenal tumors causing endocrine disease are rare, however, they
correspond to 80% of all causes of ACTH-independent Cushing’s syndrome. The most common clini-
cal presentation in adults is CS, contrasting with pediatric patients in whom virilization syndrome is
more frequent.

The incidence of adrenocortical carcinoma in the United States is estimated to be 0.2-0.4 per mil-
lion population per year. Nevertheless, there is a high incidence of adrenocortical tumors in Southern
and Southwestern region of Brazil, estimated to be approximately 10-15 times greater than the
worldwide incidence.
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In this chapter, we review the clinical features, hormonal and imaging diagnosis, and treatment of
ACTH-independent Cushing’s syndrome due to adrenocortical tumors.

Key Words: Cushing’s syndrome, adrenocortical tumors, adrenal adenoma, adrenal carcinoma

INTRODUCTION

Cushing’s syndrome (CS) was described by Harvey Cushing in 1932 and since then a variety of
disorders underlying CS has been identified. Endogenous CS is traditionally classified as either
ACTH dependent, corresponding to around 80% of all cases, or ACTH independent, which accounts
for 15-20% of cases (/).

Unilateral functional tumors, adenomas, and less frequently adrenal cortical carcinomas (ACC) are
responsible for the majority of adrenal CS (80-95%). Other causes, accounting for the remaining
10-15% of cases include primary pigmented nodular adrenocortical disease (PPNAD), primary non-
pigmented micronodular hyperplasia, and ACTH-independent macronodular adrenal hyperplasia
(AIMAR) (2).

Here we will review the phenotype, the diagnosis, and treatment of ACTH-independent Cushing’s
syndrome due to adrenocortical tumors.

EPIDEMIOLOGY

Adrenocortical tumors are classified as functional (hormone secreting) or silent and either
benign or malignant. Benign adrenocortical tumors are more frequent with a prevalence of at least
3% in individuals above 50 years of age, whereas ACC are rare, with estimations of prevalence
ranging from 4 to 12 cases per million and incidence 1-2 per million population/year in adults of
North America and Europe (3). Nowadays, the majority of these tumors are discovered inciden-
tally due to the increased number of radiological procedures performed in clinical practice. In
children, the incidence is considered to be approximately ten times lower, with the notable excep-
tion of the Southern and Southwestern regions of Brazil, where an exceptionally high annual
incidence of ACC has been reported (3.4-4.2 per million children under 15 years). The specific
germline mutation (R337H) at TP53 tumor suppressor gene has been frequently identified in this
population (4).

Adrenocortical carcinomas can occur at all ages, from early infancy to the seventh and eight dec-
ades of life. A bimodal age distribution has been reported to ACC, with the first peak occurring
before the age of 5 years, and a second and higher peak in the fourth and fifth decade (5, 6). Women
are commonly often affected than men accounting for 65-90% of reported cases (7, 8). Some inves-
tigators have reported an increased left-sided prevalence, nevertheless others describe a right-sided
preponderance in 2-10% of cases (8). Epidemiologic studies have associated an increased risk of
ACC to the use of oral contraceptives and smoking (9, /0). The ACC has a heterogeneous presenta-
tion and a poor prognosis with high recurrence and mortality rates.

CLINICAL PRESENTATION

Patients with ACC present with signs and symptoms of excessive adrenal steroid output in approxi-
mately 60% of cases. Rapidly progressing CS with or without signs of virilization is the most com-
mon clinical presentation in adults.
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Hypercortisolism induces centripetal obesity, protein wasting with skin thinning and striae, muscular
atrophy (myopathy), and osteoporosis. Cortisol excess can also result in impaired defense against
opportunist infection, glucose intolerance or diabetes mellitus, systemic hypertension, psychiatric dis-
turbances, and gonadal dysfunction in both men and women (Table 1) (/). The clinical presentation of
adult and pediatric patients with adrenocortical tumors (adenoma or carcinoma) is considerably diverse
(Figs. 1 and 2).

Out of 231 patients with adrenocortical tumors followed from 1976 to 2009 at Hospital das Clinicas
University of Sao Paulo, Brazil, 48 adults (40 female; ranging from 16 to 71 years of age) and ten
children (seven female; ranging from 3 months to 15 years of age) bore ACC. Autonomous cortisol
secretion, either alone or in combination with other steroids, was detected in 81% of the adult patients.
Hypercortisolism was identified in 48% of pediatric patients, although only 10% of them presented
classical clinical CS (unpublished data).

Depending on duration and intensity of steroid production its manifestation can range widely
from subclinical to overt Cushing’s syndrome. In patients with adrenal incidentaloma, mild cortisol
secretion can be misdiagnosed because symptoms such as obesity, systemic hypertension, and
glucose intolerance are not exclusive manifestation of CS. An important clinical clue to the pres-
ence of glucocorticoid excess is the concurrent onset and increase of these symptoms simultane-
ously (11, 12).

Table 1
Signs and Symptoms of Cushing’s Syndrome
Signs or symptoms Reported incidence (%)
Centripetal obesity 79-97
Facial plethora 50-94
Glucose intolerance 39-90
Weakness, proximal myopathy 29-90
Psychological changes 31-86
Easy bruisability 23-84
Hirsutism 64-81
Oligomenorrhea or amenorrhea 55-80
Impotence 55-80
Acne, oily skin 26-80
Abdominal striae 51-71
Ankle edema 28-60
Backache, vertebral collapse, fracture 40-50
Polydipsia, polyuria 25-44
Renal calculi 15-19
Hyperpigmentation 4-16
Headache 0-47
Exophthalmos 0-33
Tinea versicolor infection 0-30

Abdominal pain 0-21
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Fig. 1. (al, a2) A 9-year-old girl presenting mixed syndrome with signs of Cushing’s syndrome (moon face, obesity,
abdominal striae) and virilization (acne) due to an adrenocortical carcinoma. The tumor was classified Weiss score 7
and MacFarlane standing II (weight 220 g, diameter 9 cm). She had a fatal outcome, 1 year and 4 months, after radical
surgery (nefrectomy and adrenalectomy) although she has been using mitotane during this time. (b) A 2.5-year-old boy
also presenting mixed syndrome with signs of Cushing syndrome (moon face, obesity) and pseudoprecocious-puberty
isosexual (pubic hair stage III, penis enlargement, and prepubertal testis) due to an adrenocortical carcinoma. The tumor
was classified Weiss score 5 and MacFarlane standing IV (weight 250 g, diameter 20 cm). A fatal outcome occurred 8
months after surgery.

Androgen secreting tumors induce virilization in women and isosexual or heterosexual pseudopre-
cocious puberty in children (/3, /4). The most common manifestations of virilization syndrome in
adult females are deepening of voice, male pattern baldness, hirsutism, alopecia, acne, clitoral hyper-
trophy, oligomenorrhea, and infertility. In men the manifestations of androgen excess are less notice-
able. In the pediatric group, the main signs are related to pseudoprecocious puberty as aggressive
behavior, pubic hair development, facial acne, axillary sweating, penis enlargement without concomi-
tant testicular enlargement, clitoral hypertrophy, and increased growth velocity with advanced bone
age (Fig. 1) (15-17).

Estrogen-secreting adrenal tumors are rare. In males, they may lead to gynecomastia, testicular
atrophy, and decreased libido, and are almost invariably malignant (/8, /9). In our cohort, we have
only one such case: a 17-year-old male whose tumor was deemed malignant on histopathological
examination but without tumor recurrence in 7 years of follow-up. Feminizing tumors in women can
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Fig. 2. (al) A 36-year-old woman with a mild CS due to an adrenocortical adenoma. (a2, a3) 1 and 5 years after
adrenalectomy respectively. (b) Contrast-enhanced CT scan image (late phase) showed a homogeneous, encapsulated,
ovoid and well-defined low attenuation mass at the left adrenal topography. The CT attenuation value was 5 HU,
indicating the presence of intracellular lipid, a characteristic feature of benign adenomas. She underwent a left adrena-
lectomy (Weiss score 1 and McFarlane II, weight 15 g, diameter 6 cm).

cause breast tenderness and dysfunctional uterine bleeding. Prepubertal girls with feminizing tumors
experience early breast and uterine development and early onset of menarche (/5, 20).

The diagnosis of malignancy in nonmetastatic tumors relies on careful presurgical assessment of
clinical, biological, and radiological features and detailed pathological examination of the excised
tumor (see below).

Adrenocortical adenomas are benign tumors of the adrenal cortex, usually small and unilateral.
Most of these tumors cause endocrine symptoms due to ACTH-independent steroid secretion. Benign
adrenocortical tumors usually secrete a single class of steroid. The excessive production of cortisol,
aldosterone or, rarely, androgens or estrogens may occur. Co-secretion of androgens and cortisol is
not frequent in benign adrenocortical tumor but can occur (3, 21).

Symptoms and signs of CS result from chronic exposure to excessive glucocorticoid. The Cushing’s
syndrome is associated with considerable morbidity and increased mortality. In a population-based
study of CS, mortality was increased in the first year after diagnosis, even in those patients without
concurrent cancer, and some of the deaths occurred before treatment could be initiated.

Several laboratory analyses are useful in establishing or confirming excessive glucocorticoid secre-
tion and in monitoring these patients. No single laboratory test is perfect, though. The three most
commonly used tests used for the diagnosis of Cushing’s syndrome are the determination of 24-h
urinary free cortisol, the measurement of midnight plasma cortisol or late-night salivary cortisol, and
the low-dose dexamethasone (1 mg overnight) suppression test (22).

Adrenocortical carcinomas are rare tumors and more than a half of these tumors produce hormonal
and metabolic syndromes that lead to their discovery. The remaining cases are silent and are usually
discovered either through metastatic manifestation or when the primary tumor becomes large enough
to produce abdominal symptoms (/, 6). Although adrenal incidentalomas are rarely ACC, a growing
number of cases are currently being diagnosed during the evaluation of incidentalomas (71, /2, 23).
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This circumstance is important since it might be a way to diagnose an ACC at an earlier stage and to
improve the prognosis (24, 25). The ACC may also be associated with complex genetic syndromes
such as the Li—Fraumeni and Wiedemann—-Beckwith syndromes (24, 26, 27).

The proportion of ACC that secrete hormone varies from 25 to 75% in the literature. The ACC can
secrete various types of steroids and co-secretion of androgens and cortisol is the most frequent and
highly suggestive of a malignant adrenocortical tumor (9, 2/). The ACC can also secrete mineraloco-
rticoids and steroid precursors (14, 21, 28).

Detection of steroid excess is important for establishing the adrenocortical origin of the tumor and
for follow-up. Probably, less than a third of ACCs is “nonhypersecretory” after careful hormonal
investigations. In these cases, one should be cautious not to under diagnose a tumor in the adrenal area
as an ACC. These nonhypersecretory ACCs can be diagnosed following the investigation of adrenal
incidentalomas or discovered by the manifestations of the tumor growth or extension: local symptoms
(pain, palpation of a mass, venous thrombosis, etc.) or distant metastases (liver, lung, and bones) (28).
Fever may occur due to tumor necrosis. The general condition of the patient is most often preserved
until very late stages, resulting in a delay in the diagnosis of nonhypersecretory ACCs (29).

DIAGNOSIS

Several laboratorial analyses are useful in establishing or confirming excessive glucocorticoid
secretion and in monitoring these patients. The three most commonly used tests for the diagnosis of
Cushing’s syndrome are the determination of 24-h urinary free cortisol, the measurement of midnight
plasma cortisol or late-night salivary cortisol, and the low-dose dexamethasone (1 mg overnight) sup-
pression test. No single test is perfect, therefore is prudent to use at least two tests to confirm
Cushing’s syndrome diagnosis.

Hormonal Findings

Hormonal evaluation is mandatory in all patients with a suspected adrenocortical tumor.
Unfortunately, hormone determinations are usually of limited help in predicting malignancy. However,
in the presence of an adrenal lesion, extremely elevated serum dehydroepiandrosterone sulphate
(DHEAS) levels suggest an ACC, as benign adrenocortical tumors often exhibit low serum DHEAS
levels (3, 9, 14, 21). A high testosterone level was the most common finding in adults and children
with virilization followed by high DHEAS, androstenedione, and dehydroepiandrosterone. High
11-deoxycortisol levels were frequently associated with tumor recurrence. Cortisol suppression after
dexamethasone was altered in 93% of patients with virilization and no clinical features, suggesting
autonomous cortisol secretion (/3). The diagnosis of ACTH-independent cortisol hypersecretion is
established by undetectable plasma ACTH levels concomitantly to increased urinary cortisol excre-
tion that is not suppressed by high doses of dexamethasone (see “Dynamic Tests” section). Serum and
salivary midnight cortisol and low-dose dexamethasone suppression test (DST) can confirm CS.

Virilizing tumors are usually characterized by exhibiting high serum levels of testosterone, andros-
tenedione, and DHEAS, whereas patients with feminizing tumors have high serum estradiol levels.
Some of these tumors produce intermediate products of the steroid biosynthetic pathway, such as
progesterone, 11-deoxycortisol, DOC, androstenedione, and estradiol. Secretion of aldosterone by
ACC is not frequent and can be detected by plasma aldosterone and renin assays. An unusual hormone
secretion by ACC was demonstrated in a 30-year-old male who had selective FSH suppression due to
inhibin B and estrogen tumor secretion (30).

It is important to determine the level of the adrenal steroids prior to surgical resection of the tumor
because they can be used as biochemical markers in the postoperative follow-up (/).
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DYNAMIC TESTS
24-h Urinary Free Cortisol Level

Hypercortisolism is best established by the determination 24-h excretion of urinary free cortisol.
In this test, cortisol levels should be determined in at least two or three 24-h urine samples. The upper
limit of normality varies in different laboratories, according to the measurement technique used.

More than 90% of patients with the CS present high levels of 24-h excretion of cortisol urinary free
(three to four times above the limit of assay) (3/).

Midnight Plasma Cortisol and Late-Night Salivary Cortisol Measurements

Cortisol production is normally suppressed at night, but in CS this suppression does not occur.
Therefore, if the serum or salivary cortisol is elevated during the night, CS should be suspected.
Sampling of midnight serum cortisol generally requires a 48-h hospital admission in order to avoid
falsely elevated serum cortisol levels due to stress. However, a late-night or bedtime salivary sample
can be obtained at home, and then tested to determine the free cortisol levels. Diagnostic ranges vary,
depending on the measurement technique used. The overnight single-low-dose (1 mg) dexametasone
suppression test is a useful screening test for CS. Serum cortisol levels at 8:00 a.m. higher than 1.8
png/dL (50 nmol/L) indicate failure of suppression. In addition, a low plasma ACTH levels concomi-
tant to elevate serum cortisol levels indicate autonomous activity of the adrenal glands (3, 28, 32).

Dexamethasone Suppression Test

Two modalities of DST are widely used: overnight and 48 h. For the overnight test, 1 mg of dex-
amethasone is given at midnight and serum cortisol levels are measured on the following morning at
8:00-9:00 a.m. For the 48-h test, 0.5 mg of dexamethasone is given every 6 h for 2 days at 9:00, 15:00,
21:00, and 3:00 h, and cortisol levels are measured in the serum at 8:00 h at the beginning and at the
end of the test. To exclude Cushing’s syndrome, serum cortisol levels should be of 50 nmol/L (1.8 pg/
dL) or less after either test. Due to its simplicity, the 1-mg DST probably is still the most frequently
used screening tool to rule out Cushing’s syndrome (22). The 48-h test may also be used as a screen-
ing test but it is more often used as a confirmatory test. Although more cumbersome than the over-
night test, it is more specific and with adequate regular instructions can be done by outpatients. For
both tests, potential malabsorption of dexametasone must be ruled out as well as the use of drugs that
increase the hepatic clearance of dexamethasone, such as carbamazepine, phenytoin, phenobarbital,
rifampicin, meprobamate, aminoglutethimide, methaqualone, and troglitazone (32).

RADIOLOGICAL INVESTIGATION

In patients with ACTH-independent Cushing’s syndrome due to an adrenal lesion, the most common
diagnostic dilemma is distinguishing an adrenal adenoma from carcinoma. A variety of imaging pro-
cedures can be useful to discriminate the benign from malignant characteristics of an adrenal cortical
neoplasm (Table 2). In a series of 210 patients with an incidental finding of an adrenal mass, a cutoff
diameter of 5 cm yielded 93% sensitivity and 63% specificity for the diagnosis of carcinoma (33). The
most commonly used procedures are computed tomography scans (CT scans) and chemical-shift mag-
netic resonance imaging (MRI) (Fig. 2). Both techniques rely on the presence of intracellular lipids to
characterize adenomas (34) (see also Chap. 8).

The CT scans are very informative for the diagnosis of adrenocortical tumors. The ACC carcino-
mas will most commonly be identified as large unilateral masses (above 5-6 cm, typically 10 cm
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Table 2
Nonspecific Findings of Anatomical Imaging that May Help in Differentiating Benign
from Malignant Adrenal Masses

Features Benign mass Malignant tumor*
Size <4 cm >4 cm
Shape/margins Round/smooth Thick/irregular
Homogeneity CT or MRI Homogeneous Heterogenous
Lipid content High (except lipid-poor adenomas) Low
Growth rate Slow Rapid
CT density <10 HU (lipid-rich adenomas)
>10 HU (lipid-poor adenomas) >10 HU
CT enhancement after contrast Early enhancement and early Variable enhancement
administration washout with slow washout
% Absolute enhancement washout >60% <60%
(AEW)
% Relative enhancement washout >40% <40%
(REW)
MRI signal on T2-weighted Low High
sequences

*Primary adrenal carcinoma or metastasis

and above), compressing the kidney. Besides the size of the tumor, other features may suggest
malignancy such as the lack of homogeneity with foci of necrosis and irregular margins; spontane-
ous high density before injection of contrast media [above 10 Hounsfield units (HU)], indicating a
low fat content in opposition to the high fat content often found in adrenal adenomas. The threshold
value of 10 HU is associated with 71% specificity and 98% specificity for the diagnosis of carci-
noma. This is comparable to results obtained with chemical shift MRI (Fig. 3). For the identification
of lipid-depleted poor adenomas, delayed contrast-enhanced CT is more accurate. Threshold attenu-
ation values of 30—40 HU or the washout after contrast media injection during CT scan below 50%
at 15 min are equally efficacious to distinguish typical ACC enhancement washout of 60% at 15
min. The combination of attenuation values and percentage of washout correctly characterized 96%
of adenomas in a recent report (35). On MRI, tumors are often hypointense in comparison to the
liver on T1-weighted images and hyperintense on T2-weighted images. Superior identification of
blood vessels and the multiplanar capability of MRI make it the imaging modality of choice for
evaluating the extent of disease and planning surgical excision. The distinction between benign and
malignant masses on the basis of the presence of lipid can also be determined by chemical shift
MRI, with 81% sensitivity and 100% specificity (36). Lipid-rich adenomas show a 34% change in
relative signal intensity between in-phase and out-of-phase imaging, whereas nonadenomas do not
change. The CT scan and MRI are also employed for the detection of local invasion, distant metas-
tases (lung), liver nodules, venous invasion, and potentially involved lymph nodes (35) (Fig. 3).
Defining metastatic extension is crucial for staging the disease and planning treatment. Adrenal
scintigraphy with iodocholesterol is not routinely necessary, although it might occasionally help
since adrenocortical adenomas tend to uptake the radionuclide (37). By contrast, ACC — especially



Fig. 3. (a) A 23-year-old woman with mild CS due to an adrenocortical carcinoma. An axial T1-weighted in-phase
MR image showed a large (10.9 x 9.5 x 11.5 cm?), heterogeneous mass in the left adrenal gland, containing high-signal
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nonsecreting tumors — often do not uptake the radionucleotide. Bone scintigraphy may help to
evaluate bone metastases. However, in patients with CS, bone remodeling and/or fracture can induce
false positive results of bone scintigraphy (38). More recently, studies have demonstrated that ACCs
almost invariably have a high uptake of 18-fluorodesoxyglucose (18)-FDG (39). Thus, (18)-FDG
positron emission tomography (PET) scan appears to distinguish between benign and malignant
adrenal tumors (40, 41) (Fig. 3). This simple, nontraumatic imaging procedure can also be used for
the extension workup. PET using C-labeled metomidate is a tissue-specific imaging procedure that
has been demonstrated to detect both adrenal adenomas and ACC (42). Its use in the extension
workup of ACC needs to be investigated.

HISTOPATHOLOGICAL EVALUATION

Adrenocortical tumors may arise from any of three cortical layers: glomerulosa, fasciculate, and
reticularis. They have classically been considered as epithelial tumors and therefore are classified as
carcinoma or adenoma, however even after surgical removal this distinction may remain difficult (43).
A number of diagnostic protocols have been published, some of them attributing different numerical
weighting to a combination of clinical, biochemical, and morphologic features. A score correspond-
ing to sum of these criteria defines the tumor as adenoma, carcinoma, or of uncertain malignant
potential (44, 45). In the pediatric group, tumor staging is more reliable than Weiss criteria (see
below) (16).

Adult group: The classification of adrenocortical tumors is also based on their size assessed by
imaging. The tumor weight is important as well, since most of them weigh between 20 and 50 g,
while most malignant cortical tumors weigh more than 100 g. The histopathological examination
should be performed by an experienced pathologist (46) Differentiation between benign and malig-
nant adrenal lesions is based on macroscopic features (tumor weight, hemorrhage, breached, or
intact tumor capsule) and microscopic assessment using the Weiss score, the most widely used tool
(44, 45). Weiss criteria was based on nine features and the presence of any three of these indicated
malignant potential in adult patients (/6) (Table 3). Nuclear atypia, atypical and frequent mitoses
(more than five per 50 high-power fields), vascular and capsular invasion, and necrosis are sugges-
tive of malignancy. In addition, broad fibrous bands are a characteristic feature differentiating ACC
from benign tumors. This system is widely used by pathologists and is reported to have 96% spe-
cificity, 100% sensitivity, and good correlation of the overall score (r - 0.94) in adults (/6).
Immunohistochemistry provides important additional information. Several studies have demon-
strated the value of Ki67 staining in differentiating benign from malignant lesions (47). In addi-
tion, Ki67 expression may be of prognostic relevance as high expression has been associated with
poor survival (47). Other markers like D11, inhibin, melan-A, and chromogranin A are helpful to

<
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Fig. 3. (continued) intensity areas within the mass, suggesting hemorrhage. A full contact surface of the tumor
mass and the liver is noted and a clear cleavage line between these structures was not evident. (b) An axial fast spin
echo T2-weighted MR image did not identify liver metastases before surgery. (¢) Axial T1-weighted out-of-phase
image showed multiple liver metastases (four solid nodules). (d) Axial T2-weighted out-of-phase image showed
no loss of signal intensity within the nodules in the liver metastases. The patient was in use of mitotane and
chemotherapy at day 92 postsurgery. (e) The image obtained with [18F]-fluorodopamine (FDA) positron emission
tomography-computed tomography fusion (PET-CT) of the same patient showed a high homogeneous uptake in the
abdominal projection, corresponding to two nodules in liver (V and VI segments). (f) [18F] FDA-PET showed no
uptake in chest.
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Table 3
Histological Features to Be Assessed to Determine Malignant Potential

Weiss score

. Diffuse architecture

. Clear cells — 25% of total

. Significant nuclear pleomorphism

. Confluent necrosis

. Mitotic count — 6 per 50 high-power fields
. Atypical mitoses

. Capsular invasion

. Sinusoidal invasion

O 00 3 O Lt B W N =

. Venous invasion

Adrenocortical tumors with Weiss score 3 are classified as malignant tumors in adult
group (44, 45)

confirm the adrenocortical origin of the tumor. Finally, several new markers (LOH at 17pl13,
IGF-II overexpression, cyclin E) have been proposed to distinguish between benign and malignant
adrenal lesions (48, 49).

Pediatric group: The pathologic classification of pediatric adrenocortical tumors is troublesome.
Clinical manifestation and biologic behavior of these lesions can be quite distinct from their histologi-
cal equivalents in the adult population (48), meaning that pathological criteria (Weiss score) alone are
not reliable for distinguishing benign from malignant tumors (48). A retrospective study of 83 adrenal
cortical neoplasms investigate if adult clinical and histological features can be applied to pediatric
patients, using an outcome-based analysis (/6). Most of the patients (50 girls and 33 boys) presented
with hormone-related symptoms for a mean of 6.8 months. The tumors ranged in size from 2 to 20
cm (mean 8.8 cm). Histological parameters examined included capsular and/or vascular invasion,
extra adrenal soft tissue extension, growth pattern, cellularity, necrosis, cytoplasmic eosinophilia,
nuclear pleomorphism, nuclear-to-cytoplasmic ratio, prominent nucleoli, mitotic figures, atypical
mitotic figures, bands of fibrosis, and calcifications. Immunophenotypically, there was reactivity with
inhibin, vimentin, CKS5, and focally with p53 and Ki-67. All patients underwent adrenalectomy, and
20 patients received adjuvant therapy. All patients with tumors classified as adenomas (n = 9) were
alive, without evidence of disease (mean 14.7 years), whereas 21 patients with carcinomas had died
with disease (mean 2.4 years). Only 31% of histologically malignant tumors behaved in a clinically
malignant fashion. Features associated with an increased probability of a malignant clinical behavior
included tumor weight (>400 g), tumor size (>10.5 cm), vena cava invasion, capsular and/or vascular
invasion, extension into periadrenal soft tissue, confluent necrosis, severe nuclear atypia, >15
mitotic figures/20 high power fields, and the presence of atypical mitotic figures. Vena cava inva-
sion, necrosis, and increased mitotic activity (>15 mitotic figures/20 high power fields) independ-
ently suggested malignant clinical behavior in multivariate analysis (/6). The clinical manifestations
and biologic behavior of adrenal cortical neoplasms in pediatric population can be quite distinct
from their histologically similar counterparts in the adult population, making classical pathologic
criteria for distinguishing benign from malignant tumors equivocal. In general, the presence of most
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of these markers and molecular changes becomes more frequent as the tumoral malignancy grade
increases. Some of the genetic changes described are uncovered in the late stages of the disease, and
it is likely that a better understanding of early events may lead to a more effective control of the
process of tumorigenesis.

STAGING

Staging of Adrenocortical Tumor

A variety of staging systems have been used for adrenocortical cancer (5/) and most investigators
use a surgical staging system based on the size of the primary tumor and regional or distant tumor
extension, as described by MacFarlane (1958) and modified by Sullivan (1978) (50, 52).

The system is most frequently used to predict the prognosis (50, 52). However, the proposed
modifications are plausible, as they may reflect the natural history of the disease in a better way and
correlate closely with other staging systems used for solid tumors (53, 54). Accordingly, the new
“Union International Contre Cancer” (UICC) staging system published by the World Health
Organization in 2004 is based on this classification (55). Stages I and II comprise localized tumors
with 5 cm or smaller and larger than 5 cm, respectively. Locally invasive tumors or tumors with
regional lymph node metastases are classified as stage I1I, whereas stage I'V consists of tumors invad-
ing adjacent organs or presenting with distant metastases. In the majority of patients with stages
I-III, complete tumor removal may be achievable, whereas this is highly unlikely in the presence of
distant metastasis (stage IV). While in older series (/0), most patients were diagnosed in advanced
stages of disease (stage IV), some more recent studies have reported the highest percentage of
patients in stage Il (56, 57) probably reflecting improved and more widely available imaging technol-
ogy. Distant metastases affect most often liver and lungs, with prevalence ranging from 44 to 93%
and 46 to 79%, respectively, according to different series (57, 56).

Recently, Fassnacht et al. (57) proposed a new staging classification for ACC on the basis of results
obtained from German ACC Registry comprising 492 patients. These patients were diagnosed
between 1986 and 2007 with detailed information on primary diagnosis and a minimum follow-up of
6 months. Patients were assigned to UICC tumor stage, and disease-specific survival (DSS) was
evaluated from the following staging system assessed (Table 4). Using their revised staging system
[the European Network for the Study of Adrenal Tumors (ENSAT) classification] the 5-year DSS rate
in this cohort was 82% for stage I, 61% for stage II, 50% for stage III, and 13% for stage IV. These
data indicate improved outcome prediction in comparison to the 2004 UICC classification, as DSS
differed considerably between stage II and III (57).

Table 4
MacFarlane Classification Modified by Sullivan of Adrenal Cortical Carcinoma Based
on Size and Extent of Disease

Stage Tumor size Lymphadenopathy Invasion Metastases TNM

I <5cm - - - T1-NO-MO

I >5 cm - - - T2-NO-MO

1T Any size + + - T1 or T2-N1-MO
v Any size + + + T1 or T2-N1-M1

TNM tumor-node-metastasis (48, 50)
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THERAPY

Surgery

In stages I-III, complete tumor resection continues to be the treatment of choice for ACC (57).
It is best performed by an experienced surgeon using a transabdominal or even a thoraco-abdominal
approach (57, 59). Intact tumor capsule and a margin-free resection (RO resection) are associated with
a superior prognosis and prediction of long-term survival (54, 58). Invasion by or adherence of the
carcinoma into adjacent organs often requires en bloc excision of the kidney, the spleen, partial hepa-
tectomy, or pancreatectomy (56). In addition, lymphadenectomy has often to be performed. The pres-
ence of a tumor thrombus in the renal vein or the inferior vena cava does not preclude a complete
resection, although cardiac bypass technique may be necessary for successful removal of tumor tissue
extending into the inferior vena cava or even the right atrium (54, 59). The role of tumor debulking in
the presence of metastatic disease is a matter of debate. Incomplete resection of the primary tumor or
metastatic disease not amenable to surgery is associated with a particular poor prognosis. In most
studies, the median survival is below 12 months (60, 6/). However, tumor debulking may help to
control hormonal excess and may in individual cases facilitate other therapeutic options.

Local recurrence and metastatic disease during follow-up is common especially in adult patients
even if complete resection has been achieved. Risk factors include McFarlane stage III tumors; a tumor
diameter or weight above 12 cm and 200 g, respectively; a high mitotic index and intratumoral hemor-
rhage to both pediatric and adult groups (62). Since its introduction in 1992, minimal invasive laparo-
scopic adrenalectomy has become the treatment of choice for benign adrenal lesions with a diameter
of less than 6 cm because of less postoperative pain and a shorter hospital stay (see Chap.11). At
present, there is a consensus that open adrenalectomy remains the operation of choice for ACC with
invasion of adjacent organs, enlarged regional lymph nodes, or tumors larger than 10—12 cm in size (46,
53). In addition, a definitive margin-free resection is potentially difficult to be performed through
laparoscopic resection (63—65). Cobb et al. (66) identified 25 cases of ACC removed by laparoscopic
resection and local recurrence was observed in 40% of these patients. High local recurrence after
laparoscopic adrenalectomy was also observed in a recent series reported by Gonzalez et al. (67).

Surgical resection of recurrent disease is an important therapeutic option associated with prolonged
survival (68, 69), although cure is seldom achieved. Surgery for recurrent disease includes locore-
gional recurrence as well as isolated hepatic and pulmonary metastases. The most frequent indication
for reoperation is locoregional disease (68, 69). Surgery-related mortality has improved but remains
significant (70) particularly for MacFarlane stage III disease with invasion of adjacent organs.
Recently, successful thermo-ablation for recurrent or metastatic ACC has also been reported (7).

Radiation Therapy

There are very few data in the medical literature documenting efficacy of radiation therapy, therefore
its role in ACC is not been well defined. However, palliative radiotherapy for metastatic disease has
been effective in a significant percentage of patients (72) and is the treatment choice for bone metas-
tases (30—40 Gy). More importantly, radiotherapy may have a role as adjuvant postoperative radiation
therapy in patients at high risk for local recurrence. In a small series of patients with stage III disease,
the survival was higher than expected from historical series (73). Postoperative radiation of the tumor
bed (50-60 Gy) may therefore improve the long-term outcome in stage III ACC or high-risk stage II
patients (tumor diameter >12 cm, high mitotic index, violation of the tumor capsule, or frank evidence
of tumor spillage during surgery). The risk—benefit ratio for radiotherapy in patients with ACC should
be individually assessed.
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Radiofrequency Thermal Ablation

Image-guided local tumor ablation with radiofrequency current may offer a minimally invasive and
safe treatment option for patients who have had multiple recurrent surgeries, who are not ideal surgi-
cal candidates, or for whom the proven benefits of surgery do not outweigh the risks. Thermal ablation
makes local tissue destruction possible in a rapid, predictable, and inexpensive manner with minimal
morbidity and a short recovery time. There is evidence that this method may be an alternative to sur-
gery in some patients with metastatic ACC and lesions less than 5 cm in size, but its utility and value
remain to be proven, and potential benefits have to be weighed against complications (7/). Long-term
follow-up will need to be performed and appropriate patient selection criteria will need to be deter-
mined in future randomized trials.

MEDICAL THERAPY

Medical therapy aims to control hormonal hypersecretion and — more importantly — to maintain
partial or complete remission of disease.

Mitotane Adjuvant Therapy

More than 40 years ago the successful use of 0,p’-DDD (mitotane) in patients with metastatic ACC
was reported for the first time. Mitotane [1,1 dichloro-2(o-chlorophenyl)-2-(p-chloro-phenyl) ethane]
is an isomer of the insecticide p,p’-DDD and a chemical congener of the insecticide DDT. It is an
adrenolytic compound that acts specifically on the adrenal cortex (74). Mitotane belongs to a class of
drugs that require intraadrenal transformation into active metabolites for therapeutic action. Mitotane
is hydroxylated in the mitochondria at the -carbon and further transformed into an acylchloride.
It has been reported that the active metabolites cause toxicity by oxygen activation with superoxide
formation or by covalent binding to specific proteins (74).

The role of mitotane in adjuvant therapy after complete surgical removal of ACC remains a matter
of debate (75, 76). Due to the high rate of locoregional or metastatic recurrence after seemingly cura-
tive resection, adjuvant treatment options are clearly needed. It is important to notice that its impact
on survival of patients with ACC cannot be properly assessed without prospective randomized trials
with a sufficient number of patients and in the absence of those, the value of adjuvant therapy with
mitotane remains uncertain (77). Mitotane is either given as tablets (Lysodren®, Bristol Myers
Squibb, Princeton, USA) in doses >3 g/day or as capsules of micronized compound mixed with cel-
lulose acetylphthalate, which have a lower absorption rate, but possibly, a better gastrointestinal toler-
ance (usually higher doses up to 12 g/day are required) (9, 78, 79). Drug monitoring is important and
the serum mitotane levels between 14 and 20 mg/L are required in order to induce tumor regression.
An objective response in metastatic disease was found in 31% of patients who maintained this level,
whereas no response was seen in patients with lower serum concentrations (79).

Since side effects are more frequently observed when serum levels exceed 20 mg/L and serum
levels are not closely correlated to oral dosage (78), drug monitoring may also improve quality of life
during mitotane treatment by avoiding overtreatment. Due to its long half-life, higher levels are
achieved only after several months of therapy (79). Accordingly, in our experience, mitotane-induced
side effects may become more pronounced with ongoing treatment on a constant dose as drug levels
gradually increase. Side effects of mitotane occur frequently and are often dose limiting mainly
involving the gastrointestinal tract (diarrhea, nausea, anorexia) or concern the central nervous system
(lethargy, somnolence, ataxia, dizziness, confusion). Patients rarely tolerate doses >6 g/day in the
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long term and since its action is more therapeutically pronounced in fasciculata cells, glucocorticoid
deficiency precedes mineralocorticoid deficiency. Inadequately treated adrenal insufficiency enhances
mitotane-induced side effects and reduces its tolerance (79). High-dose glucocorticoid replacement
may be needed due to increased metabolic clearance of glucocorticoids (e.g., dexamethasone).
Hydrocortisone is the treatment of choice and the replacement therapy is best monitored by careful
clinical assessment and regular measurements of plasma ACTH levels, which should not be elevated
(80). A daily dose of 50-mg hydrocortisone (20-20—-10 mg) or cortisone acetate (25-12.5 mg) may
be needed. It may be necessary to add fludrocortisone depending on blood pressure, serum potassium
levels, and plasma renin activity.

Contraceptive methods should be indicated in all patients with menacme age and maintained at
least 1 year after the end of therapy, since mitotane remains stored in fat tissue for at least 7 months
after withdrawal of the drug. Nonclinical data on the general toxicity of mitotane are limited. There
are not studies of reproductive toxicity with mitotane. However, DDT and other similar biphenyl
polychlorinated are recognized as exerting adverse effects on fertility, pregnancy, and fetal development,
estimating that the mitotane presents the same properties. It was not yet investigated on the genotoxic
and carcinogenic potential of mitotane.

Increases in hepatic gamma glutamyl transferase levels are frequent (9, 8/) and in most cases do not
require drug withdrawal. However, severe hepatotoxicity has been described. Mitotane increases serum
cholesterol mainly by increasing low-density lipoprotein (LDL) cholesterol. In addition, mitotane can
prolong the bleeding time by changing platelet aggregation response (82). Of particular importance are
mitotane-induced endocrine abnormalities. Mitotane strongly increases hormone-binding globulins
(e.g., cortisol-binding globulin and sex hormone-binding globulin) and therefore measurement of total
hormone concentrations may give normal results in the presence of clearly impaired bioavailability of
free hormones (83). Additionally, total thyroxine levels may be reduced as mitotane competes with
endogenous thyroxin for thyroxine binding globulin (TBG) binding sites. In some patients, free thyroid
hormone concentrations decrease and thyroxin replacement may also become necessary.

For the management of nausea, 5-hydroxytryptamine (5-HT) blockers may be useful. In case of
significant neuropsychiatric side effects, drug treatment should be interrupted for a minimum of 1
week and restarted with a lower dose. Adequate serum concentrations of mitotane may persist for
weeks to months after cessation of therapy due to its long half-life.

Systemic chemotherapy most often results in solely temporary improvement. Chemotherapeutic
agents used in the treatment of metastatic adrenal carcinoma include doxorubicin hydrochloride, cis-
platin, etoposide, paclitaxel, 5-fluorouracil, vincristine sulfate, cyclophosphamide, and suramin
sodium. Several series have shown that systemic chemotherapy is not very effective when given at
stage I'V; however, several factors complicate the comparison of treatment outcomes. These include a
relatively small number of patients per series, variability of treatment between and within series, lack
of definition of the extent of disease at the time of treatment, and variable grades of malignancy. Some
series include patients with low-grade malignancy as well as patients with high-grade malignancy.
Further studies that complicate comparisons between treatments are the lack of a uniform definition
of response, the duration of response is not being always clearly stated, the fact that patients within a
series frequently receive multiple drugs in a variable sequence, and the occasional combination of
radiotherapy with chemotherapy (3).

Treatment of Hormone Excess

Hypersecretion of hormonal steroids in ACC frequently contributes to the disease burden and can
severely affect quality of life. In particular, CS often induces hypokalemia, muscle wasting, osteoporotic
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fractures, and infectious complications. Due to its slow onset of action and its dose-limiting toxicity,
mitotane treatment alone is frequently insufficient to rapidly control hypersecretion in all patients.
Adrenostatic drugs like ketoconazole, metyrapone, aminoglutethimide, and etomidate have been suc-
cessfully used to block steroidogenic enzymes and to lower circulating cortisol levels into the normal
range (84) (seeChap.13).

Some of these drugs also possess antiproliferative activity in vitro (83), and occasional tumor
responses has been reported (85). Ketoconazole (400-1,200 mg/day) is most often used and can be
combined with mitotane, in which case liver enzymes should be frequently monitored due to ketoco-
nazole hepatotoxicity.

Intravenous etomidate (e.g., 80 mg/day as continuous infusion) potently reduces circulating cortisol
levels and can be used in emergencies (e.g., glucocorticoid-induced psychosis) (84, 86). Close moni-
toring by is mandatory to keep cortisol in the target range and to avoid adrenal insufficiency with use
of all adrenostatic drugs. Patients on mitotane with hypokalemia may be treated preferentially with
amiloride, as the use of spironolactone may impair the antitumor activity of mitotane (87).

FUTURE DIRECTIONS

The prognosis of patients with adrenal cortical carcinoma is poor, but the life expectancy of these
patients can be significantly increased by surgical proceed in stages I, II, and by oncologic surgical
resection and mitotane in stage III. For patients presenting at stage IV, a combination of surgical
procedures and systemic cytotoxic chemotherapy may be the best option. There are individual cases
in which curative resection has been possible and others in which metastatic lesions have regressed
on chemotherapy. Early diagnosis is possible in patients with functioning neoplasms, in whom the
metabolic manifestations of hormone excess can lead to the discovery of tumors in stages I and II.
In contrast, the prognosis of patients in stage IV is dismal. The difficulty in assessing the effective-
ness of published treatment protocols stems from the fact that most series are limited in the number
of patients studied. There is great variability in the drugs used, the stage and extent of the tumor,
and the grade of malignancy. Because adrenal cancer is rare, collaborative, worldwide, multicenter
controlled studies will be necessary in order to reach consensus on the efficacy and safety of treat-
ment protocols. More effective therapy is needed for ACC, and it is likely to be achieved once there
is a better understanding of tumor biology, including the tumorigenic processes that induce early
mutations and that drive progression with growth and dissemination of an established tumor. The
identification of specific gene mutations in ACC may be helpful in determining not only the diag-
nosis, but also the malignant grade and prognosis of these patients individually, based on blocking
or reversing the biologic mechanisms of tumorigenesis. The First International Randomized Trial
in Locally Advanced and Metastatic Adrenocortical Carcinoma Treatment (FIRM-ACT) is cur-
rently under way to compare the results of the two treatments as proposed at the Ann Arbor
International Consensus Conference on ACC (2008), etoposide, doxorubicin, and cisplatin in com-
bination with mitotane or streptozotocin plus mitotane. To date, about 190 patients (of a total of
300 planned) have been enrolled (3). New researches concerning ACC treatment have demonstrated
that the selective IGF-IR kinase inhibitor had antitumor effects in adult and pediatric adrenocortical
tumor cell lines, suggesting that IGF-IR inhibitors represent a promising therapy for human adreno-
cortical carcinoma (88, 89). Because adrenal cancer is rare, collaborative worldwide multicenter
controlled studies will be necessary in order to reach consensus on the efficacy and safety of treat-
ment protocols.
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ACTH-independent macronodular adrenal hyperplasia (AIMAH) is an infrequent cause of Cushing’s
syndrome. AIMAH presents as incidental radiological finding or with subclinical or overt Cushing’s syn-
drome, occasionally with secretion of mineralocorticoids or sex steroids. The pathophysiology of this
entity is heterogeneous. The aberrant adrenal expression and function of one or several G-protein
coupled receptors can lead to cell proliferation and abnormal regulation of steroidogenesis. In familial
cases of AIMAH, specific aberrant hormone receptors may be functional in the adrenal of affected
members. Somatic genetic events related to cell cycle regulation, adhesion, and transcription factors
occur in addition in the various nodules. Other mechanisms such as Gsp or ACTH receptor mutations
and paracrine adrenal hormonal secretions have been rarely identified in other cases of AIMAH. The
identification of aberrant receptors can offer specific pharmacological approach to prevent disease
progression and control abnormal steroidogenesis alternatively to the usual unilateral or bilateral
adrenalectomy.
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INTRODUCTION

ACTH-independent macronodular adrenal hyperplasia (AIMAH) represents less than 1% of
endogenous Cushing’s syndrome (CS); however, as 10% of incidentally found adrenal lesions are
bilateral, AIMAH with subclinical cortisol secretion is increasingly recognized (/). AIMAH was
first described in 1964 (2) and 30 years later, only 24 similar cases had been published (3). A variety
of terms have been used to report larger number of cases including “massive macronodular adreno-
cortical disease,” “autonomous macronodular adrenal hyperplasia,” “ACTH-independent massive
bilateral adrenal disease,” “giant or huge macronodular adrenal hyperplasia,” and “macronodular
adrenal dysplasia” (4-7).

The AIMAH should not be confused with bilateral diffuse nodular adrenals following chronic
stimulation by ACTH in Cushing’s disease or ectopic ACTH secretion; this can rarely generate rela-
tively autonomous nodules that secrete sufficient cortisol to partially suppress ACTH (§).

EPIDEMIOLOGY

The AIMAH presents a bimodal age distribution, with a rare subset presenting in the first years
of life particularly with the McCune—Albright syndrome (MAS) (9). Most AIMAH patients present
in the fifth and sixth decades, a later age of onset compared with unilateral adenomas, primary pig-
mented nodular adrenocortical disease (PPNAD), or Cushing’s disease (3, 4, 8, 10). In contrast to
the predominant female distribution in most cases of CS, AIMAH is equally distributed between
genders (/, 3, 4, 7). One report suggested an increased frequency in males (//), while an increased
occurrence of gastric inhibitory polypetide (GIP)-dependent AIMAH was found in women (/).

GENETIC CAUSES OF AIMAH

In the majority of cases, AIMAH appeared to be sporadic. Several reports of familial clustering
have been published suggesting an autosomal dominant pattern of transmission (/2—/9). The preva-
lence of familial forms of AIMAH is not known yet, as systematic familial screening was not con-
ducted. In recently studied families with AIMAH, aberrant hormone receptors have been identified in
their adrenal tissues (see later section), but the genes implicated have not been identified yet (/2—14,
18). Bilateral adrenal enlargement was found in up to 21% of MEN 1 patients, but no sporadic somatic
mutation of the Menin gene have been identified in adrenocortical tissue in AIMAH (20, 21). Bilateral
adrenal nodules have also been found in patients with familial adenomatous polyposis, but a somatic
point mutation of the adenomatous polyposis coli (APC gene) was not found (22, 23). In one report,
AIMAH was identified in a patient with hereditary leiomyomatosis and renal cell cancer disorder due
to a mutation in the fumarate hydratase gene (FH) (24).

CLINICAL AND LABORATORY FEATURES

Patients with AIMAH are identified either following an incidental radiological finding or the
investigation of an adrenal oversecretion syndrome (/, 3—7, 25-27). The most common clinical pres-
entation is subclinical, followed by clinical CS, which may be present for a number of years. In one
series, the diagnosis of CS was delayed by a mean of 7.8 years (5). Plasma ACTH becomes progres-
sively suppressed when cortisol production becomes elevated; when ACTH is fully suppressed, dex-
amethasone administration fails to suppress cortisol production (3, 5, 25, 26, 28). The occurrence of
subclinical CS is defined as the absence of clinical signs of CS, slightly elevated midnight plasma or
salivary cortisol, subnormal suppression following the 1-mg overnight dexamethasone suppression
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test (>50 nmol/L. or >1.8 pg/dL), a partially suppressed ACTH, and normal 24-h urinary free cortisol
production (27). In cases with subclinical CS, ACTH can be incompletely suppressed and increase
following administration of CRH (25, 26, 28). The natural history of AIMAH causing subclinical CS
is largely unknown. Ohashi et al. (28) reported a 7-year follow-up during which a patient with sub-
clinical CS developed overt CS. Concurrent secretion of cortisol and mineralocorticoids (26, 29),
estrone (30), or pure androgen production have been described in patients with AIMAH (31).

Although adrenal proliferation in AIMAH occurs in the absence of ACTH, its melanocortin-2 recep-
tor (MC2R) is still expressed, albeit at lower level than in normal adrenal gland (32). Patients with
AIMAH respond to ACTH with large increase of cortisol that helps to distinguish it from other causes
of bilaterally enlarged adrenals such as metastatic or infiltrative diseases (33). The hormone secretion in
AIMAH results from an increase in the number of adrenocortical cells rather than an augmented syn-
thesis per cell. There is a relatively inefficient hormonal synthesis in AIMAH with decreased expression
of several steroidogenicenzymesandhigherlevels of certain precursors such as plasma 17-OH-progesterone
or urinary 17-OH corticosteroids (25, 34). This was confirmed by various immunohistochemical ster-
oidogenic enzymes studies (71, 32, 34, 35). This inefficient steroidogenesis may explain the discrepancy
between some subclinical cortisol hypersecretion despite massive adrenal enlargement.

IMAGING IN AIMAH

On CT scan, bilateral adrenal nodules measuring up to 5 cm, of soft tissue density, distort the
normal adrenal glands (6, 36, 37). In some cases, the adrenal glands appear diffusely enlarged but
lack distinct nodules (Fig. 1). On MRI, T1-weighted images are hypointense relative to the liver and

Fig. 1. CT scan from three patients with AIMAH and Cushing’s syndrome. The left and right upper panels are from
the same patient and illustrate the variable nature of nodular hyperplasia of both adrenals on sequential slices of CT
scan. The white arrows are pointed towards the adrenal glands.



212 Bourdeau et al.

isointense relative to muscle. T2-weighted images tend to be hyperintense relative to the liver (36,
37). In contrast, the nodules of patients with chronic ACTH stimulation appear isointense relative to
the liver on T2-weighted MR images (6, 36, 37). Occasionally, there is an asymmetric development
of nodules in AIMAH, leading to the erroneous diagnosis of unilateral disease (38). lodine
131-6-B-iodomethyl-19-norcholesterol (NP-59) scintigraphy usually shows bilateral uptake (6).

PATHOLOGY

The combined adrenal weight is usually above 60 g and can reach 200 g per gland. The mean com-
bined weight in one series was 132 g (36). In patients with Cushing’s disease, it was 22.9 g in a series
of 30 patients (39). On cut sections, the nodules are yellow due to their high lipid content (//). The
nodules are composed of two cell types either with clear cytoplasm (lipid rich) that form cordon nest-
like structures or with compact cytoplasm (lipid poor) that form nest or island-like structures (11, 34).
The status of internodular cortex is controversial in AIMAH; diffuse hyperplasia is present in several
cases while internodular atrophy has been described in other cases (9, /1, 35, 40). The AIMAH is a
benign process that has never been shown to acquire a malignant potential or to metastasize.

PATHOPHYSIOLOGY OF AIMAH

Evidence for a primary adrenal alteration was provided by initial in vitro cell cultures from AIMAH
tissues with a high rate of growth and cortisol production (4/). Constitutive ACTH receptor (MC2R)
mutations is not a common cause of adrenal hyperplasia or tumor formation (42, 43). In one patient
with AIMAH, a C-terminal MC2R mutation (F278C) led to impaired desensitization and internaliza-
tion of the receptor and elevated basal camp (44). In a patient with hypersensitivity to ACTH, two
mutations (C21R or S247G) were found in the same MC2R allele; a single mutation produced an
inactive receptor but combined mutations led to constitutive receptor activity (45).

In the MAS, activating mutations of the Gsot subunit occur in a mosaic pattern in the adrenal during
early embryogenesis resulting in constitutive activation of the cAMP pathway (46). The association
of MAS with bilateral nodular adrenal hyperplasia and CS has been described (9, 46-50). Two differ-
ent gsp mutations at codon Arg?! were found in adrenal tissues of three of five patients with CS due
to AIMAH and who exhibited no signs of the MAS (517).

Aberrant Hormone Adrenal Receptors in Adrenal CS

The mechanism by which cortisol production is stimulated in AIMAH despite suppressed ACTH was
previously unknown and referred to as an “autonomous” process. Work by several groups has demon-
strated that cortisol secretion in most patients with AIMAH and a large proportion of unilateral adrenal
adenomas with clinical or subclinical CS are regulated by hormones other than ACTH via the aberrant
expression of several membrane-bound hormone receptors (1, 25, 33, 52—54). The aberrant stimulation of
steroidogenesis can be driven by the expression of ectopic receptors such as those for glucose-dependent
insulinotropic peptide (GIPR), catecholamines (j-adrenergic receptors, vasopressin (V,-V,-vasopressin
receptor), serotonin (5-HT, receptor), and probably angiotensin II receptor (ATIR) and glucagon. It
can also result from increased expression or altered activity of eutopic receptors such as those for vaso-
pressin (V -vasopressin receptor), luteinizing hormone/human chorionic gonadotropin (LH/hCGR), sero-
tonin (5-HT, receptor), and leptin receptor (/, 25, 33, 52-54). Analysis of the second messengers involved
indicates that these aberrant G-protein coupled receptors (GPCRs) regulate steroidogenesis by mimicking
the cellular events that are triggered normally by ACTH receptor (Fig. 2) (1, 25, 33, 52-54).
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Fig. 2. Regulation of steroidogenesis by aberrant hormone receptors in adrenal cortex. In this model, the ectopic or
eutopic receptors regulate steroidogenesis by mimicking the cellular events triggered by ACTH receptors activation.
Reproduced with permission from Trends Endocrinol Metab, 2004 (54).

GIP-Dependent AIMAH

GIP-dependent CS can occur in patients with AIMAH (/, 33, 38, 55-59) and with unilateral
adenomas (/, 38, 57-62). Patients with CS can present low fasting plasma cortisol levels, which
increase following meals, despite suppression of ACTH. Cortisol increased following physiological
increase in plasma level of GIP after meals, as a result of the ectopic expression of nonmutated GIP
receptor in zona fasciculata-type cells in AIMAH or unilateral adenomas. To date, more than 30 such
cases have been reported in whom adrenal hormonal hypersecretion including clinical or subclinical
CS (1, 38, 57-62) or androgen secretion resulting in hirsutism (63) was correlated to GIP stimulation.
The adrenal nodules in rare patients with GIP-dependent AIMAH can progress asynchronously, first
in one adrenal, later in the other (38); the larger nodules were the result of secondary clonal prolifera-
tion events in addition to GIP receptor overexpression (64). In some patients there was combined
expression of GIP receptor with other receptors such as LH/hCG receptor (65). This may explain why
cortisol levels may not always be suppressed during fasting if more than one receptor is functional in
the same tissue.

The GIP increases cAMP production and DNA synthesis in GIP-dependent cortisol-secreting tissue
suggesting that GIP can be implicated both in steroidogenesis and cellular proliferation (57). The
molecular mechanisms involved in the aberrant expression of this receptor remain unclear. It was
suggested that chronic stimulation by ACTH could result in increased GIPR expression, but other
studies did not confirm GIPR overexpression in the adrenal glands of patients with Cushing’s disease
or ectopic ACTH syndrome (60, 62, 66, 67). Interestingly, the expression of the GIP receptor can be
detected in the early phases of adrenal hyperplasia (38, 64). The demonstration that bovine adrenal
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cells transfected with the GIP receptor and injected under the renal capsule in mice leads to the
development of hyperplastic adrenals and hypercortisolism further supports the initiation role of the
ectopic receptor expression in the pathophysiology of AIMAH (68).

Vasopressin-Responsive CS

A number of patients with either AIMAH or unilateral adenomas with CS and completely sup-
pressed ACTH have been described in whom exogenous vasopressin or physiological stimuli of
vasopressin secretion such as upright posture stimulate the secretion of cortisol (12, 13, 18, 19, 25,
33, 69-76). Fluctuations of endogenous physiological levels of vasopressin (water and hypertonic
sodium loading) resulted in parallel changes of plasma cortisol levels. The action of vasopressin was
mediated via nonmutated V 1-vasopressin receptors that are expressed at higher or similar levels com-
pared with controls (69, 70, 73-75). As the V1 receptor is normally expressed in the adrenal cortex
and its activation leads to a modest in vitro increase in steroidogenesis, the observed exaggerated
steroidogenic response represents an aberrant response of a eutopic receptor. An abnormal adrenal
stimulation of cortisol by vasopressin can also occur in patients with subclinical AIMAH (72, 25).
The ectopic expression of V2 and V3-vasopressin receptors has been documented in vitro in adrenal
tissue from patients with AIMAH; the significance of this finding is unclear, because a cortisol
response was not observed when dDAVP, a preferential V2-vasopressin receptor agonist, was admin-
istered to some of these patients (/2—18).

Catecholamine-Responsive AIMAH

The ectopic expression of B-adrenergic receptors was first reported in vitro in adrenal tumors caus-
ing CS (7). In vivo, aberrant responses of cortisol following elevations of endogenous catecholamines
induced by upright posture, insulin-induced hypoglycemia, or exercise were documented in patients
with AIMAH and CS (13, 14, 33, 77-79). Isoproterenol infusion stimulated cortisol and aldosterone
secretion in these patients but failed to do so in normal subjects. Aberrant cortisol responses mediated
by B-adrenergic agonists were also found in families with AIMAH and were present in patients with
subclinical stages of the disease (/3, /4). These aberrant responses were reduced by pretreatment with
propranolol, a 3-adrenergic antagonist (74, 77, 79). High affinity binding sites compatible with 3-1- or
[B-2-adrenergic receptors were efficiently coupled to steroidogenesis in the adrenal tissues in these
patients, but not in controls, indicating the ectopic nature of this receptor (77, 78). The combined
presence of adrenal B-adrenergic receptor and V1-vasopressin receptor has been observed in some
patients with AIMAH (/3, 33, 78).

LH/hCG-Responsive AIMAH

Hypercortisolism due to aberrant LH/hCG receptors was first identified in a woman with transient
Cushing’s syndrome during sequential pregnancies; persistent Cushing’s syndrome and AIMAH
developed only after the postmenopausal sustained increase of LH secretion (80). In this patient, cor-
tisol secretion was stimulated by the exogenous administration of GnRH, hCG, or recombinant LH.
Administration of the long-acting GnRH agonist, leuprolide acetate, resulted in suppression of endog-
enous LH and normalization of cortisol production (80). A virilized woman with androgen-secreting
AIMAH regulated by hCG was shown to express the LH/hCG receptor in one resected adrenal; sup-
pression of endogenous LH with leuprolide acetate normalized androgen secretion from the contral-
ateral adrenal, avoiding bilateral adrenalectomy (37). Other cases of aberrant receptors for LH/hCG
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either alone or in combination with serotonin SHT4 or GIP receptors have been reported (65, 80, 81).
The aberrant response to LH/hCG was also found in patients with subclinical production of cortisol
and incidentally found AIMAH (25).

Serotonin-Responsive AIMAH

In the normal adrenal gland, 5-HT4 receptor agonists are potent stimulators of aldosterone secre-
tion but only weakly affect cortisol secretion in vitro (/, 82-84). In vivo, they normally do not pro-
duce an increase in plasma cortisol (/, §2—84). In the first patient described above with LH/hCG
responsive AIMAH, serotonin 5-HT4 receptor agonists, cisapride and metoclopramide, also stimu-
lated plasma cortisol (80). In six cases of CS and AIMAH with aberrant responses to cisapride or
metoclopramide, adrenal overexpression of the SHT-4 receptor was found in the adrenal glands of
four of these patients (82). Another patient with cisapride-responsive CS and AIMAH was shown to
have adrenal overexpression of the 5-HT4 receptor (84). The aberrant response to 5-HT4R agonists
was also found in patients with familial AIMAH, subclinical production of cortisol, and incidentally
found AIMAH (72, 25). The ectopic expression of 5-HT-7 receptors has also been demonstrated in a
patient with AIMAH and CS (83).

Angiotensin-Responsive AIMAH

Adrenal hypersensitivity to angiotensin II was suggested in a patient with AIMAH and CS in whom
a large increase in plasma aldosterone and cortisol was noted during upright posture (85). The short-
term oral administration of candesartan, an AT-1 receptor antagonist, eliminated the stimulation of
these adrenal hormones. An angiotensin infusion was not performed nor was a trial of long-term
pharmacotherapy with an AT-1 receptor blockers attempted. In vitro stimulation of cortisol secretion
by angiotensin-II was also found in other patients with AIMAH and CS who had increases in cortisol
levels with upright posture, but the presence of the AT-1 receptor has not been studied directly (65).

Other Abnormal Responses in AIMAH

In a patient with AIMAH and CS, GIP and leptin were shown to aberrantly increase cortisol pro-
duction in vitro (86). In two patients with AIMAH and CS, insulin-induced hypoglycemia stimulated
cortisol production while ACTH levels remained undetectable (87, 88); in vitro, adrenal cortisol
secretion was not stimulated by insulin, catecholamine, vasopressin, or angiotensin II. An increase in
cortisol following in vivo administration of glucagon was found in two patients with CS and unilateral
adenoma; glucagon receptor and glucagon were found in the tumor tissue, suggesting combined
ectopic receptor and paracrine ligand production (89).

Aberrant Hormone Receptors in Familial Forms of AIMAH

In the familial cases of AIMAH without other diseases, the potential presence of aberrant receptors
was evaluated only in the recently studied families. Some aberrant receptors that have been identified
so far were as follows: V1-vasopressin and 3-adrenergic in one family (/3); -adrenergic in two families
(14, 90); V1-V2 and V3-vasopressin in another two families (/8, /9), and combined SHT, and V1-V2-
vasopressin in other one (/2). A systematic clinical screening of a family with cortisol-secreting
[-adrenergic responsive AIMAH revealed unsuspected subclinical CS with aberrant 3-adrenergic regu-
lation of cortisol in approximately 50% of the studied members of the kindred (/4).
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MOLECULAR MECHANISMS OF ABERRANT HORMONE RECEPTORS

The development and function of the adrenal cortex requires tissue-specific expression of the
appropriate hormone receptors and regulatory mechanisms for these receptors, involving cis-acting
regulatory elements (promoters) and trans-acting factors (transcription factors, co-activators and co-
repressors). The GIPR has been the most extensively characterized ectopic receptor in AIMAH. GIPR
gene sequence analysis did not reveal mutations of coding or putative promoters regions in adrenals
of patients with GIP-dependent CS and the analysis of transcription factors (Sp1 and Sp3) necessary
to GIPR expression also did not show any specific abnormalities (62, 66, 91). Expression profiling of
AIMAH using microarrays have been utilized to identify genes and signaling pathways potentially
involved in this adrenal disease. In eight AIMAH samples, 82 and 31 genes were found to be consist-
ently up- (those implicating in transcription, cell cycle, and adhesion) and down-regulated (genes
involved in immune responses and insulin signaling) compared with normal adrenal glands (92). In
another study, the entire transcriptome profile of ten cases of cortisol-producing adrenocortical hyper-
plasias [half were ACTH dependent (Cushing’s disease) and half were GIP dependent] was compared
in order to reveal the genes with expression profiles related to the presence of aberrant GIP receptor.
A list of 723 probesets was reported, their levels of expression were able to segregate both types of
hyperplasias independently. Functional clustering of these probesets identified a number of molecular
mechanisms including metabolism-related processes, cellular proliferation, molecular signaling
mechanisms, immunity-related genes, and cellular adhesion (64). Both studies reported the presence
of a number of probesets related to the WNT pathway of cellular proliferation and adhesion.

It was unclear whether aberrant hormone receptors are a primary phenomenon responsible for the
pathogenesis of AIMAH or adenomas, or an epiphenomenon resulting from cell proliferation and dedif-
ferentiation; there are now several evidences in favor of the former hypothesis. The reversal of hyper-
plasia between pregnancies in LH/hCG-dependent CS favors the first hypothesis (80). The germline
transmission of the same aberrant receptors in all affected family members in familial AIMAH is another
strong indication in favor of an initiating role of the aberrant receptor (/2, /4, 18). The demonstration
that bovine adrenocortical cells transfected with the GIPR or LH/hCGR and injected under the renal
capsule in immunodeficient mice lead to the development of hyperplastic adrenals and hypercortisolism
further supports the initiation role of the ectopic receptor in pathophysiology of AIMAH (68, 93).

The presence of aberrant receptors in unilateral lesions could arise from a monoclonal somatic muta-
tion. In patients with AIMAH, the mutation can occur either from germline transmission (familial
forms) or somatically at an early stage of embryogenesis to involve both adrenal cortices. Our hypoth-
esis is that the aberrant adrenocortical expression of a receptor is a primary phenomenon which initiates
bilateral diffuse hyperplasias and CS. In addition to the initiating effect of aberrant receptor on hyper-
plasia formation, other somatic genetic events occur in time, as demonstrated by microarray data (64),
generating diverse monoclonal nodule formation resulting in the AIMAH phenotype (Fig. 3).

Although PRKARIA mutations were not found in AIMAH, somatic losses of the 17q22-24 region,
PKA subunit, and enzymatic activity changes show that PKA signaling is altered in AIMAH in a very
similar way to other adrenal tumors (94). Recently, one of the two familial AIMAH cases was a carrier
of a variation (R867G) in the gene (PDE1A) that codified the phosphodiesterase 11A4 implicated in
the regulation of cyclic nucleotide levels (95).

PARACRINE MECHANISMS IN AIMAH

In addition to the aberrant hormone receptors, other paracrine regulatory mechanisms were pro-
posed in some AIMAH cases after the demonstration of increased adrenocortical expression of
pro-opiomelanocortin/ACTH, serotonin, vasopressin, or glucagon in some affected adrenal tissues
(65, 74, 83, 89, 96).
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Fig. 3. Hypothesis of sequential genetic events leading to AIMAH. The initial event is the aberrant expression of the
LH/hCG receptor in the adrenal cortex during early embryonic life. Upon stimulation of this receptor, as during preg-
nancy (activation by hCG), diffuse adrenal hyperplasia (polyclonal) and transient CS occurs, but this is still reversible
when hCG and LH levels are reduced following delivery. After menopause, the constant elevation of LH causes dif-
fuse hyperplasia and CS. Other (second, third) somatic events occur progressively with time in a small number of
cells; the monoclonal proliferation of these cells leads to appearance of several nodules which have maintained the
expression of aberrant LH/hCGR. The inhibition of LH levels is able to control the excess production of steroids; this
may be able to induce regression of adrenal growth at the stage of hyperplasia, but it may become insufficient to cause
tumor regression when other oncogenic events have provided additional growth advantage to these cells. Reproduced
with permission from Trends Endocrinol Metab, 2004 (54).

INVESTIGATION PROTOCOL FOR ABERRANT RECEPTORS

Investigative protocols have been developed to screen patients with adrenal CS to identify the regu-
lation of steroid production by one or several aberrant receptor (97, 98). The strategy consists of
modulating the plasma levels of diverse hormone (endogenous or exogenous) ligands for the potential
aberrant receptors, while monitoring plasma levels of cortisol, other steroid hormones, and ACTH.
All tests are performed following an overnight fast and in a supine position for at least 1 h. For
patients with subclinical CS, the studies are conducted under suppression with 1-mg dexamethasone
every 6 h, beginning 48 h before the tests in order to avoid any effect of ACTH on steroidogenesis.
The initial screening (Table 1) is performed in 3 days and involves during the first day a posture test
to screen for receptors to angiotensin II, vasopressin, or catecholamines; a standard mixed meal to
assess the presence of GIP or other gastrointestinal hormone receptors; and cosyntropin test (ACTH
250 pg i.v.) (97). During the second day, the administration of GnRH 100 g i.v. evaluates responses
to GnRH, LH, and FSH; TRH 200 pg i.v. screens for modulation by TRH, TSH, or prolactin. On the
last day, the protocol is completed with the sequential administration of glucagon 1 mg i.m., vaso-
pressin 10 Ul i.m., and 10-mg metoclopramide orally as a serotonin 5-HT, agonist. Serial measure-
ments of ACTH, cortisol, and other steroid hormones are performed at 30—60 min intervals during
2-3 h following the intervention. The increment of 25-49% from the baseline of the steroid levels in
the absence of an increase in ACTH level is defined as a partial response and an increase more than
50% or greater is considered a positive response; the test should be repeated to confirm the response
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Table 1
In Vivo Screening Protocol to Detect the Presence of Aberrant Adrenal Hormone Receptors
in Adrenal Cushing’s Syndrome

Time (min) Day 1 Day 2 Day 3

-60 Fasting supine Fasting supine Fasting supine

-15 a a a

0 Upright* GnRH 100 pg i.v.? Glucagon 1 mg i.v.

+30 Upright* a a

+60 Upright a a

+90 Upright® a a

+120 Upright* a a

+150 Supine* (meal)

+180 Mixed meal® Vasopressin 10 IU i.m.*

+210 a a

+240 a a

+270 2 a a

+300 a TRH 200 pg i.v.* a

+330 a

+360 ACTH 1-24 250 pgi.v.® a Metoclopramide 10 mg
orally®

+390 a a a

+420 a a a

+450 a a

+480 ! !

Modified with permission from the Endocrinologist 9:9-15, 1999 (97)
“Blood samples for determination of cortisol, ACTH, other hormones, and vital signs

to the specific ligand and its reproducibility. Fluctuations of the putative ligand hormones of interest
are also measured to better characterize the modulator of the response. When a positive response fol-
lowing this initial screening is confirmed, further stimulatory test should be undertaken to precisely
define the hormone and the specific receptor type implicated (Fig. 4).

TREATMENT OF AIMAH

Bilateral adrenalectomy by overt or laparoscopic approach has been the most utilized treatment in
patients with AIMAH and hormonal hypersecretion (3-5, 7). However, in patients with moderately
increased hormonal production, unilateral adrenalectomy has been proposed as a safe and effective
alternative; it is expected that, as the cell mass increases in the contralateral adrenal, a second adrena-
lectomy may be further necessary (90, 99, 100). In patients with subclinical AIMAH, the decision for
therapy should consider the manifestation of cortisol excess, such as hypertension, diabetes, oste-
oporosis, apparent brain atrophy, or neuropsychological manifestations. Medical treatment with adre-
nal enzyme inhibitors could be helpful to control cortisol secretion before surgery. AIMAH is a
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Fig. 4. Further in vivo characterization of aberrant adrenal hormone receptors following the initial screening proto-
col. Adapted from the Endocrinologist 1999 (97).

benign process that has never been shown to become malignant; in subclinical CS with AIMAH,
follow-up with annual CT scan and biochemical assessment is sufficient.

The identification of aberrant adrenal hormone receptors in AIMAH provides new opportunities
for specific pharmacological therapies as alternative to adrenalectomy (Table 2). Pharmacological
blockade of postprandial release of GIP using octreotide led to clinical and biochemical improvement
of CS, although the benefit lasted only a few months, probably as the result of eventual desensitization
of somatostatin receptors in GIP-secreting duodenal K cells (56, /017). In catecholamine-dependent
CS in AIMAH, B-adrenergic receptor antagonists were efficient in the long-term control of hormonal
hypersecretion (/4, 77). In LH/hCG-dependent AIMAH and CS or androgen excess, suppression of
endogenous LH levels with long-acting leuprolide acetate controlled steroid secretion and avoided
bilateral adrenalectomy (56, 101). It is possible that tumor regression might not occur, despite com-
plete blockade of the aberrant receptors, because other genetic events (other than aberrant receptors)
inducing proliferation can appear over time (Fig. 3) (54, 64).

CONCLUSION

In recent years, several new findings have contributed to a better understanding of the heterogeneity
of pathogenesis in AIMAH. Aberrantly expressed GPCRs in the adrenal cortex appear to play a
central role in the hormonal hypersecretion and cell proliferation in this disease. However, other
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Table 2
Medical Treatment Options for Identified Aberrant Adrenal Hormone Receptors Using
an In Vivo Screening Protocol in AIMAH

Aberrant receptor In vivo screening protocol Medical treatment options
GIP receptor Mixed meal; oral glucose Octreotide; GIPR antago-
nist

Vasopressin receptor Upright posture VP receptor antagonist

(V1, V2, V3) Administration of arginine-vasopressin
or desmopressin

[B-adrenergic receptor Upright posture, isoproterenol infusion B-blockers

LH/hCG receptor GnRH administration; hCG, Long-acting GnRH agonist
recombinant LH

5-HT4 receptor Administration of 5-HT4 receptor 5-HT4 receptor antagonist
agonists

AT-1 receptor Upright posture, angiotensin infusion AT-1 receptor antagonist

molecular mechanisms, as Gsp or ACTH receptor mutations, and adrenal paracrine hormonal
secretion can also be implicated in this disease. Together, these studies have contributed to a more
precise evaluation of patients with AIMAH, improving earlier diagnosis and offering new therapeutic
and potentially preventive strategies.
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INTRODUCTION

Embryologically, the adrenal cortex is derived from the mesoderm, and is composed of three layers:
in the outer region zona glomerulosa, in the middle zona fasciculata, and in the inner part of the gland
zona reticularis. Adrenocortical lesions include hyperplasia (which may be diffuse or nodular), adeno-
mas, and carcinomas. The frequency of benign adrenocortical lesions is high, and it has been estimated
that more than one in ten adults has at least one adrenocortical nodule up to 1 cm on autopsy; these
benign tumors may contribute to metabolic syndrome, hypertension, obesity, and abnormalities of the
hypothalamic-pituitary-adrenal axis that can be linked to other serious disorders such as osteoporosis,
depression, and late-onset diabetes mellitus (/). In contrast, adrenocortical cancer is a very rare disease
(with an incidence of less than one per million per year), which, unless identified at an early stage, is
almost invariably fatal. Clonal composition analyses and comparative genomic hybridization experi-
ments have established that adrenocortical tumorigenesis is a multistep process resulting from sequen-
tial genetic alterations that lead to progression from normal to adenomatous and, eventually, malignant
phenotypes (2, 3). Despite intensive investigations, the remarkable discrepancy between the frequen-
cies of benign and malignant tumor formation in this tissue remains obscure. Better understanding of
the molecular processes that underlie the benign and malignant adrenocortical transformation is expected
to provide clues not only for diagnosis, but also for improved treatment and prevention.

Here we discuss all forms of micronodular bilateral adrenocortical hyperplasias (BAHs) and review
current concepts on the genetic factors involved in its predisposition and progress.

ADRENOCORTICAL HYPERPLASIAS: NOMENCLATURE AND FEATURES

A recent article reviews and classifies the types of benign and malignant adrenocortical lesions, and
it also proposes a nomenclature to be used in both scientific and clinical applications (4). In brief,
corticotrophin-independent BAH can be classified as macro- and micronodular on the basis of the size
of their nodules (>1 cm or <1 cm in diameter, respectively). Nodules less than 1 cm in diameter can
be seen in macronodular adrenocortical disease, especially in the form associated with McCune—
Albright syndrome (MAS), and single large nodules can be associated with primary pigmented nodu-
lar adrenocortical disease (PPNAD) in older individuals; however, the vast majority of patients with
BAH present with either a macronodular or a micronodular form. Micronodular adrenocortical hyper-
plasia (MAH), which is in the focus of this chapter, can be further subdivided in three groups: PPNAD
as part of Carney Complex (CNC) — a multiple endocrine neoplasia syndrome (CNC-PPNAD or
c-PPNAD), isolated micronodular adrenocortical disease (i-MAD), and its pigmented variant, isolated
PPNAD (i-PPNAD) (4-6). These forms are indistinguishable on computed tomography (CT) or other
imaging (Fig. 1). Two additional criteria are used in the classification of MAHs: the status of the
internodular cortex — hyperplastic or atrophic and the presence of pigment, most often lipofuscin.
Lipofucsin is thought to be derived from lysosomal residual bodies containing end products of oxida-
tive damage to lipid molecules (7). In PPNAD (and other cortisol-producing tumors), lipofuscin
appears microscopically as light to brown dark, or, sometimes, black stained spots. Lipofuscin accu-
mulates also with age in both human and other mammalian adrenocortical tissue (6—8). Histology of
PPNAD (Fig. 2) and other forms of MAHs (Fig. 3) can vary and often these lesions are hard to dis-
tinguish although the cases shown in Figs. 2 and 3 show clearly different features.

The PPNAD has a bimodal age of presentation — but in most cases, and, particularly the ones asso-
ciated with CNC, the disease is diagnosed in the second and third decade of life: a group of patients
presents during early childhood (2-3 years) (5). Nonpigmented, early onset BAH, or iMAD may be
a distinct entity, which, although very similar to PPNAD, displays some specific features especially
with regards to the presence or absence of hyperplasia in the surrounding cortex (5, 9). Patients with
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Computed Tomography (CT) in micronodular adrenal hyperplasia

Fig. 1. Computed tomography from four patients with PPNAD and other forms of MAH; the picture of the adrenals
ranges from almost completely normal to characteristic micronodularity and a “beads-on-a-string” appearance.

Fig. 2. Adrenal glands affected by PPNAD (slide courtesy of Dr. Carney, Mayo Clinic).

iMAD may present with classical Cushing’s syndrome (CS), as well as with a variant, called “atypi-
cal” (ACS) (10). The ACS is characterized by an asthenic, rather than obese, body habitus that is
caused by severe osteoporosis, short stature, and severe muscle and skin wasting. Patients with ACS
tend to have normal or near-normal 24-h urinary free cortisol (UFC) production, with, however, dis-
turbed circadian rhythmicity (//, /2). Occasionally, normal cortisol production is interrupted by days
or weeks of hypercortisolism that gives rise to a yet another variant called “periodic CS” (PCS). The
PCS is frequently found in children and adolescents with PPNAD (/2). In both ACS and PCS, as well
as in classic CS, caused by PPNAD, paradoxical increase of UFC and/or 17-hydroxy-corticosteroids
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Fig. 3. An adrenal gland affected by MAH that is not due to PRKARIA mutations (from the National Institutes of
Health database).

is seen during the second phase (high dose dexamethasone administration) of the Liddle’s test (/3).
This feature may be useful diagnostically for PPNAD, iMAD, and related abnormalities of the adrenal
cortex; it probably reflects a tendency that these nodules have for increased responsiveness to other
steroids (/4).

GENETICS OF MICRONODULAR ADRENOCORTICAL DISEASE

Primary Pigmented Nodular Adrenocortical Disease Associated with Carney Complex

Most commonly PPNAD is seen in the context of CNC — c-PPNAD accounts for more than 90% of
all reported cases (15, 16). CNC is associated with several other lesions, including cardiac myxomas
and other cutaneous tumors, breast myxomatosis, spotty skin pigmentation and other lesions, pituitary
adenomas and acromegaly, large-cell calcifying Sertoli cell tumors (among the rarest of testicular
neoplasms), adrenocortical lesions, and Leydig cell tumors, psammomatous melanotic schwannoma,
epithelioid blue nevus, and ductal adenoma of the breast and thyroid follicular neoplasms, both benign
and malignant (/7). PPNAD is the most frequent endocrine manifestation of CNC (6).

The CNC is transmitted as an autosomal dominant trait, and a genome-wide screen of CNC families
was able to demonstrate linkage to genetic loci at chromosomes 2p16 and 17q22-24 (/8-20). Further
studies have led to the identification of the responsible gene on 17q22-24: PRKARIA, the gene that
encodes the type 1o regulatory subunit (RIot) of cAMP-dependent protein kinase A (PKA) (217). To date,
more than 60% of CNC patients are identified to harbor pathogenic PRKARIA mutations (2/-24). The
gene on chromosome 2p16 is yet to be revealed.

The PKA plays a major role in eukaryotic cell signaling. In its inactive state, the holoenzyme
consists of a tetramer of two homo- or heterodimers of regulatory subunits (PRKARIA, PRKARIB,
PRKAR2A, PRKAR2B) and two catalytic subunits (PRKACA, PRKACB) (25, 26). Each regulatory
monomer contains a dimerization/docking domain at the amino terminal, two tandem binding
domains for adenosine 3',5'-cyclic monophosphate (cAMP) at the carboxyl terminus (cCAMP:A and
cAMP:B), and a linker region that contains the main docking site for the C subunit (25, 26). Elevation
in the cellular cAMP levels, and, consequently, binding of cAMP molecules to the regulatory subu-
nits leads to activation of the regulatory subunits, dissolution of the holoenzyme, and release of the
catalytic subunits (26). The free catalytic subunits, which are serine-threonine kinases, can then go
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on to phosphorylate a series of targets that regulate downstream effector enzymes, ion channels, and
transcription of specific genes that mediate cell growth and differentiation (26). Thus, functionally,
inactivation of PRKARIA is associated with excess PKA signaling in affected tissues (27, 28).

PRKARIA extends to a total genomic length of approximately 21 kb and is composed of 11 exons
with a coding region of 1,143 bp, starting from exon 2. Since the identification of PRKARIA muta-
tions in CNC, more than 100 disease-causing pathogenic sequence changes have been reported; they
are spread all over the coding length of the gene, without a preference for a region or exon (24). Most
of the mutations are unique, that is they are identified in single families only. Only two mutations
[c.491_492delTG/p.Vall64fsX4, and c.709 (-7-2) del6(ttttta)] in the gene have been seen so far in
more than three unrelated CNC families (22, 29).

The vast majority of the mutations consist of base substitutions, small deletions and insertions, or
combined rearrangements, involving up to 15 bp (2/); although rare, large PRKARIA deletions have
been reported (30). In the majority of the cases, the sequence change results in a premature stop
codon; this leads to degradation of mutant mRNAs by nonsense mediated mRNA decay and, conse-
quentially, the absence of the predicted mutant protein product (22). Loss of the normal 17q22-23
allele in CNC lesions (loss-of-heterozygosity, LOH) has also been noted, indicating that PRKARIA
may act as a tumor-suppressor gene (2/, 3/): oncogenesis in CNC tumors was due to the complete
lack of a functional PRKARI1A (5). A strong genotype—phenotype correlation appears to be absent in
premature stop codon-generating mutations, since nonsense-mediated mRNA decay (NMD) leads to
PRKARIA haploinsufficiency for all these mutations.

Rarely, mutations that escape NMD and lead to the expression of an abnormal, defective PRKARTA
protein have been identified (29, 30, 32): these “expressed” mutations appear to lead to different phe-
notypes. A splice-site variant that eliminates “in frame” exon 7 is seen mostly with isolated PPNAD,
presumably due to adrenal-specific regulation of expression or partial splicing defect and an increased
sensitivity of the adrenal gland to even subtle alterations in cAMP signaling (29). In contrast, germline
“in frame” deletion of exon 3 results in severe expression of the majority of the CNC manifestations
— this phenotype likely reflects the importance of exon 3, linking the dimerization/docking domain
and the first cAMP binding domain for the overall functional conformation of PRKAR1A (30).

Important clues on the function of the different PRKARI1A domains are provided by a recent study
that investigates the in vitro effect of naturally occurring expressed mutations in the gene (32). The
study examined six expressed variants resulting from missense substitutions in the coding region for
the functional domains of the protein (Ser9Asn, Arg74Cys, Argl46Ser, Aspl183Tyr, Ala213Asp,
Gly289Trp), together with the previously reported exon 3-skipping expressed PRKARIA isoform (30,
32). Transfection studies with mutant constructs bearing the expressed mutations showed increased
PKA activity, which was attributed to decreased binding to cAMP and/or the catalytic subunit. A correla-
tion between the localization of the mutation, domain function, and in vitro effects was observed.
Three of the investigated mutations (Asp183Tyr, Ala213Asp, and Gly289Trp) were located in the
cAMP-binding domains of PRKARI1A. These domains contain the phosphate binding cassettes
(PBCs), where the residues essential for cAMP binding are positioned; these regions are the most
conserved portions of these domains (25, 33). Significant decrease in the cAMP binding ability was
measured for all three mutations, consistent with their proximity to or placement in a PBC and sug-
gesting their possible importance for normal PKA conformation and function (25). Furthermore, in
contrast to previous studies reporting only partial kinase activation for PRKAR1A subunits defective
in cAMP binding domains, this study showed increased PKA activity, PKA specific activation, and
pCREB/CREB ratios for these three naturally occurring mutations.

Perhaps even more interesting results were revealed by mutations that affect the catalytic subunit
binding sites. In the absence of cAMP, the two regulatory subunits bind the two catalytic subunits,
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rendering the PKA holoenzyme inactive. Experimental data have shown that binding of the regulatory
to the catalytic subunit requires at least two sites to achieve high affinity binding. The exon 3 skipping
mutation, which lacks residues 60-117, spans the primary site (residues 94-98, the inhibitor
sequence), while the Argl46Ser mutation disrupts the secondary site (residues 138-148, 232-247)
(33). Increased PKA specific activation and extremely high PKA activity even without cAMP were
measured for these mutations due to the inability of the mutated PRKARTA to bind the catalytic subu-
nit, as supported by co-immunoprecipitation studies (33). As expected, levels of unbound cAMP
declined even as cAMP binding affinity fell; since the catalytic subunit is coupled to both the inhibitor
sequence and cAMP binding domain, it is not surprising that a mutation that affects the catalytic subu-
nit binding would also affect cAMP binding, likely by altering the arrangement of amino acids impor-
tant for these functions.

The remaining two expressed mutations (Ser9Asn and Arg74Cys) were located in the dimerization/
docking domain, and in the linker region, outside of any known functional domain, respectively; it
has been hypothesized that they likely affect higher order protein structure and/or RIo interaction with
partner proteins outside of the PKA tetramer (33, 34). Indeed, increased PKA activity and PKA-
specific activation and decreased binding of both cAMP and Co were observed (33). These studies
support previous suggestions that alteration of PRKAR1A function alone (not only its complete loss)
can lead to increased PKA activity leading to tumorogenic changes in the adrenal cortex and other
cAMP-sensitive tissues, and to CNC.

Isolated Primary Pigmented Nodular Adrenocortical Disease

Although rare, familial cases of isolated PPNAD have also been reported (29). Like CNC, PPNAD
is inherited in an autosomal dominant manner. By definition, no other clinical features associated with
CNC are seen in these families; however, subtle disease manifestations may have been missed (35, 36).
Isolated, non-familial PPNAD has been very rarely reported, and, in most of the cases, like in familial
PPNAD, the genetic defect is a germline mutation in PRKARIA (29).

Isolated Micronodular Adrenocortical Disease

The genetic basis of isolated corticotropin-independent MAD is supported by its invariably bilat-
eral appearance and very early disease onset. In a recent study, employing a genome-wide screen of
ten kindreds negative for PRKARIA mutations, a strong association between the disease and inactivat-
ing mutations in phosphodiesterase 11A (PDE1A), was identified (37, 38). Most of the individuals
included in this study presented with an overall normal adrenoglandular size and weight; adrenocorti-
cal samples from these patients featured multiple small yellow-to-brown nodules surrounded by a
cortex with a uniform appearance. Microscopy showed moderate diffuse cortical hyperplasia with
multiple capsular deficits and massive circumscribed and infiltrating extra-adrenal cortical excres-
cences with micronodules; in other patients, histology was indistinguishable from that in PPNAD.

PDEI11A is located on chromosome 2q31.2 and belongs to the large family of human PDEs com-
prised of 21 so far identified genes that are classified in 11 different subfamilies based on structural
similarity such as sequence homology, protein domains, and enzymatic properties including substrate
specificity, kinetic properties, and sensitivity to endogenous regulators and inhibitors (39, 40). All
PDE genes are transcribed in multiple splice isoforms that have mostly unique tissue-expression pat-
terns, kinetic properties, regulation, subcellular localization, and interaction with associated proteins.
PDEI11A is a dual specificity PDE that degrades both second messengers cAMP and cGMP. PDE11A
is expressed in several endocrine tissues, including the adrenal cortex (417, 42). It contains one active
catalytic domain end two N-terminal phosphorylation sites for PKA and PKG are identified. The gene
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spans approximately 0.5 MB and is composed of 23 exons which by alternative splicing results in the
expression of four different isoforms PDEIIAI, PDEIIA2, PDEIIA3, and PDEI1A4 (39). Of the
four, only the full length (PDE11A4, ~2.8 kb) shows high adrenal specific expression.

Five different PDE] 1A mutations were identified so far among the patients with isolated PPNAD —
three of them resulted in premature stop codon generation; the remaining two were single base
substitutions in the catalytic domain of the protein and were shown to significantly affect the abil-
ity of PDE11A to degrade cAMP in vitro (37, 38). Cyclic AMP (cAMP) and cGMP levels in
adrenocortical tumors from individuals with inactivating PDE]IA mutations were significantly
elevated compared to control samples. This observation suggested that the pathophysiological
mechanism by which mutations in PDEI]A predispose to adrenocortical tumor formation seems
to be linked to activation or abnormal cAMP signaling. Investigation of the different PDE11A
isoforms showed adrenal expression of only one of the four known splice variants — PDEI1A4.
Decreased PDE11A4 mRNA and protein expression levels were measured in adrenocortical
tumors of patients carrying inactivating mutations in the gene (37). Further, fluorescent in situ
hybridization analysis indicated LOH, with retention of the mutant allele in some of these patients
with inactivating PDE] 1A mutations (37).

The above described genome-wide association study suggested a number of other chromosomal
loci as potentially linked to the development of iMAD; the second most favored such locus was 5q13
containing the gene for a cAMP-specific PDE, PDESB (37). PDESB was also shown to have signifi-
cantly higher expression in the adrenal gland compared to all other cAMP-specific PDEs (37).
Sequencing of the PDESB-coding regions identified a single base substitution (c.914A > T, p.H305P)
in a young girl with CS; the patient inherited the mutation from her father, who presented with very
mild to indistinguishable adrenocortical phenotype (43). The substitution affects an evolutionary con-
served residue (H305) and was not seen among extended cohorts of healthy unrelated control subjects.
In vitro studies indicated an impaired ability of the protein to degrade cAMP (43).

Adrenocortical Hyperplasia Associated with McCune—Albright Syndrome

Another type of BAH leading to Cushing syndrome — macronodular adrenocortical hyperplasia — is
associated with somatic mutations in the stimulatory (Gso) gene of the G protein cascade (GNAS) in
MAS (44). The members of the G protein family of signal transducers form heterotrimers (subunits
o, B, v), most clearly distinguished by their different alpha chains. The o-stimulating subunit encoded
by GNAS, located on chromosome 20q13.3 (45) has intrinsic GTPase activity and after activation
stimulates the adenylyl cyclase-mediated cAMP production and interacts with other cell-specific
intracellular effectors (45).

Expressed Genes and Pathways in Primary Pigmented Nodular Adrenocortical Disease

Serial Analysis of Gene Expression (SAGE) of a human adrenal affected by PPNAD was com-
pleted to compare gene expression with that of a normal adrenal and previous studies in macronodular
hyperplasias (46, 47). An interesting finding was the involvement of the Wnt signaling pathway in
both types of hyperplasia: the expression levels of several members of this pathway were found
elevated. Genes such as catenin (cadherin-associated protein)-like 1 (CTNNALI), disheveled, dsh
homolog 2 (Drosophila; DVL2), casein kinase 1 (CSNKIE), axin 1 (AXINI), catenin-bl (CTNNBI),
WNT1-inducible signaling pathway protein 2 (WISP2), and glycogen synthase kinase-3b (GSK3B)
were all overexpressed. The Wnt-signaling pathway regulates many important cellular and develop-
mental processes, including proliferation, cell-to-cell adhesion, cell fate decisions, and differentiation.
The involvement of this pathway in other adrenocortical tumors was recently supported by the finding
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of somatic activating mutations in B-catenin in as high as approximately 30% of adrenal adenomas
and carcinomas (48). Another finding in common for the two hyperplasias was increased expression
of PRKAR2B, one of the other PKA subunits that seem to counteract PRKARI1A actions (27, 49) in
human tissues bearing PRKAR /A inactivating mutations, as well as in Prkarla-deficient mice (50-52).
An important group of genes that were found inversely regulated in PPNAD and macronodular hyper-
plasia were those involved in steroidogenesis, and particularly, in cortisol production. In PPNAD, as
expected from a high cortisol-producing tissue, CYP1IBI, CYPI7Al, CYP21A2, and HSD3B2 were
overexpressed; in contrast, in macronodular hyperplasia, expression levels of CYPI1IBI, CYP17Al,
and CYP21A2 were decreased (53), a finding that reflects the relatively low efficiency with which
macronodular cells produce cortisol compared to the volume of the tissue and the degree of their
hypertrophy (54).

CONCLUSION

Defects in several key molecules of the cAMP pathway predispose to nodular adrenocortical dis-
ease: GNAS, PRKARIA, PDEIIA, and PDESB. PDE-inactivating mutations appear to be a novel
cause of inherited predisposition to mostly micronodular forms of hyperplasia. Incomplete penetrance
of functionally harmful sequence variations in these genes requires further investigation. In the adre-
nal cortex, factors that affect tumorigenicity are likely to be developmental, hormonal, and possibly
gender-related. Adrenocortical tumors and CS are generally more frequent in females (37, 38, 43); on
the other hand, in all cases where inheritance of a PDEIA mutation could be shown, the asympto-
matic carrier was the father (37, 38, 43). The presence of allelic losses of the corresponding normal
allele in adrenal tissues seems to be a determining factor in the development of an adrenal tumor as
it is suggested by the PDE11A-associated tumor genetic studies (37). Although the cause of all forms
of nodular adrenocortical disease studied to date seems to be linked to increased cAMP signaling, the
histopathological changes in the adrenal glands of patients with the various mutations or functional
abnormalities of this pathway differ significantly and overlap only partially (55). PRKARIA mutations
are associated with PPNAD (24), whereas GNAS mutations are associated with the mostly macron-
odular and clearly nonpigmented form of BAH that one sees in MAS. PDE1]A and PDESB mutations
seem to predispose to a variety of lesions from isolated (without any other associated tumors) PPNAD
to nonpigmented iMAD and other forms of BAH. The importance of PDEs for normal adrenocortical
function is currently being explored.
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The syndrome of generalized glucocorticoid (GC) resistance is a familial disorder that is characterized
by reduced cortisol effects, due to a GC receptor (GR) defect. This is compensated by increased
activity of the hypothalamic-pituitary-adrenal (HPA)-axis, yielding elevated serum concentrations of
cortisol, which does not result in the classical Cushingoid features related to cortisol overproduction.
However, as a result of the increased levels of serum ACTH patients present with signs of adrenal
overproduction of mineralocorticoids (hypertension and hypokalemic alkalosis) and, in females, of
androgens (hirsutism, male pattern of baldness, menstrual irregularities). In some cases the underlying
molecular basis has been elucidated, such as mutations in the gene coding for the GR, but in other
patients the cause of GC resistance has not been revealed yet. We discuss the pathophysiology and
provide tools for diagnosis and treatment of this rare hereditary syndrome.
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INTRODUCTION

The syndrome of familial GC resistance is rare and may frequently be undiagnosed since this
syndrome is rather unknown and may result in several aspecific symptoms. At the tissue level, this dis-
ease is characterized by reduced cortisol action. As a result, a compensatory stimulation of ACTH
secretion by the pituitary occurs, yielding elevated circulating levels of glucocorticoids (GCs), miner-
alocorticoids and androgens (/, 2). This syndrome is inherited as an autosomal recessive or dominant
disease.

In the last two decades a number of rare mutations of the GR gene have been reported, which
explained dysfuntioning of the GR, resulting in clinical signs and symptoms of generalized cortisol
resistance (2). In healthy conditions the production of GCs is regulated by the hypothalamus, which
responses to stimuli from the central nervous system (3). In reaction to these stimuli the hypothala-
mus secretes corticotropin releasing hormone (CRH) and vasopressin (4). Consequently, the pitui-
tary is stimulated to secrete a large precursor protein, pro-opiomelanocortin (POMC), which is
subsequently splitted into several hormones. One of these hormones is corticotropin (ACTH) (5, 6).
ACTH stimulates the adrenal glands to produce GCs (Fig. 1a). Because of GR defects, the normal
effects of cortisol on target genes in the nucleus are impaired. Subsequently, the negative feedback
of glucocorticoids at the level of the pituitary and the hypothalamus is diminished, ACTH levels rise,
glucocorticoid production by the adrenals is elevated and cortisol binds with high affinity to the
mineralocorticoid receptor (Fig. 1b). In addition, the elevated levels of ACTH stimulate adrenal

a Hypothalamus b Hypothalamus

| - | o]

Pituitary Pituitary

l ACTH l actH]

/ I\ / I\

androgens cortisol androgens H cortisol ﬂ
mineralocorticoids mineralocorticoids

Fig. 1. Simplified scheme of the hypothalamic-pituitary-adrenal (HPA)-axis in the normal situation (a) and in condi-
tions of the syndrome of Glucocorticoid (GC) resistance. (b) In healthy conditions, corticotrophin releasing hormone
(CRH) is secreted by the hypothalamus, stimulating the pituitary to secrete adrenocorticotropin (ACTH). This latter
hormone stimulates the adrenal glands to produce GCs (in humans mainly cortisol), mineralocorticoids and andro-
gens. Cortisol exerts a negative feedback action on its own production, both at the pituitary level and at the hypotha-
lamic level. In patients with GC resistance, the negative feedback mechanism, which is mediated by the glucocorticoid
receptor (GR), is impaired. Consequently, the activation of the HPA-axis is increased and the production of the men-
tioned adrenal hormones is elevated, yielding symptoms of overproduction of mineralocorticoids and, important in
women, androgens, but no signs of GC excess due to the defect GR.
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production of androgens (dehydroepiandrosterone (DHEA), DHEA-sulfate and delta-4-androstene-
dione), as well as other adrenal corticosteroids with mineralocorticoid activity (corticosterone, and
deoxycorticosterone).

CLINICAL FEATURES OF THE GLUCOCORTICOID RESISTANCE SYNDROME

The symptoms in patients with cortisol resistance result from the compensatory increased activa-
tion of the HPA-axis. Because of these elevated ACTH levels, patients experience symptoms related
to an increased production of mineralocorticoids, leading to hypertension, hypokalemic alkalosis and
fatigue. Female patients also suffer from symptoms of hyperandrogenism, such as hirsutism, male
pattern of baldness and menstrual disturbances, because of increased production of androgens by the
adrenals. In male patients the testicular production of androgens is much higher, and outweights the
increased adrenal androgen production. In normal healthy conditions, organs in which mineralocorti-
coids have an important function (e.g. the kidneys) are protected from high cortisol levels by
11B-hydroxysteroid dehydrogenase type II. This enzyme converts intracellular cortisol into the inac-
tive cortisone. In conditions of generalized cortisol resistance, cortisol levels exceed the capacity of
this enzyme and can thereby contribute to increased mineralocorticoid effects. However, some
patients with GC resistance are asymptomatic or complain only about chronic fatigue. The latter may
be explained by a relative GC deficiency beacuse of insufficient compensation by the HPA-axis (7).

PHYSIOLOGY OF THE GLUCOCORTICOID RECEPTOR

For mediating the effects of cortisol the glucocorticoid receptor (GR) is of crucial importance. This
receptor is localized in the cytoplasm of virtually all cells in the human body. After binding of its
ligand cortisol (or other glucocorticoids) a conformational change occurs, which leads to dissociation
of the receptor from a large complex of proteins including heat shock protein 90 (8, 9). This activated
ligand-bound receptor translocates to the nucleus where it can act in several ways (/0). The GR can
initiate transcription through binding to GC responsive elements of the target gene. The GR can also
affect gene transcription through direct protein-protein interaction and can activate, as well as repress
target gene expression (//—13).

GLUCOCORTICOID RECEPTOR GENE MUTATIONS

In 1976 Vingerhoeds et al reported by the first patient with “spontaneous hypercortisolism without
Cushing’s syndrome” (/4). Further analysis showed a reduction in GR-ligand binding affinity in this
patient. In his only mildly affected son and nephew a lesser reduction in affinity was measured. In a
second stadium, the DNA sequence was analysed and an alteration of nucleotide 2054 was found.
This mutation resulted in a substitution of valine for aspartic acid at amino acid residue 641 (/5). The
finding that the index patient was homozygous for the mutation whereas the other family members
carried only one mutated allele may explain the variability in clinical presentation within the family.
Since this first patient, several other patients with GR mutations, leading to the GC resistance syn-
drome have been described (see Table 1 for overview of reported mutations and clinical presentation)
(15—-24). Most mutations are located in the ligand binding domain (25). These mutations in the GR
yield decreased transactivating capacity (/7, 26), disturbances in ligand binding (75, 27), diminished
GR expression (20), delayed nuclear translocation of the receptor, alterations in interaction with coac-
tivators, alternative splicing or a combination of these changes in GR functioning (/6-26, 28).
Previously, the molecular mechanisms of two previously reported mutants GRa. R477H and GRo
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G679S, which both lead to systemic GC resistance, has been revealed by Charmandari et al. (26).
After the administration of dexamethasone the GRow G679S mutant showed a reduced capacity to
stimulate transcription of the GC-responsive mouse mammary tumor virus promoter when compared
with the wild-type GRa.. The GRow R477H mutant displayed no transcriptional activity in these tran-
sient transfection assays. As demonstrated by dexamethasone binding assays Charmandari et al
reported that the GRa G679S showed reduced ligand affinity, whereas the affinity of the GRa. R477H
was unaltered. The GRoo R477H and G679S mutants displayed a slower translocation into the nucleus
compared to the wild-type GRo. In contrast to the wild-type GRo and the GRaw G679S, the GRo
R477H mutant was not capable of binding to GC-response elements. Additionnally, it was shown that
these mutant GRs interacted differentially with the GR-interacting protein 1 coactivator through its
activation function (AF)-1 en AF-2.These studies show that a single nucleotide mutation in the GR
can disturb various important events of the intracellular GC signaling pathway.

Recently, a male patient was reported, who underwent a postmortem renal transplantation 33 years
ago for which he has been using only low-dose immunosuppressive medication (prednisone 7.5 mg/
day, azathioprine 100 mg/day). Despite this minimal use of immunosuppressants he has been clinically
well with only slightly impaired renal function today (24), suggesting abnormal GC sensitivity. He did
not suffer from Cushingoid side effects. DNA analysis revealed that this patient was heterozygous for
two intronic GR gene mutations, of which one is close to the boundary of exon 9. This mutation
resulted in an increased expression of the GR-[3 splice variant both in peripheral blood mononuclear
leukocytes (PBMLs) and in in vitro EB V-transformed lymphoblasts. As has been extensively discussed
in literature the GR- is seems to be a dominant-negative inhibitor of the active GR-o and can thereby
cause GC resistance, both an acquired as well as an inherited form of resistance (24, 29, 30).
Interestingly, the transactivation capacity of the GR was reduced in this patient, while transrepression
(important for the immunosuppressive actions of GCs) was intact. The reduction in transactivation
capacity may result in GC resistance at the negative feedback level in the pituitary and hypothalamus,
and thereby causing a compensatory raise in endogenous cortisol levels. These relatively elevated GC
levels could increase the immunosuppressive action of GCs, since the transrespression capacity seems
to be normal (24), which can explain the clinical picture of this posttransplantation patient.

Other patients with GC resistance due to a dysfunctioning GR signaling have been reported, in which
genetic alterations of the GR have not been studied yet (7, 3/-33). Some additional mechanisms leading
to GC resistance, which have been postulated, are as follows: increased expression of 90-kDa heat shock
protein (hsp90), one of the chaperone proteins (34), altered phosphorylation status, hormone-induced
conformation changes of the GR and nuclear transformation (35) and thermolability of the GR (7).

In contrast to GC resistance also hypersensitivity to endogenous cortisol has been reported, resulting
in Cushing’s syndrome despite hypocortisolemia (36) or normal cortisol levels (37). Recently, a female
patient was reported, who presented with symptoms of tissue-specific glucocorticoid hypersensitivity.
Charmandari et al found a novel, heterozygous G to C substitution in exon 2 of the GR gene, yielding
an aspartic acid to histidine substitution in the amino-terminal domain of the GRot (38). In vitro studies
showed that the mutant receptor GRa. (D401H) improved the transcriptional activity of glucocorticoid-
responsive genes, which may explain the enhanced GC sensitivity in some tissues of this patient.

UNEXPLAINED GLUCOCORTICOID RESISTANCE

As described in the previous paragraph several underlying molecular mechanisms of patients with GC
resistance have been revealed. However, there are a substantial number of patients with GC resistance of
unknown origin, showing no mutations in the GR gene. In the past, several patients were reported, who
all demonstrated an insufficient suppression after 1 mg dexamethasone and hyperandrogenism, but no
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classical Cushingoid features and an intact diurnal cortisol rhythm (39) and thus meeting the criteria of
GC resistance. Two of these patients also suffered from chronic fatigue, of which one improved after
treatment with dexamethasone. Analysis of the coding regions of the GR gene revealed only in two
patients the ER22/23EK (two linked single nucleotide mutations in exon 2) alteration, which is also
present in the normal population (frequency 5-12%) and later appeared to be associated with a mild GC
resistance in healthy individuals (28, 40). The importance of the presence of the ER22/23EK in patients
with generalized GC resistance is unclear. No other mutations of the GR gene were found in these
patients.

Previously, 12 unrelated patients with generalized cortisol resistance, which was defined by nonsuppres-
sion after the administration of dexamethasone, were studied by Ruiz et al. (/7). DNA analysis revealed in
four of these patients a previously reported polymorphism (N766N), consisting of an AAT to AAC change
both coding for an asparagine, of which the clinical implications are not known at present. Although it is
a silent polymorphism, a functional role cannot be ruled out yet. In two of these 12 GC resistant patients,
mutations in the GR gene were observed (R477H and G679S, see also Table 1). In vitro assays showed that
these mutations lead to an impaired receptor function. However, the exact molecular background of the
other patients with clinical GC resistance remains to be elucidated at present.

Russcher et al reported nine patients with clinically abnormal GC sensitivity (8 GC resistance and
one with GC hypersensitivity) (24). For three of these patients mutations in the GR gene have been
demonstrated to underlay the GC resistance (/5, /9, 20). In one patient the above mentioned
ER22/23EK polymorphism (39) without other GR gene mutations was present, and in one patient two
intronic mutations, leading to increased GRf} expression, were found. However, GR gene analysis of
the other five patients yielded no mutations, although they clearly suffered from systemic GC resist-
ance. Thus, the pathophysiology of their GC resistance remains to be revealed.

In a recent report, Drigo et al demonstrated a 16-year-old girl with Takayasu’s arteritis (34).
Interestingly, this patient did not clinically or biochemically respond to longterm treatment with high
dose GCs. In addition, she did not suffer from any adverse effects, suggesting generalized GC resist-
ance. Further analysis showed a reduced number of GR on peripheral blood mononuclear leukocytes
(PBMLs), while the affinity of the receptor was unchanged. Partial sequencing of the GR gene (exon
4 to 9o) did not yield any mutations. However, in PBMLs of this patient an increased expression of
hsp90 was found. Hsp90 proteins are known to have an important function in the stabilization of the
GR in a conformation, which makes the GR available for ligand binding (4/). Subsequently, alterations
in these hsp proteins could theoretically lead to GC resistance (42). The mRNA expression levels of
hsp90 beta in cultured fibroblasts from GC resistant patients with and without GR defects were studied
by Bronnegard et al. Interestingly, they found that the GR defects are related to increased hsp90 beta
mRNA levels, but no increase was observed in hsp90 levels in the patients with an intact GR (43).

OTHER FORMS OF GC RESISTANCE

Classical generalized GC resistance, as caused by GR gene mutations, is not the only form of resist-
ance to GCs. GC resistance can be acquired, as occurs in some types of neoplasms; ectopic ACTH
syndrome (44), pituitary tumors (Nelson’s syndrome) (45), and hematological malignancies (46, 47).
In many other diseases also forms of GC resistance have been demonstrated, e.g. major depression
(48), asthma (49, 50), rheumatoid arthritis (5/), inflammatory bowel disease (52), autoimmune hepa-
titis (53), AIDS (54), and Cushing’s disease (55, 56). Additionally, in septic shock a transient state of
GC resistance has been reported (57). By administering RU486, a GR antagonist, or chemotherapeu-
tic treatment of leukemic cell line, resulting in deletions of the GR gene, GC resistance can also
iatrogenically be induced (46, 58).
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Theoretically, a subtle systemic resistance to endogenous GCs could predispose to any disease,
which responds well to exogenously administered GCs. In this view, auto-immune diseases, e.g. rheu-
matoid arthritis, asthma and systemic lupus erythematosus, provide good possibilities to study this
potential enhanced vulnerability. Resistance to the immunosuppressive effects of GCs, including
endogenous cortisol, may enhance activity of the immune system. The response of 39 patients with
lupus nephritis to GCs was studied by Jiang et al. They examined the function of the GR, and the
molecular structure of the GR in PBML (59). ACTH or GC levels and ligand affinity of GR did not
differ between the lupus patients and controls. Interestingly, GR number on mononuclear cells of
lupus patients was reduced compared to the controls. In eight of the 39 studied lupus nephritis patients
a polymorphism in exon 9 of the GR was found. This variant consists of an adenine insertion at the
2439 base pair of the GR gene, resulting in an additional 20 amino acids being translated into the GR
protein. This phase-shift mutation, may affect GR functioning. The polymorphism in exon 9 and the
lower GR number may be related to a slight GC resistance, and thereby contribute to the pathophysi-
ology in lupus nephritis.

In addition, in asthma, GC resistance is a well-known clinical problem (49, 50). Unlike most cases
with familial GC resistance syndrome GR gene mutations seem not to cause this steroid-resistence in
asthma (60). Several underlying mechanisms leading to steroid-resistant asthma have been postulated:
e.g increased expression of the GR splice variant, which is supposed to exert a dominant-negative
effect on the GRo (61, 62), reduced affinity in inflammatory cells (such as T-lymphocytes) induced
by certain cytokines (e.g. interleukin (IL)-2, IL-4, IL-13) yielding local GC resistance (63, 64), and
impaired nuclear localization (65), which may be related to alterations in GR phosphorylation (64).
Another factor, which has been suggested to be involved in the development of central GC resistance
during inflammation, is leukemia inhibitory factor (LIF) (66). This is a pleiotropic cytokine, which is
stimulated in peripheral and cerebral tissues during inflammatory or chronic autoimmune diseases,
and is thereby a potent stimulator of the HPA-axis. Animal studies showed that LIF treatment mark-
edly decreased GR mRNA levels in the murine hypothalamus and pituitary and decreased GR protein
levels, suggesting that LIF maintains the HPA axis activation by decreasing GR expression and may
thereby contribute to GC resistance.

MILD GLUCOCORTICOID RESISTANCE DUE TO POLYMORPHISMS
IN THE GLUCOCORTICOID RECEPTOR GENE

Not only in patients, but also within the healthy, normal population variation in GC sensitivity has
been demonstrated (67, 68). Several single nucleotide polymorphisms in the GR gene have been
found to be at least partially responsible for this variability in GC sensitivity (69). The ER22/23EK
polymorphism seems to cause a mild GC resistance and results in reduced GC effects in many organs
and metabolic processes, yielding increased insulin sensitivity, lower total and LDL-cholesterol levels
(40, 70), smaller waist in females and greater height and muscle mass in males (40, 70, 71). In elderly,
ER22/23EK variant has been shown to be associated with lower C-reactive protein levels, an increased
survival rate (72), and unexpectedly, higher HbA1C levels (7/). In vitro experiments showed that the
ER22/23EK polymorphism resulted in a reduction of transactivating capacity, while transrepressing
capacity of the GR was unaltered (28). Recently, the underlying molecular mechanism of this poly-
morphism has been reported (73): an increased amount of the GR-A translational isoform is formed.
This GR-A isoform is known to have a lower transcriptional activity compared to the shorter GR-B
isoform (74), which can explain the subtle GC resistance.

Another polymorphism has been reported in the 3° UTR of exon 98, which is the terminal exon
of the mRNA of the GRp splice variant. This variant consists of an A to G nucleotide substitution.
Several previous studies showed a dominant negative effect of the GRJ splice variant on GRo
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functioning (75, 76). Because of the nucleotide substitution in exon 9f an “ATTTA” motif is
changed into “GTTTA.” In vitro this yielded more stable GRf mRNA and in vivo possibly a rela-
tive GC resistance and increased risk of developing rheumatoid arthritis (77). After suppression
with a low dose of dexamethasone, cortisol concentrations were not different between individuals
carrying the various 9B genotypes (78). However, in vitro experiments demonstrated that the 9f3
genotype may have diminished transrepressional activity with normal transactivation (79). In children
with idiopathic nephrotic syndrome two GR haplotypes were reported to be related to GC resist-
ance (80). Interestingly, two other polymorphisms of the GR (N363S and Bcll) were found to
increase GC sensitivity and are associated in some populations, but not all, with an increased fatmass
or body mass index and lower amount of lean mass (69, for review).

DIAGNOSIS OF GLUCOCORTICOID RESISTANCE

The main characteristics of the syndrome of glucocorticoid resistance are hypercortisolism accom-
panied by hypertension, hypokalemia, as signs of overproduction of mineralocorticoids, and in par-
ticular in females, also hyperandrogenism (acne, hirsutism, male pattern of baldness and menstrual
irregularities, infertility). More importantly, GC resistant patients do not suffer from the classical
Cushingoid effects, such as a moon face, abdominal obesity with red striae, hyperglycemia, myopathy
etcetera, despite their elevated cortisol levels. The chronic fatigue has also been suggested to result
from a relative GC deficiency because of insufficient compensation for certain target tissues (7).
Patients can also be asymptomatic (/, 22). Figure 2 shows a practical scheme showing clinical and
biochemical tests, which can be used for the diagnosis of GC resistance.

l Suspicion of generalized glucocorticoid (GC) resistance

d

Clinical Tests Test Results in GC Resistance:
(in contrast to Cushing’s Disease)

Diurnal rhythm present, but at an elevated level
Bone mineral density normal/ increased

TRH test normal TSH response

Insulin tolerance test cortisol. ACTH and GH:

normal response

o

Family testing

perform a 1 mg dexamethasone suppression test in parents and/or siblings:
nonsuppression in a family member is highly suggestive for the syndrome of GC resistance

Persistent suspicion of GC resistance
after clinical tests and/or family testing

Experimental in vitro tests to measure GC sensitivity (see table 2 for details)

DNA sequence analysis of the GR gene (if no mutations are found analysis of other
genes involved in the GC signaling pathway can be taken into consideration)

Fig. 2. Flow-chart of differential diagnostic considerations of suspected generalized GC resistance.
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Typically, patients with GC resistance have elevated plasma ACTH and serum cortisol concentrations.
In contrast to Cushing’s syndrome, the diurnal rhythm, however, is maintained, although it is set to an
elevated level (15, 81, 82). After an overnight suppression test with 1 mg dexamethasone, cortisol levels
are not adequately suppressed. No exact cut-off level is defined, however, above 70 nmol/l and even
more above 140 nmol/l is suggestive for GC resistance. The urinary excretion of cortisol is increased.
As a result of the compensatory elevated ACTH concentrations serum concentrations of adrenal andro-
gens (dehydroepiandrosterone (DHEA), DHEA-S, and androstenedione) and of ACTH-dependent
mineralocorticoids (cortisol, deoxycorticosterone, and corticosterone) are also increased. The adrenal
glands are normal to slightly enlarged, which is aspecific.

To differentiate between GC resistance and Cushing’s disease a helpful tool to monitor tissue
effects of cortisol is measurement of bone mineral density (BMD). In patients with Cushing’s disease
BMD is decreased, but the BMD is normal or even increased in patients with GC resistance. This may
be due to an absent deleterious effect of hypercortisolism together with in most instances, increased
androgen production in the syndrome of GC resistance.

In the clinical and biochemical presentation of the disease considerable variability has been dem-
onstrated. When the diagnosis is difficult based on the mentioned parameters indirect evidence for GC
resistance can be obtained by a normal response of serum TSH to TRH administration and/or the
demonstration of a normal response of growth hormone to an insulin induced hypoglycemia, which
are invariably impaired in patients with Cushing’s disease. Additional tests to confirm the diagnosis
of GC resistance can be performed in an experimental setting, see Table 2 (24).

Besides the various mentioned tests to diagnose hereditary GC resistance, a quick and easy manner
to confirm the diagnosis could be performing dexamethasone suppression tests in family members.

TREATMENT OF GLUCOCORTICOID RESISTANCE

There is no standard therapy for patients suffering from GC resistance. The importance of treatment
is that it should be individually directed to the signs and symptoms of the patient. In GC resistance,
early morning ACTH levels can be suppressed by a low dose of dexamethasone taken around midnight.

Table 2
Experimental Laboratory Tests to Measure Indicators of GC Sensitivity
Method Measurements
Analysis of GR characteristics Number of GR per cell (n) and receptor affinity

(dissociation constant (K))) (2), coding sequence (87),
GR expression and mRNA splice variants (GR-o, GR-J3,
GR-P) by real-time quantitative PCR (88)

Evaluation of ex vivo GC sensitivity Measuring GC-induced leucine zipper and
by measuring responses of target genes, interleukin-2 (89)
which are sensitive to endogenous GCs
Measuring the inhibition of mitogen Phytohemagglutinin-stimulated incorporation of *H-
stimulated proliferation thymidine or concanavalin A) by dexamethasone (2, 68)
Obtaining permanent cell lines Transforming B lymphocytes with Ebstein-Barr virus.
(before starting treatment) This test has recently been shown to be able to serve

as a sensitive bio-assay, since the upregulation of the
number of GR during culturing strongly correlates with
GC sensitivity (24, 90)

GR glucocorticoid receptor; GC glucocorticoid
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Hereby the ACTH-related activation of adrenal mineralocorticoid and androgen production is reduced.
The most beneficial treatment seems to titrate to a dose of dexamethasone, which normalizes andro-
gens, blood pressure and serum potassium. Once normalization of mineralocorticoids and androgens is
reached the dexamethasone dose to maintain this suppression can be carefully titrated down. To taper
the dose of dexamethasone over time is important to minimize the risks of an additive effect of dexam-
ethasone and remaining endogenous cortisol production. To check potential effects of too high doses
of dexamethasone in combination with the endogenous cortisol production, a yearly measurement of
BMD is recommended. Treatment can be started with a dose of about 1 mg dexamethasone at night.
This dose can be slowly decreased to 0.5 mg or even 0.25 mg/day. With respect to the treatment of
hypertension, thiazide or loop diuretics should not be used because of their potassium-losing effects.
To adequately control blood pressure, aldosterone antagonists are recommended, which have additional
beneficial effects because of their potassium sparing and antiandrogenic effects.
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The management of patients following surgery for pituitary, adrenal or ectopic Cushing’s syndrome
is challenging, as adequate glucocorticoid replacement post-operatively is crucial to avoid hypoad-
renalism. Following discharge from hospital, patients not only need to be seen regularly to assess for
recurrence of Cushing’s syndrome but also to identify patients with recovery of the HPA axis. This
chapter aims to give an overview of current opinions on how to assess Cushing’s patients following
surgery and to offer guidelines on their treatment.
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INTRODUCTION

The post-operative assessment and replacement of the hypothalamo—pituitary—adrenal axis
following treatment of Cushing’s syndrome is not well defined, as there are a number of views on how
to ascertain whether a cure has been achieved. Furthermore, recurrence may occur months or years
after apparently successful treatment of Cushing’s syndrome, most commonly in cases of Cushing’s
disease. Assessment and treatment varies depending on the aetiology of Cushing’s syndrome. Other
pituitary hormones may also be affected by the glucocorticoid excess and require post-operative
assessment, and health problems associated with Cushing’s syndrome need close monitoring and
therapy, including susceptibility to infections, cardiovascular complications such as hypertension and
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dyslipidaemia, low libido, impotence and menstrual disturbances (/), anxiety, depression, mania and
psychosis (1, 2), osteopenia and osteoporosis, as well as impaired glucose tolerance and diabetes
mellitus.

POST-OPERATIVE PITUITARY HORMONE REPLACEMENT

ACTH Axis
CUSHING’S DISEASE

In order to assess whether post-operative cortisol replacement is necessary, the ACTH axis needs
to be evaluated in each patient to determine whether pituitary surgery has been successful. However,
there is no universally agreed threshold cortisol value to define cure after transsphenoidal surgery for
Cushing’s disease and no consensus regarding the timing of post-operative cortisol measurements
(3, 4). Common strategies are discussed below.

Definition of cure: Proposed definitions of cure include serum cortisol levels within the reference
range (5), a clinical appearance of remission combined with low serum and urinary cortisol levels (6)
or suppression of cortisol on the low dose dexamethasone suppression test (7). The most widely
accepted view is that an undetectable post-operative serum cortisol (<50 nmol/L) is associated with
the best long-term outcome and is the most valuable predictor of long-term cure (§—/3). The rationale
for this derives from the fact that if removal of the adenoma is complete, lack of stimulation of the
adrenal glands by ACTH leads to an undetectable serum cortisol because of the suppression of the
hypothalamo—pituitary—adrenal axis .

Timing of post-operative cortisol measurements: The most widely accepted view is that basal
serum cortisol should be measured between 8:00 (/2) and 9:00 h (9, /4) 3—4 days after transsphenoi-
dal surgery and at least 12 h after the last dose of hydrocortisone (70, /3). Some authors suggest using
cortisol values from the 6- to 12-week period following surgery, as these appear to offer better
discrimination of continuing remission (/4, 15). Continued secretion of cortisol from hyperplastic
adrenal tissue for at least 2 weeks after withdrawal of ACTH stimulation has been suggested as an
explanation for the delayed decline in cortisol levels. It should be pointed out that these series were
small and if cyclical cortisol secretion is excluded, it is difficult to reconcile the above findings with
the majority of reports showing a gradual recovery of cortisol levels post-operatively over months or
years (13).

Hormone Replacement: Cushing’s patients have an inadequate response to stress and therefore
require glucocorticoids peri-operatively. Additionally, severe hypoadrenalism may develop in the early
post-operative period due to the suppression of the normal pituitary corticotroph function by previous
hypercortisolaemia (/6). Therefore, successfully treated Cushing’s patients require physiologic gluco-
corticoid replacement with repeated subsequent assessments of their HPA axis, as the aim is to gradu-
ally reduce glucocorticoids as adrenal suppression recovers (/7). Hydrocortisone is suggested rather
than dexamethasone, as the latter has a potent corticotroph suppressive effect and may hinder the sub-
sequent HPA axis recovery (3). Prednisolone also has a long half-life and leads to sustained ACTH
suppression, making it less useful for replacement therapy (/0). As hydrocortisone cross-reacts with
standard serum and urine assays of endogenous cortisol production, it must be discontinued for at least
12 h before measuring serum and urine cortisol levels (3). Hydrocortisone should be dosed three times
daily, as it has a half-life of 90—120 min, whereas dexamethasone can be administered once daily, as it
has a much longer half-life (36-54 h) (/7). Hydrocortisone 20 mg is approximately equivalent to dex-
amethasone (.75 mg and prednisolone 5 mg (/0). A possible dose regimen for the peri- and immediate
post-operative period is hydrocortisone 20 mg orally or 100 mg intramuscularly with the induction of
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| Transsphenoidal surgery for Cushing's disease |

A
Peri-operative glucocorticoid replacement eg. 50 —100 mg
hydrocortisone (HC) im 6 hourly; when oral intake possible,
20/10/10 mg of hydrocortisone po

Measurement of serum cortisol between 8°°-9%on day 3-—4 post-operatively

< 50 nmol/l 50-300 nmol/l > 300 nmol/l
Gradual reduction of HC Gradual reduction of HC Cure unlikely, consider other
to 10/5/5, regular follow-up to 10/5/5, regular follow-up treatment options
for relapse (urinary free for relapse (urinary free
cortisol, dexamethasone test) Cortisol, dexam ethasone test)
and recovery of HP A and recovery of HP A
axis (8°°-9%serum cortisol axis (8°°-9%serum cortisol +
+ synacthen test) synacthen test)

Fig. 1. Post-operative glucocorticoid replacement depending on post-operative serum cortisol levels.

anaesthesia followed by hydrocortisone 50-100 mg intramuscularly every 6 h after surgery (/0). As
soon as the patient is able to eat and drink, intramuscular hydrocortisone is converted to oral hydrocor-
tisone at a dose of 20 mg on waking, and 10 mg at lunchtime and at 17:00 h respectively (approxi-
mately double replacement). Depending on the basal morning cortisol levels measured 3—4 days after
transsphenoidal surgery (see timing of post-operative cortisol measurements above) the hydrocortisone
doses are adapted. If basal morning serum cortisol is undetectable (<50 nmol/L), hydrocortisone doses
are gradually reduced to 10 mg on waking, 5 mg at lunchtime and 5 mg at 17:00 h (daily hydrocorti-
sone doses are reduced by 2.5 mg every 1-2 weeks or as tolerated by the patient, as providing a
glucocorticoid taper can alleviate symptoms of steroid withdrawal, including headache, fatigue,
malaise or myalgia (3)) (Fig. 1).

If serum cortisol levels range between 50 and 300 nmol/L, hydrocortisone is reduced in the same
way but the patient requires close monitoring for recurrence of hypercortisolism during the following
months (see assessment for relapse of hypercortisolism below). Simultaneously, patients require
regular monitoring for recovery of the HPA axis, making hydrocortisone replacement unnecessary
(see assessment for recovery of HPA axis below). This is generally the case when 8:00-9:00 h serum
cortisol levels rise above 400—450 nmol/L (10, 17).

In a patient with a post-operative basal serum cortisol >300 nmol/L, no hydrocortisone replacement
is required as surgical failure is likely and the patient requires further treatment (/0). The figure above
illustrates the peri-operative management of patients with Cushing’s disease.

CUSHING’S SYNDROME OF ADRENAL ORIGIN

Adrenal tumours are responsible for 10-20% of cases of Cushing’s syndrome in adults, adrenal
adenoma for approximately 10%, adrenal carcinoma for approximately 8%, bilateral micronodular
adrenal hyperplasia for 1% and bilateral macronodular hyperplasia for 1% (10).

For adrenal adenomas unilateral adrenalectomy is curative, whereas bilateral micro- or macronodular
adrenal hyperplasia is cured by bilateral adrenalectomy. In a patient with adrenal carcinoma, surgery is
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useful to debulk tumour mass, as up to 70% of patients have distant metastases at the time of diagnosis.
Local recurrence during follow-up is common (/8). Post-operative basal serum cortisol levels are measured
in the same way as for pituitary Cushing’s syndrome, with a cortisol <50 nmol/L an indicator of cure.

Hormone replacement: Peri- and post-operative glucocorticoid cover is required for all patients
with clinical or subclinical Cushing’s syndrome attributed to adrenal tumours or hyperplasia (/0).
Hydrocortisone is given as for pituitary surgery: 100 mg intramuscularly with induction of anaesthe-
sia followed by hydrocortisone 50-100 mg intramuscularly every 6 h until the patient is eating and
drinking and can take oral medication. Oral Hydrocortisone 20 mg is then given on waking with
10 mg at lunchtime and at 17:00 h. Hydrocortisone can be decreased to normal maintenance doses
(10 mg on waking, 5 mg at lunchtime and 5 mg at 17:00 h) once the patient has recovered from
surgery. Mineralocorticoid replacement is only required in patients who have undergone bilateral
adrenalectomy, the recommended dose being 100 pg of fludrocortisone daily, which is adjusted
according to blood electrolytes, postural blood pressure and renin measurements.

EctoPric CUSHING’S SYNDROME

The ectopic ACTH syndrome refers to excess ACTH production by a source outside of the pitui-
tary, leading to signs of hypercortisolism; it accounts for approximately 12% of cases of Cushing’s
syndrome. The most common causes of this disorder are small cell lung carcinomas and carcinoid
tumours particularly in the lungs, as well as islet cell tumours. Ectopic CRH secretion is very rare,
and usually occurs in patients with fairly well differentiated pulmonary carcinoid tumours (/9). In a
few patients, remission can be achieved by surgical excision of the tumour (20-22). However, the
tumour is not resectable at the time of diagnosis or has metastasized in the majority of patients, in
which cases chemo- or radiotherapy may be helpful.

Hormone replacement: Patients with ectopic ACTH or CRH syndrome have an inadequate stress
reponse and require glucocorticoid cover peri-operatively, as described for patients with Cushing’s
disease. Patients who have not had curative resection of the primary tumour require treatment with an
adrenal enzyme inhibitor such as metyrapone, ketoconazole, etomidate or aminoglutethimide, which
control hypercortisolism within a few days of commencement. The dose is adjusted to achieve normal
24-h urinary free cortisol excretion, or, alternatively, cortisol production is inhibited completely using
enzyme inhibitors and replacement doses of glucocorticoids are given (/0). Medical adrenalectomy
can also be achieved by giving mitotane. Octreotide, a long-acting somatostatin analogue, can reduce
ectopic ACTH secretion rapidly. Uptake during radionucleotide scanning predicts a positive response
to this drug and is a further treatment option.

Other Pituitary Hormones (FSH/LH, TSH, GH, ADH)

The vast majority of Cushing’s syndrome is due to a pituitary ACTH-secreting corticotroph micro-
adenoma, termed Cushing’s disease. In these patients, an inherent risk of transsphenoidal pituitary
surgery is the development of post-operative pituitary hormone deficiencies. The risk of hypopituitarism
is correlated with the extent of pituitary resection (8, 9, 23). Corticotroph adenomas can often be
undetectable by radiological techniques and visual inspection and additionally, a subset of Cushing’s
disease is caused by diffuse corticotroph hyperplasia, which increases the complexity of surgery and
makes post-operative hypopituitarism more likely (§).

The following rates of pituitary hormone deficiency after transsphenoidal surgery have been
reported: gonadotropins 3—48%, thyrotropin 13—45%, somatotropin 53-93% and antidiuretic hormone
0-46% (3).
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The integrity of the remaining pituitary function is usually assessed 4—6 weeks after trans-
sphenoidal surgery (/0, 24). There is a risk of hypogonadism following extensive surgery (S, 9,
23). In premenopausal women, the assessment of gonadal function is based on the menstrual his-
tory, as well as on the gonadotropin and the oestradiol levels. Replacement can be started at any
time post-operatively in premenopausal women. A variety of options are available and the choice
depends on the patient, their age and medical history (25). In men, secondary hypogonadism is
diagnosed by measuring morning testosterone and gonadotropin levels; in secondary hypogonad-
ism the testosterone in low and the gonadotrophins are normal or low (26). PSA is typically
measured before commencing testosterone therapy, along with haemoglobin and a lipid profile.
Testosterone can be administered transdermally as a patch or gel or by intramuscular injections,
all of which are efficacious (26, 27).

The thyroid axis can be assessed by measuring free T4 and TSH. In secondary hypothyroidism, the
free T4 is low and the TSH low or normal. Levothyroxine is the treatment of choice, with a target free T4
level towards the upper end of normal (28). The adequacy of treatment is assessed every 6—8 weeks by
measuring free T4, the levothyroxine dose is adjusted until free T4 levels are within the target range.

Growth hormone (GH) deficiency is common in Cushing’s disease, as hypercortisolaemia impairs
GH secretion. Recovery of GH secretion is seen in a high proportion of patients following surgery for
Cushing’s disease, so that the definitive assessment of the GH secretory status should be postponed
to 1-2 years after surgical cure of Cushing’s disease (29-37). The most definitive way to assess for
GH deficiency involves provocative testing with an insulin tolerance test, which is the gold standard
test. In the elderly, and in patients with cardiovascular disease or seizures, alternative tests such as the
arginine or glucagon stimulation tests or the arginine in combination with GHRH test can be used
(10). In patients with three or more anterior pituitary hormone deficits, the chance of having GH
deficiency is 95% and dynamic testing may not be required. If GH deficiency is found, growth hor-
mone replacement is indicated.

Polyuria is not unusual in patients with Cushing’s syndrome, and transient diabetes insipidus (DI) is
more likely post-operatively in patients with Cushing’s disease than after operations for other larger
pituitary adenomas (32). Evaluation for DI can be carried out when blood glucose, potassium and cal-
cium levels are normal and appropriate steroid replacement has been commenced. Diabetes insipidus
may occur due to the disruption of the hypothalamo—pituitary stalk or trauma to the posterior pituitary
gland, thus temporarily impairing vasopressin secretion (33). In most cases, vasopressin secretion
recovers and diabetes insipidus lasts for just the first few days post-operatively, usually beginning
within the first 48 h following surgery. Treatment is by giving vasopressin tablets or nasal spray.

Apart from a routine assessment of pituitary hormones following transsphenoidal surgery, patients’
neurological status and visual function are assessed, including tests for visual acuity, extraocular
movements and visual fields. Routine prophylactic peri-operative antibiotic coverage from induction
of anaesthesia through to post-operative day 5 is undertaken by most centres (/0, 33), and the majority
of studies suggest benefit from these (34).

ASSESSMENT OF RECOVERY OF THE HPA AXIS AND FOLLOW-UP FOR RELAPSE

Cushing’s Disease

Follow-up for relapse: Although post-operative hypoadrenalism is associated with a lower risk of
relapse, several studies have shown return of hypercortisolism following a period of adrenal insuffi-
ciency (7, 15, 35-37). The risk of relapse is estimated between 10 and 15%, as shown in a large
European multicentre study by Bochicchio et al.; in this series, Cushing’s disease relapsed in 12.7%
of patients with undetectable serum cortisol levels in the post-operative period at a mean time of 39.3
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months (7). Similarly, Estrada et al. reported that 12% of patients with initially undetectable serum
cortisol levels relapsed within 5 years (37), and Pereira reported that 14% of patients with 2- and
12-week post-operative cortisol levels <50 nmol/L ultimately relapsed (/5). An explanation as to why
some patients with undetectable post-operative cortisol levels do go on to relapse may be that the
peri-operative steroid cover continues to cause negative feedback, despite the cessation of steroids for
at least 24 h before measuring a 8:00 h cortisol. In addition, synthesis of ACTH may be arrested for
days to weeks if glucocorticoids are administered, as these inhibit the transcription of ACTH in cor-
ticotroph cells within only 15 min of glucocorticoid exposure (38). Another possible explanation for
late relapse despite initial undetectable serum cortisol may be that the plasma ACTH concentration
and therefore the serum cortisol concentration depend upon the number of adenomatous corticotroph
cells remaining after pituitary surgery. The number of remaining cells may be too small to stimulate
detectable cortisol secretion, but may be sufficient to eventually grow into a large enough adenoma to
cause recurrent Cushing’s disease (39).

Patients who do not have undetectable post-operative serum cortisol levels but levels ranging from
50 to 300 nmol/L are at increased risk of relapse (7, 15, 37, 40). In this population, the risk of relapse
has been calculated to be approximately 77% after 5 years and 88% after 10 years using the Kaplan—
Meier statistical method (3). However, the risk is not absolute, as shown by Pereira et al. They
followed 11 patients with a 9:00 h serum cortisol between 50 and 138 nmol/L and six patients with a
cortisol level >138 nmol/L 2 weeks after surgery, all of which remained in remission during follow-up
of 1-8 years (/5). Estrada et al. followed 17 patients with plasma cortisol levels of 306 + 91 nmol/L
post-operatively, 23% of which had not relapsed after 5 years and 12% of which had not relapsed after
10 years (37). An explanation for long-term remission of Cushing’s disease despite measurable post-
operative cortisol levels may be that the remaining tumour cells undergo progressive necrosis during
the first 3 months post-operatively.

As described above, clinical remission may be possible in patients despite measurable serum
cortisol levels (50-300 nmol/L) post-operatively. These patients need careful assessment before a
recommendation for repeat surgery or other treatment is made. In our opinion, decisions regarding
further therapy should be based on 24-h urinary free cortisol levels and the response to low dose
dexamethasone suppression (3, /0, /2). Urinary free cortisol levels should remain within the reference
range and low dose dexamethasone suppression lead to a complete suppression of cortisol <50 nmol/L.
Because there is no absolutely reliable predictor of cure and long-term remission, all patients should
undergo regular follow-up to detect relapse of Cushing’s disease at least yearly for at least 10 years.
Other biochemical tests for assessment of relapse include the corticotropin-releasing hormone stimu-
lation test, metyrapone test or desmopressin test, although these tests do not seem to provide greater
discrimination than 24-h urinary free cortisol measurements or the low dose dexamethasone test
(3, 12) (Fig. 2).

Patients with persistent hypercortisolaemia (>300 nmol/L) following surgery are unlikely to have
been cured and should be considered for re-exploration and/or radiotherapy (/0).

Factors associated with the risk of relapse of hypercortisolism: Various investigators have sought
to define factors in patients that may be associated with the risk of relapse. Adenoma size seems to
play a role, as surgical failure is more common with macroadenomas and extrasellar extension
(8, 41-43). However, not all studies suggest that there is a correlation between size and surgical
success (7, 44). If an adenoma is visualised on pre-operative imaging, some authors have found a
higher chance of surgical success, with rates of 100% in patients with positive scans versus rates of
69% in patients with negative scans (7, §). However, other authors such as Invitti et al. and Yap et al.
have not found significant differences in rates of surgical success (7, 35, 45). Surgical failure has been
reported to be more likely in patients who do not respond to corticotropin releasing hormone (CRH)
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Fig. 2. Biochemical tests to
assess the recovery of the
HPA axis.

Tests to assess the recovery of the HPA axis

Morning serum cortisol (8.00—9.00)

Short synacthen test

Insulin tolerance test

Glucagon stimulation test

Corticotropin releasing hormone stimulation test
Metyrapone test

infusion with an ACTH and cortisol rise pre-operatively (3, 7, 46) and in patients with a paradoxical
rise in cortisol after thyrotropin releasing hormone (TRH) or luteinizing hormone releasing hormone
(LHRH) infusions (3, 46). A decline in intraoperative ACTH levels did not prove to be a useful tool
for predicting remission either (47). When an adenoma was noted on post-operative histology, some
series found higher remission rates of 75-78% vs 24-36% than when no adenoma was noted (3, 6,
40). Other series found no correlation between positive histology for adenoma and likelihood of
remission (8, 12, 35, 37, 45).

Assessment for recovery of the HPA axis: Assessment of recovery of the HPA axis is recommended
every 3—6 months during the first 2 years by measuring 8:00-9:00 h serum cortisol levels or
the response to a short synacthen test after withholding hydrocortisone replacement for at least
24 h. Replacement therapy can be discontinued if a basal 8:00-9:00 h serum cortisol level above
400-450 nmol/L is obtained (/0, 1/7) (although patients should be advised to start steroids if they
feel unwell), or the cortisol level rises to >580 nmol/L at 30 min after ACTH stimulation (/0). It is
however important to document the adequacy of the stress response once the patient has been
weaned off glucocorticoid replacement therapy with an insulin tolerance test (ITT), especially
when the response to ACTH stimulation is borderline (/0, /7). The normal response in an ITT
is for cortisol to rise to >580 nmol/L, which demonstrates the ability to withstand stress without
requiring glucocorticoid cover. Alternative tests to the ITT are the glucagon stimulation test,
corticotropin-releasing hormone stimulation test or the metyrapone test.

Recovery of the HPA axis usually takes up to 1 year and occasionally up to 2 years. If the axis has
not recovered after 2 years, recovery thereafter is unlikely. During the reduction of the post-operative
glucocorticoid dosage, patients may experience symptoms suggestive of hypoadrenalism. The mecha-
nism for this is not clear, but symptoms seem to be related to the re-adaptation of tissues to physiologi-
cal glucocorticoid doses after prolonged exposure to supra-physiological levels (24). It is useful to
warn patients that such symptoms may occur. Severe symptoms can be relieved by temporarily
increasing the dose of glucocorticoid replacement, but it should be reduced to a physiological level
again gradually. Symptoms are transient and will clear eventually (24).

Cushing’s Syndrome of Adrenal Origin

Follow-up for relapse of hypercortisolism: As in Cushing’s disease, 24-h urinary free cortisol
measurements and low dose dexamethasone testing are used. Generally, surgery cures Cushing’s syn-
drome in patients with adrenal adenoma or hyperplasia.

Patients with adrenal carcinoma should undergo regular staging with CT to detect progression and
are treated with adjunctive oral mitotane (48). Adrenostatic drugs such as metyrapone, ketoconazole,
etomidate and aminoglutethimide, which inhibit P450 steroidogenic enzymes like 11B-hydroxylase
and the side-chain cleavage enzyme, may additionally be needed to control hypercortisolism (49).
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Assessment for recovery of the HPA axis: It may take up to 2 years for the contralateral adrenal
gland to recover fully after unilateral adrenalectomy. A first assessment for recovery can take place
once 8:00-9:00 h cortisol levels rise to >50 nmol/L. A short synacthen test after the patient has
discontinued hydrocortisone replacement for at least 24 h (/0) can then be done and be repeated every
3—6 months until a normal result is achieved. To confirm an adequate stress response an insulin toler-
ance test should be obtained. If a patient has undergone bilateral adrenalectomy, lifelong glucocorti-
coid and mineralocorticoid replacement is necessary (10).

Ectopic Cushing’s Syndrome

Patients with ectopic Cushing’s syndrome are evaluated for relapse using the same methods as
described for Cushing’s disease and adrenal Cushing’s syndrome. Regular imaging studies are neces-
sary to ensure the primary tumour does not progress. In some patients, the source of hypercortisolism
cannot be identified, and these patients need regular reexamination with CT, MRI, radionucleotide
scanning with octreotide, radiolabelled metaiodobenzylguanidine or PET (/0). The assessment of
recovery of the HPA axis also follows the same algorithms as described for pituitary and adrenal
Cushing’s syndrome.

CONCLUSION

The management of patients undergoing surgical intervention for Cushing’s syndrome is com-
plex and includes the assessment and treatment of associated conditions, adequate glucocorticoid
replacement peri-operatively, investigation as to whether cure has been achieved post-operatively
and close observation to detect relapse of Cushing’s syndrome and the recovery of the HPA axis.
Various protocols exist, but as long as one is followed closely and none of the many aspects of the
post-operative management of Cushing’s syndrome are neglected, the final outcome can be
optimized (Table 1).

Table 1
Assessment and Management of Associated Conditions in Patients with Cushing’s Syndrome

Conditions associated with

Cushing’s syndrome Mechanism Assessment
Susceptibility to infectious disease =~ Immune suppression, enhanced Clinical monitoring
viral replication
Hypertension Activation of renin/angiotensin Regular blood pressure
system, mineralocorticoid effect measurement
Dyslipidaemia Insulin resistance Lipid profile
Hypogonadotrophic hypogonadism  Suppression of gonadotropin Testosterone measurement,
secretion menstrual history
Depression, anxiety, mania Glucocorticoid effect Clinical monitoring
Osteopenia, -porosis Increased bone resorption Bone mineral density scan
Impaired glucose tolerance Insulin resistance, increased Fasting glucose measure-

glycogenolysis ment
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Cushing’s syndrome (CS) is rare during pregnancy because it is associated with infertility in
approximately 71% of female patients who have the disease. The diagnosis of CS is challenging in the
nonpregnant state and even more so during pregnancy for several reasons. First, pregnant women with-
out CS develop some features of Cushing’s, such as hypertension, hyperglycemia, and striae. Second,
the various yet normal functional alterations involving the hypothalamic-pituitary axis during preg-
nancy make it difficult to use the standard testing normal ranges that are used to diagnose Cushing’s in
nonpregnant states (e.g., low-dose dexamethasone suppression testing and assessment of 24-h urinary
free cortisol and salivary cortisol). However, because hypercortisolism is associated with unfavorable
maternal and fetal outcomes, it is important to have a high index of suspicion of the disease to prevent
delay in diagnosis. In this chapter, we explore the different causes of CS during pregnancy, as well as
the normal changes affecting the hypothalamic-pituitary-adrenal (HPA) axis and how to incorporate
that information into the interpretation of biochemical testing data. We propose a general approach to
treatment with both medical and surgical options, while keeping in mind the paramount importance of
individualizing therapy.
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INTRODUCTION

Despite the fact that Cushing’s syndrome (CS) occurs most commonly in women of childbearing
age, the coexistence of pregnancy and CS is rare. This rarity results from the infertility associated
with suppression of gonadotropin secretion by elevated cortisol levels and androgens; oligomenor-
rhea or amenorrhea occurs in approximately 75% of women of reproductive age (/). The first case
report of pregnancy in a patient with CS (by Hunt and McConaghy) occurred 21 years after Harvey
Cushing’s classic 1932 description of the disorder. The number of reported cases now exceeds 100,
but their relative rarity has meant that there are no large case series from a single institution (2—4).
In addition, despite the fact that pituitary-dependent CS is the most common etiology in women of
childbearing age, cortisol-producing adrenal tumors account for a larger proportion of cases in preg-
nancy. The fact that hypercortisolism may be associated with unfavorable maternal and fetal out-
comes obligates the clinician to have a high index of suspicion of the disease, despite its rarity and
difficulties in diagnosis.

CLINICAL FEATURES

It is now well established that CS can present with the classic features or with far more subtlety
(1). However, most of the reported cases of CS during pregnancy describe the typical signs and
symptoms, a fact that probably represents underdiagnosis. Some women have more than one term
pregnancy or spontaneous abortion before hypercortisolism is recognized (5). Because pregnancy
itself can exhibit some of the clinical features of CS, e.g., hypertension, hyperglycemia, and striae,
a high index of clinical suspicion must be maintained to prevent delay in diagnosis (6, 7). In fact, CS
is frequently diagnosed in mid pregnancy (1226 weeks gestation), possibly because of the overlap
of clinical features (8).

The classical features of CS are well-known — central obesity, thin skin, easy bruisability, striae,
hypertension, etc. The characteristic purple striae are depressed and wide (often 0.5-2.0 cm) in con-
trast to the pinkish-white striae seen in pregnant Caucasians. Striae are seen more commonly in
younger patients with CS, the same individuals more likely to be pregnant. However, the striae of CS
tend to occur in sites other than the abdominal wall (e.g., axilla, thighs, and breasts). Because many
of these clinical features are similar to those that develop in pregnant women without CS, e.g., striae,
hypertension, and gestational diabetes, it is important to consider which signs and symptoms have the
greatest discriminatory value. As in nonpregnant patients, catabolic features such as bruising and
proximal weakness may be the most useful signs, especially if they occur in a patient with hyperten-
sion and gestational diabetes (6, 9).

BIOCHEMICAL AND IMAGING DIAGNOSIS

The evaluation of a patient for CS, although dependent upon clinical judgment, relies to a large
extent on biochemical testing (/0). However, the biochemical diagnosis during pregnancy is further
complicated by taking place in the context of the altered behavior of the hypothalamic-pituitary-
adrenal axis during normal pregnancy. In diagnosis, we ask two basic questions: (/) does the patient
have glucocorticoid excess? and (2) if so, what is the etiology?

Hypothalamus-Pituitary-Adrenal Axis in Pregnancy

In addition to the usual considerations when evaluating the hypothalamic-pituitary-adrenal axis,
e.g., episodic secretion, circadian rhythm, negative feedback, total versus free cortisol in serum, and
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characteristics of the tests themselves, pregnancy presents special problems (/0, /7). In general, the
hypothalamic-pituitary-adrenal axis in pregnancy is activated to achieve a state of physiologic hyper-
cortisolism, without clinical manifestations (8, /2—16). There is a two to threefold increase in hepatic
production of cortisol binding globulin (CBG), an effect mediated by a progressive increase in estro-
gen. The highest levels are achieved during the latter part of pregnancy; the peak reached at about 6
months’ gestation is maintained until delivery. This is associated with decreased clearance, but not
increased production of cortisol. Since the plasma assays measure total plasma cortisol levels, the
levels mainly represent the bound fraction and thus depend on cortisol-binding globulin levels.
Therefore, total plasma cortisol levels are elevated. Carr et al. found AM levels (mean + SEM) of 14.9
+ 3.4 ug/dl at 11 weeks of gestation and 35.2 + 9.0 ug/dl at 26 weeks of gestation, remaining elevated
until labor and delivery (/7). These levels overlap those found in CS. However, in contrast to CS, the
normal diurnal variation of plasma cortisol is maintained (/8). Not only do total plasma cortisol levels
increase during pregnancy, but plasma free cortisol levels also rise. Likewise, urinary free cortisol
concentrations increase to levels that may overlap those observed in CS. Lindolm et al. reported the
mean urine cortisol in pregnancy to be 127 pug/24 h (range 68—252) compared to a control group mean
of 37 ug/24 h (range 11-83) (217). These levels in pregnancy overlap those found in CS. Urinary excre-
tion of 17-hydroxycorticosteroids remains normal. Because total plasma cortisol levels are higher as
a result of increased binding of dexamethasone, suppressibility as judged by standard criteria may be
impaired. In addition, dexamethasone suppressibility of plasma free cortisol levels decreases as preg-
nancy advances. Dexamethasone suppressibility of urine free cortisol also is impaired. ACTH levels
have been reported to be higher, the same and lower in early pregnancy compared to nonpregnant
control women, although normal diurnal variation was maintained. It is clear that as pregnancy
progresses, plasma adrenocorticotropic hormone (ACTH) levels rise. Why this occurs in the setting
of increased plasma free cortisol is not clear. Suggested causes placental synthesis of corticotropin-
releasing hormone (CRH) and ACTH, pituitary desensitization to cortisol feedback, or enhanced
pituitary responsiveness to CRH or other factors, e.g., vasopressin. There is also decreased suppres-
sion of the hypothalamic-pituitary-adrenal axis by exogenous glucocorticoids. This decreased sup-
pression can persist for up to five weeks postpartum (§). Diurnal rhythm, although preserved, tends
to be blunted. These changes may relate to the higher CRH levels in pregnancy.

Plasma CRH levels rise during pregnancy, reaching very high levels at term, and abruptly fall after
delivery (/9). The primary source of plasma CRH during pregnancy is the placental unit. In contrast
to the usual negative feedback that cortisol has on hypothalamic CRH production, there is increased
production in placental CRH in response to cortisol (20). Placental CRH drives ACTH in a noncirca-
dian fashion. The CRH has been proposed to be a biological clock that times labor and delivery and
may also have effects on maturation of the fetal adrenal, fetal-placental unit circulation, and a para-
crine effect on the placenta. A high affinity binding protein for placental CRH blunts the ACTH-
releasing activity of CRH (217). Several cases of development of CS during pregnancy and spontaneous
remission following miscarriage or delivery have been reported (22). Whether these cases result from
overproduction of placental CRH is not clear. Table 1 illustrates the major differences in CS between
pregnant and nonpregnant states.

Establishing the Diagnosis of Cushing’s Syndrome in Pregnancy

The biochemical diagnosis of CS is challenging under the best of circumstances (/0, 23). During
pregnancy, it is particularly difficult. All three of the most commonly used approaches to establishing
the diagnosis of CS — low-dose dexamethasone suppression testing, assessment of 24-h urinary free
cortisol, and midnight salivary cortisol — present difficulties in the pregnant patient. With the overnight
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Table 1

Major Differences in Cushing’s Syndrome (CS) Between Pregnant and Nonpregnant States

Pregnancy

Nonpregnancy state

Prevalence

Presentation

Etiology

Biochemical
changes

ACTH

Cortisol

Salivary
cortisol

Urinary free
cortisol

CBG

Other
factors

No incidence available but 120 cases
in the literature

Pregnant women without CS develop
some features of CS, such as hyper
tension, hyperglycemia, and striae, a
high index of clinical suspicion must
be maintained to prevent delay in
diagnosis

Adrenal adenomas cause approximately
40-50% of CS in pregnancy while
pituitary adenomas causes
approximately 30% of the causes

Plasma ACTH increases as pregnancy
progresses

In Cushing’s patients, ACTH levels were
not suppressed in half of those with
primary adrenal disorders, perhaps
because of continued stimulation of
the maternal hypothalamic-pituitary-
adrenal axis by placental CRH

Serum cortisol levels rise two to
threefolds in pregnancy, but the
diurnal variability is maintained.

In cases of CS, the diurnal variation
is lost

Salivary cortisol rise two to threefold
during normal pregnancy

Urinary free cortisol concentrations increase
during pregnancy to levels that may over-
lap those observed in CS

In cases of CS, the urinary free cortisol
is not suppressed appropriately after
dexamethasone

Plasma CBG levels increase in
pregnancy due to increase in estrogen
levels leading to elevated cortisol
levels

Placental degradation of cortisol
appears to protect the fetus from
glucocorticoid excess

Incidence of endogenous CS has
been estimated at 13 cases per
million individuals

AA causes 15% of CS cases in
nonpregnant cases while up to
70% are caused by pituitary
adenomas
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dexamethasone suppression test, the reliance on total plasma cortisol levels results in a high false
positive rate in high estrogen states like pregnancy. A 24-h urine collection for free cortisol also has a
high false positive rate in pregnancy. Urinary free cortisol, though normal in the first trimester, increases
to as high as three times the normal upper limit during the second and third trimesters. Thus, levels
consistent with CS in nonpregnant women are by no means diagnostic during pregnancy. Another
factor that complicates interpretation is the fact that much of the literature on CS is relatively old and
studies have relied on older assay methodologies. The sensitivities of low-dose dexamethasone
suppression testing and urinary free cortisol are not 100% in nonpregnant individuals, but would be
expected to be closer to 100% during pregnancy so that their use can be considered as reasonable
screening tests during pregnancy; the price of high false positive rates may be worth paying because
of the clinical implications of the disorder. A promising alternative is measurement of late night
salivary cortisol.

Salivary cortisols rise two to threefold during pregnancy, a magnitude similar to the increase in
total plasma cortisol. Scott et al. found that the mean (1 SD) hourly salivary cortisol level was 5.0 =
1.4,7.2 £ 1.2, and 13.6 £ 3.6 nmol/l in normal nonpregnant women, early pregnancy, and late preg-
nancy, respectively (24). These levels are still below those usually observed in CS. In 1992, Billaud
et al. reported three cases of adrenal cortex cancer that were diagnosed during pregnancy and com-
pared the levels of free salivary and urinary cortisol levels in those three patients with those or normal
subjects at the same stage of a normal pregnancy and found it to be significantly higher (50, 34, and
95 pg/ml; compared with 8.6 + 4 pg/ml) (25). Moreover, in normal pregnancy diurnal rhythm is main-
tained. Studies have shown that patients with CS have midnight salivary cortisol levels that usually
exceed 0.4 pg/dl (normal range of 0.1-0.2 ug/dl) (26). Viardot et al. compared nighttime to daytime
salivary cortisol levels in a trial to see if it has less variability than day time salivary cortisol (26).
Their group included normal individuals, obese and late pregnant patients as well as patients with CS.
Although nighttime salivary cortisol was superior to urinary free cortisol, the higher level of salivary
cortisol in pregnant patients reduced test specificity to 75%. Despite salivary cortisol’s increasing use,
and despite its reflecting the unbound cortisol in the serum, there are not yet well validated threshold
values for diagnosis of CS in pregnancy. Notwithstanding these limitations, it is a promising approach.
Other tests, e.g., CRH/low-dose dexamethasone suppression test have been proposed, but relatively
few studies have been performed and the total number of patients studied is small (27). Moreover, the
ACTH and cortisol response to CRH administration is blunted in pregnancy (28-30). This test also
requires a very sensitive plasma cortisol assay that is accurate at low levels. Such assay performance
may not be readily achieved in routine clinical laboratory practice.

Determining the Etiology of Cushing’s Syndrome in Pregnancy

Once the diagnosis of CS is made, the next step is to determine the etiology. The various types of
CS are shown in Table 1. About half of the cases of CS in pregnancy are caused by adrenal adenomas
and only about one third are caused by pituitary tumors. This is different from CS in nonpregnant
states where adrenal adenomas account for only 15% of cases while about 70% are caused by pituitary
adenomas. In theory, this should facilitate differential diagnosis, but the hormonal changes of preg-
nancy complicate the matter. In contrast to nonpregnant individuals with cortisol producing adrenal
tumors who have low ACTH levels, pregnant patients with such tumors may not have a suppressed
ACTH. This lack of suppression most likely reflects the effects of placental CRH. If the pregnant
patient does have a suppressed ACTH, the diagnosis of ACTH-independent disease is confirmed and
imaging can be performed to localize the adrenal tumor (adenoma or carcinoma) or identify nodular
adrenal hyperplasia. Although CT scanning would be contraindicated because of the ionizing radia-
tion, and MRI (even without contrast material) relatively contraindicated because of potential risks
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especially during the period of organogenesis, ultrasound can be used. Ultrasound has reasonably
good sensitivity for the adrenal tumors associated with CS. Sensitivity is a function of both tumor size
and operator expertise. It is more operator dependent than CT or MRI (37). Even in this circumstance
when ACTH is suppressed, there are difficulties. First, a number of patients with ACTH-independent
pregnancy-dependent CS who have been reported showed no radiologic evidence of adrenal tumors
(32). Second, several cases with “adrenal adenomas” who were not surgically treated during preg-
nancy underwent spontaneous remission postpartum (33—35). This fact suggests the possibility that
the adrenal “tumors” were, in fact, incidental. It is known that adrenal incidentalomas occur in ~ 2%
of individuals and that this is a potential cause of false positive adrenal imaging (36). It has been sug-
gested that the expression of “illicit” LH and beta-human chorionic gonadotropin (HCG) receptors on
the adrenal gland could account for adrenal CS that resolves after delivery as the placenta is removed
and therefore beta-HCG production ceases (37).

When the ACTH is not suppressed, high-dose dexamethasone suppression testing can be tried.
If there is suppression of cortisol, then the likelihood of a cortisol-producing adrenal tumor is very
low, but lack of suppression is not very informative. Both pituitary CS and ectopic ACTH syndrome
may not suppress. The role of CRH testing in pregnancy is unclear; there has not been a systematic
study and ovine CRH is classified by the U.S. Food and Drug Administration (FDA) as a category C
drug to be used in pregnancy only when absolutely clinically indicated. However, the limited data
suggest that the test can distinguish adrenal Cushing’s from CS caused by ACTH-secreting tumors.
Distinguishing between pituitary CS (Cushing’s disease or CD) and the ectopic ACTH syndrome by
means of CRH testing is more problematic. Of note, only a few cases of ectopic ACTH syndrome
during pregnancy have been reported and whether the prevalence of this disorder is the same during
pregnancy as in the nonpregnant state is unknown. Moreover, many ACTH-secreting tumors, both
pituitary and ectopic, are small making them difficult to localize by imaging studies. The MRI is rela-
tively contraindicated and because gadolinium contrast is an FDA category C drug, it is contraindi-
cated. Noncontrasted MRIs have lower sensitivity for pituitary tumors than contrasted MRIs (10, 38).
It is also important to recognize that the pituitary gland increases in size during pregnancy. How this
would affect the test sensitivity is not known. In addition, there is a prevalence of incidental pituitary
lesions of approximately 10% of the population in the age group from 20 to 50 years will have inci-
dental tumors of the pituitary demonstrable by MRI. Therefore, some patients with ectopic ACTH
syndrome will have radiographic evidence of a pituitary lesion. Interestingly, among patients with
pituitary CS, the prevalence of pituitary macroadenomas is much higher in pregnancy. Whether this
is a function of publication bias or the effects of pregnancy on the pituitary is not clear (/3).

The best test to differentiate pituitary-dependent disease from the ectopic ACTH syndrome is infe-
rior petrosal sinus sampling with assessment of the ACTH response to CRH (/7). There are several
reports of this procedure being performed and the pregnancies were uneventful. However, notwith-
standing the special attention that can be paid to minimizing fetal exposure to ionizing radiation, the
potential deleterious effects of ionizing radiation is a serious limitation (/3, 39). That said, Nieman
and her colleagues have suggested a prudent approach (8, /3). They state that for pregnant women
with CRH and dexamethasone test responses consistent with CD, and pituitary lesions larger than at
least 6 mm, usually require no additional testing. Petrosal sinus sampling may be necessary in other
cases and when done, should be done in a center with special expertise. They also note that the usual
criteria to establish a pituitary/systemic gradient may not apply in the pregnant state (8, /3). In sum-
mary, diagnosis and differential diagnosis remain problematic, particularly during pregnancy. Nieman
and colleagues recommend a combination of urinary free cortisol (UFC) and assessment of midnight
salivary cortisol for screening of CS in pregnancy. In patients with confirmed CS, a low ACTH should
prompt imaging of the adrenals. However, in cases with borderline ACTH, a combination of the 8-mg
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dexamethasone suppression test and CRH stimulation testing is suggested to establish the presence of,
and distinguish between, the ACTH-dependent forms. Inferior petrosal sinus sampling (IPSS) may be
necessary in a portion of cases with discordant biochemical or imaging findings (8, /3). However,
there have been case reports of CRH-dependent CS; in this circumstance CRH, possibly produced in
the placenta, can produce ACTH cell hyperplasia, complicating the diagnostic process further.

OUTCOMES OF CUSHING’S SYNDROME IN PREGNANCY

The etiology of the state of hypercortisolism, severity of illness, stage of pregnancy at the time of
diagnosis, and the potential beneficial impact of therapy on maternal and fetal outcomes all enter into
the decision-making process about therapy. The quality of the evidence on which the decisions are
based is only fair; there are no randomized controlled trials and the condition’s rarity makes it unlikely
that there ever will be. Comparison of outcomes based on multiple case reports is fraught with hazard.
Moreover, the choice of therapy and its timing must be individualized because prognostication is so
difficult. For example, Chico et al. described six pregnancies in five patients with Cushing’s disease
— four had undergone transsphenoidal surgery, with improvement but no cure of their hypercortiso-
lism; the other woman became pregnant during initial workup (40). Although fetal outcomes were
poor in three cases, a remarkably uneventful and uncomplicated outcome with no clinical progression
of cushingoid symptoms was observed in two of the three pregnancies followed to term, despite sig-
nificant increases in urinary free cortisol.

Maternal Morbidity

The adverse outcomes in pregnant women with CS relate to excessive glucocorticoid action.
Maternal morbidity occurs in about 70% of cases, although maternal mortality is infrequent. The
frequency of hypertension and gestational diabetes is much greater than during normal pregnancy. In
addition, pre-eclampsia and eclampsia appear to occur more commonly. Other reported problems
include infection, osteoporotic fracture, and congestive heart failure. For example, Kamiya et al.
reported a diabetic patient who exhibited congestive heart failure as an initial symptom (4/).
Echocardiography revealed a remarkable thickening of the left ventricle without asymmetric hyper-
trophy. After an adrenal adenoma was removed in the 28th week of pregnancy, the congestive heart
failure and hyperglycemia dramatically improved. Only four months after delivery, the thickening of
her left ventricle was normalized. Maternal death related to CS has been reported rarely.

The beneficial impact of treatment of Cushing’s in the nonpregnant state is clear. Early studies
showed very high mortality rates for untreated CS with the primary causes of death being cardiovas-
cular in nature (9, 42). More recent data indicate that the mortality of treated CS is much closer to
age- and sex-adjusted expected mortality rates (43). This is particularly true for adrenal adenomas.
The issue of timing of treatment of CS in the pregnant patient remains somewhat uncertain. The data
that treatment during pregnancy has a positive impact on maternal outcomes is modest. However, the
data provide stronger support for treatment for the purpose improving fetal outcomes.

Fetal Outcomes

The risk to the fetus depends upon the effects of glucocorticoids on both the fetus directly and the
maternal-placental unit. The fetus itself is relatively protected from glucocorticoids. Placenta and all
fetal tissues rapidly inactivate cortisol to cortisone, and in contrast to adult tissues, there is little capacity
of fetal tissues to convert cortisone to cortisol. This inability to convert cortisone to cortisol persists
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in the neonatal period (44). Because ACTH does not cross the placental barrier and steroid hormones
cross readily, the high maternal corticosteroid levels can suppress fetal ACTH secretion during the last
trimester of gestation and result in adrenal insufficiency in the newborn. However, this complication
appears to be uncommon (/3). Even a case of neonatal CS from antenatal betamethasone treatment
has been reported, but this is very rare (45). Fetal virilization is a potential effect of androgen-secreting
adrenal tumors (45, 46). Although one case of a fetal abnormality has been reported in a patient with
CS, the epidemiologic data on pregnant women with asthma treated with glucocorticoids indicate no
increased risk of congenital anomalies (47).

Fetal mortality is about 25-40% and is made up of spontaneous abortion, stillbirth, and early neo-
natal death due to prematurity. The actual fetal loss rate is really higher because of underdiagnosis of
CS. Preterm delivery rate may be as high as 50%. These complications are the likely result of the
adverse effects on the placenta of the complications associated with hypercortisolemia, e.g., hyperten-
sion and hyperglycemia. Comparison of fetal outcomes suggests that treatment during pregnancy is
beneficial. Lindsey and Niemann reviewed 136 pregnancies in which treatment outcomes were avail-
able. When no active treatment was given, there were 59 live births (76%) compared with 50 live births
(89%) in women in whom treatment was instituted at a mean gestational age of 20 + 1 weeks (/3).
Most patients reviewed had undergone adrenalectomy for adrenal adenomas and the live birth rate
after unilateral or bilateral adrenalectomy was approximately 87%. Of the 40 women with pituitary
CS, most were treated medically; 20% underwent transsphenoidal surgery (/3). This review suggests
that treatment during pregnancy is associated with better fetal outcomes. However, there are important
limitations of the data, especially in terms of the question of the comparability of the groups who did
and did not undergo surgery. Moreover, even successful elimination of the hypercortisolism may not
avert the development of adverse outcomes.

MANAGEMENT OF CUSHING’S SYNDROME DURING PREGNANCY

Surgical Treatment

In the nonpregnant individual with CS, the treatment is relatively straightforward, assuming that
the etiology has been accurately determined. For pituitary CS, transsphenoidal surgery for pituitary
tumor removal has replaced bilateral adrenalectomy (48-57). The former is associated with cure/
remission rates of about 80-90% in the most experienced hands. Surgical morbidity and mortality are
quite low. Transsphenoidal adenomectomy for Cushing’s disease during pregnancy was first described
in 1987 followed by several other reports (52—56). The maternal outcomes in general have been good
and the control of the hypercortisolism resulted in decreased insulin requirements and improved blood
pressure control. Successfully treated cases required replacement therapy for secondary adrenal insuf-
ficiency as would be expected. However, preterm labor and fetal death have occurred many weeks
after surgery. It is also important to note that there is a larger experience with transsphenoidal surgery
during pregnancy for management of prolactinoma, indicating the safety of the procedure in good
hands. Bilateral adrenalectomy was the treatment of choice in the 1960s for Cushing’s disease and it
still has a role, although a much more limited one (57). This procedure has been performed during
pregnancy and in general, the maternal outcomes have been good, although there are problems with
wound healing and infection. These case reports mostly date from the 1960s. All patients are expected
to receive lifelong glucocorticoid and mineralocorticoid replacement therapy. The role for bilateral
adrenalectomy during pregnancy is extremely limited, but with the development of laparoscopic
adrenalectomy, a major advance in surgical technique in terms of reduction in surgical morbidity
and mortality, it does remain an option for patients who can be treated in no other way (58, 59).
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For adrenal tumors, unilateral adrenalectomy for adrenal adenoma has been performed safely even
into the early third trimester, although most surgery was performed between 6 and 28 weeks of gesta-
tion. However, for both transsphenoidal surgery and laparoscopic adrenalectomy, there are significant
learning curves and treatment should be obtained at experienced centers. Radiotherapy is primarily
limited to an adjunctive role, primarily for patients whose pituitary tumor resection has been incom-
plete, although Anderson and Walters reported a case of Cushing’s disease where the patient under-
went irradiation of the sella at 24 weeks of gestation (60). This pregnancy resulted in a term pregnancy
without complications. There are limited data on gamma knife procedures during pregnancy. Medical
therapy in the nonpregnant state is generally reserved for patients with persistent disease postopera-
tively and for those who are not good surgical candidates where it is given either as preparation or as
a substitute for surgery (6/). Medical therapy may have a larger role in CS in pregnancy, especially
of nonadrenal origin.

Medical Treatment

The use of medical treatment in CS associated with pregnancy has been done in relatively few
cases. Medical treatment in pregnancy is usually avoided to minimize the potential for teratogenesis
and induction of fetal adrenal insufficiency. In addition to those patients who conceived while on
medical treatment, the rationales for use have included temporary treatment until delivery, preparation
for surgery, and refusal of surgery. It has also been used when pregnancy-induced CS was suspected.
The greatest experience with medical treatment during pregnancy involves metyrapone, an agent
which inhibits 11B-hydroxylation leading to a reduction in cortisol levels (6/). Metyrapone also
decreases placental aromatase enzyme activity. The total daily dosage has usually been 0.5-3.0 g with
dosage adjustment based on plasma and 24-h urine cortisol levels and clinical status (62-65). It is
generally well tolerated. Blood pressure must be monitored carefully because of the potential of
metyrapone to exacerbate hypertension and contribute to pre-eclampsia and there has been one report
of fetal hypoadrenalism after metyrapone (/3). Metyrapone was used in two consecutive pregnancies
in a patient with pregnancy-induced CS (66). In both pregnancies, metyrapone therapy was initiated
at 14 weeks of gestation, and titrated to a dose of 2.5-3.0 g/day. There were no reported neonatal
congenital abnormalities, except for intrauterine growth retardation in the second pregnancy.

Although ketoconazole is usually the drug of choice for medical therapy for pituitary CS in non-
pregnant individuals, its use in pregnancy has been more limited (6/). Ketoconazole inhibits several
P450 enzymes involved in steroid hormone biosynthesis, e.g., the 17a-hydroxylase activity and cho-
lesterol side-chain cleavage enzyme in the maternal and fetal adrenal gland. Ketoconazole also has
effects on steroid metabolism in the placenta. These actions suggest the potential for causing interfer-
ence in normal sex differentiation. However, in the case of an adrenal adenoma, ketoconazole was
used at 600 mg/day between 32nd and 37th week of gestation; in another patient who had Cushing’s
disease, 600—1,000 mg/day was used between 7th and 37th week of gestation (67, 68). In both cases,
the female and male infants were noted to have intrauterine growth retardation at birth, but no con-
genital anomalies, adrenal insufficiency, or sexual differentiation problems. For example, Berwaerts
et al. reported a 30-year-old female with pituitary-dependent Cushing’s disease, who refused trans-
sphenoidal surgery and was treated with ketoconazole and cabergoline (68). After approximately
three years of therapy, the patient herself decided, without the knowledge of her treating physician, to
interrupt contraception. The patient became pregnant and ceased the intake of all medication
(at approximately the third week of pregnancy). Because of the development of clinical CS, ketoconazole
and cabergoline were restarted and continued uneventfully until the 37th week. Vaginal delivery was
also passed uneventfully. The newborn male did not demonstrate any congenital malformations and
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was normally sexually developed. Nevertheless, because ketoconazole crosses the placenta (in animal
models) and is teratogenic, its use during pregnancy should be discouraged.

Experience with other drugs is even more limited. Mitotane (o,p’-DDD), used primarily in the
management of adrenal carcinoma, is an adrenolytic agent with cytotoxicity specific to the adrenal
cortex, but has potential teratogenicity (6/). Gerl et al. reported the use of mitotane in a pregnant
patient with Cushing’s disease when transsphenoidal surgery and other drugs failed to control
hypercortisolism; a patient with Cushing’s disease who became pregnant while being treated with
mitotane underwent a therapeutic abortion because of suspected embryotoxicity early in pregnancy
(69, 70). Aminoglutethimide which inhibits cholesterol side chain cleavage enzyme may result in
virilization of female fetuses when used in pregnancy. Hanson et al. reported the use of aminoglu-
tethimide until 21 weeks of gestation in a patient with Cushing’s disease without any adverse
effects (71). This patient had bilateral adrenalectomy at 21 weeks of gestation and gave birth to a
term baby girl without virilization. Cyproheptadine, a serotonin antagonist has been used in a few
cases without consistent effects (72, 73). There were no reported congenital abnormalities. There
is a subset of cases with Cushing’s disease with hyperprolactinemia that respond to dopamine ago-
nists such as bromocriptine (6/). While the safety of certain dopamine agonists during pregnancy
has been established in patients with prolactinoma, it is not a primary therapy for Cushing’s dis-
ease. The glucocorticoid antagonist Mifepristone (RU 486) could have potential, at least late in
pregnancy. Mifepristone has been used to treat nonpregnant patients with CS, but its primary use
is as an abortifacient and there are no reports of its use to control hypercortisolism during preg-
nancy (74, 75).

In summary, biases and data limitations notwithstanding, there are certain general statements that
can be made. First, the maternal and fetal outcomes of untreated CS are poor. Second, surgical pro-
cedures specific for the pituitary and the adrenal can be performed safely in the hands of experts.
Third, even medical therapy can be utilized with apparent safety, although the number of cases is
small. However, the importance of individualizing treatment based on patient preferences, individual
risks, and physician and team experience cannot be overemphasized. For patients with pituitary CS
diagnosed in the first, second, or even early in the third trimester, transsphenoidal surgery would be
the most appropriate approach. We would not recommend bilateral adrenalectomy; there have been
too many cases of spontaneous resolution of CS following delivery. In these cases and if the diagnosis
of Cushing’s disease is made in the third trimester, especially late, medical treatment combined with
early delivery is preferred. There will also be some milder cases in which the risks of treatment merit
expectant management. For patients with adrenal tumors, especially adenomas, unilateral adrenalec-
tomy is the most appropriate approach. In addition, as a general rule, cesarean delivery should be
avoided because of the problems of wound healing in hypercortisolism.

CONCLUSION

The CS is primarily a disorder of women of childbearing age, but fortunately is rare during preg-
nancy. The diagnosis of CS is challenging in the nonpregnant state and even more so during preg-
nancy. Pregnant women without CS develop some features of CS, such as hypertension, hyperglycemia,
and striae. Both of the tests most commonly to establish the diagnosis of CS (low-dose dexamethasone
suppression testing and assessment of 24-h urinary free cortisol) present difficulties because of normal
changes in the hypothalamic-pituitary axis during pregnancy. However, hypercortisolism is associated
with unfavorable maternal and fetal outcomes. Thus, it is important to have a high index of suspicion
of the disease to prevent delay in diagnosis. Once the diagnosis is made, we propose a general
approach to treatment, but recognized the importance of individualizing therapy.
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Pediatric Cushing’s syndrome (CS) presents a diagnostic and therapeutic challenge. CS is a rare
problem in pediatric endocrine practice, and most pediatric endocrinologists have limited experience
in the diagnosis and treatment of these children. Consequently, pediatricians can benefit from close
consultation with adult colleagues. This chapter describes the clinical assessment and presentation,
diagnosis, treatment and therapeutic outcome of CS in childhood and adolescence. We present data
from our personal series of 52 cases of pediatric CS, managed over the last 26 years. CS may occur
throughout childhood and adolescence, but certain etiologies present more frequently at certain ages

(1) (Fig. 1).

McCune-Albright Syndrome

CS in infancy is usually associated with McCune—Albright syndrome (MAS) caused by activat-
ing mutations of arginine 201 in the guanine nucleotide-binding protein (G protein) o-subunit (2).
In infancy, MAS, occurring predominantly in females, may present with CS, often with additional
endocrine dysfunction such as hyperthyroidism and precocious puberty (3). The CS is usually
severe and potentially life-threatening, requiring bilateral adrenalectomy. Histological appearance
shows nodular adrenocortical hyperplasia (4).

Adrenocortical Tumors

Adrenocortical tumors (ACT) comprise 0.3-0.4% of neoplasms in children and are an important
cause of pediatric CS (5). Much has been learnt from experience in Southern Brazil, where the inci-
dence is 3.4—4.2 per million children, i.e., 10-15 times higher than in other geographical areas (6, 7).
Adrenocortical carcinoma is also associated with Li—Fraumeni syndrome and germline point muta-
tions of the p53 tumor suppressor gene (7P53) encoding an R337H amino acid substitution (6). The
genetics of adrenal tumors has recently been reviewed (8). In the Brazilian series, ACT occurred most
commonly under 4 years of age and was usually associated with virilization (56%) or mixed hormone
secretion, including cortisol (29.2%), with pure cortisol-secreting ACT making up 5.5 and 3% of
patients in two series (7).

Cushing’s Disease (n=182)
14.1yr
=

Primary pigmented nodularadrenocortical disease (n=25)
13.0yr
=

Ectopic ACTH Syndrome (n=11)
10.1yr
=

Adrenocortical Tumours (n=164)
4.5yr
=

Adrenal hyperplasia secondary to
McCune-Albright Syndrome (n=16)
1.2yr
B o ——

I T T T T 1
0 5 10 15 20 30
Age (yrs)

Fig. 1. Different etiologies of pediatric Cushing’s syndrome from the literature (n = 398 cases) shown at ages of peak
incidence (boxes) (1).
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Ectopic ACTH Syndrome

Ectopic ACTH syndrome (EAS) is extremely rare in children and adolescents (/). However, pedi-
atric EAS is well documented (9). Carcinoid tumors predominate as cause of pediatric EAS, and most
are bronchial or thymic, but renal oncocytic carcinoid, duodenal carcinoid, and clear-cell sarcoma also
have been reported, as have neuroendocrine tumors of the pancreas and Wilms’ tumor (/).

Primary Nodular Adrenal Hyperplasia

Primary bilateral adrenocortical hyperplasia is a rare but important cause of pediatric CS (/0).
Primary pigmented adrenocortical disease (PPNAD) is usually associated with the multiple endocrine
neoplasia (MEN) syndrome designated as Carney complex. Carney complex (CNC; MIM 160980) (/1)
is an autosomal dominant syndrome characterized by lentigines, cardiac myxomas, endocrine, and
nonendocrine tumors, and PPNAD is its most frequent presentation in children and young adults (/2).

PPNAD typically occurs in adolescence or early adulthood (/3). The adrenal pathology shows
multiple, small, pigmented, adrenocortical nodules surrounded by cortical atrophy (/0). The hyper-
cortisolemia of PPNAD may rarely be subclinical or cyclical, and it has been suggested that classical
CS may be absent in childhood. In our series of seven cases, all patients displayed typical features of
CS including hypertension and virilization (/3).

Cushing’s Disease

Pediatric pituitary-dependent Cushing’s disease (CD) caused by an ACTH-secreting corticotroph
adenoma accounts for 75-80% of CS and is almost always caused by a pituitary microadenoma (/,
14). We have seen only one macroadenoma in 37 pediatric cases. The commonest age of presentation
of pediatric CD falls in adolescence (Fig. 1), and our youngest patient was aged 5.8 years.

In adults, CD has a female preponderance, but in 50 CD patients aged 6-30 years, we found a
strong predominance of males in the prepubertal patients (/5). In our current series of 37 cases, aged
from 5.8 to 17.8 years, there are 24 males and 13 females. Our report (/5) was the first to describe
this male predominance in young children; however, the large series from the NIH (/4) shows the
same phenomenon.

CLINICAL ASSESSMENT OF THE CHILD WITH SUSPECTED
CUSHING’S SYNDROME

The recognition of features that can alert the clinician to the diagnosis of CS is of crucial impor-
tance. Most cases have a change in facial appearance consistent with CS. However, this is frequently
not recognized by parents and pediatricians as being pathological, and the mean length of symptoms
prior to diagnosis in our series was more than two years. All patients complained of weight gain.
However, the young child can present with obesity and poor growth without the classical features of
plethora, hirsutism, acne, and striae. Emotional lability and fatigue are also frequently present.

Linear Growth

Growth failure is common in all children with CS (/6), and short stature was present in half of our
CD patients, and growth velocity, when available, was subnormal. Height SDS was almost always
below the mean, and BMI SDS was consistently above it (Fig. 2). Comparison of height and BMI
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Fig. 2. Height and body mass index (BMI) SDS values in 42 pediatric patients with Cushing’s syndrome; Cushing’s
disease (n = 35) primary nodular adrenal hyperplasia (n = 7). The dotted line indicates the SDS value below which
patients are significantly shorter than average.

SDS values in 25 pediatric CD patients and 44 age-matched subjects with simple obesity showed a
significant difference in the ratio of these two variables between the two groups (/7), height being
increased in simple obesity and decreased in CD. Bone age (BA) at diagnosis in 17 CD patients was
delayed by a mean of 2.0 “years” and the degree of delay correlated negatively with height SDS, dura-
tion of symptoms, and age at diagnosis (/8).

Puberty Development

There are few detailed reports of puberty in CD, although virilization with pseudo-precocious
puberty is an important feature (/4). We analyzed clinical pubertal development in 27 CD patients and
identified abnormal virilization in 12 (/9). In these patients, serum androstenedione, DHEAS, and
testosterone SDS were higher than in subjects without abnormal virilization, and SHBG SDS values
were lower (p= 0.006). Gonadotropin levels were suppressed.

INVESTIGATION OF CUSHING’S SYNDROME

Investigation protocols of CS have been extensively reviewed (7, 20, 21). We will highlight aspects
that we have found helpful during the management of 52 pediatric CS patients over the past 25 years.
Investigations in children should be based on those performed in adults (20, 21). The protocol consists
initially of confirmation or exclusion of the diagnosis of CS followed by definition of etiology.

Confirmation or Exclusion of Cushing’s Syndrome

We first perform three consecutive 24 h urine collections for urinary free cortisol (UFC). Three
normal UFC levels have high specificity for exclusion of CS. If there is still uncertainty, we would
admit the child for measurement of serum cortisol at three time points (09:00, 18:00 h, and midnight
[sleeping]) to assess circadian rhythm. Midnight cortisol should be <50 nmol/L (1.8 pg/dL), although
young children may reach their cortisol nadir earlier than midnight. Elevation of midnight sleeping
serum cortisol has the greatest sensitivity of all tests for CS in children (22). Precannulation is essen-
tial, so as not to wake the child.
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We then perform a low-dose dexamethasone suppression test (LDDST), using 0.5 mg 6 hourly
(at 09:00, 15:00, 21:00, and 03:00 h) for 48 h, unless the child weighs <40 kg, when we use the NIH-
recommended dose of 30 ug/kg/day (/4). In the LDDST, blood is taken for serum cortisol at O and at
48 h, when it should be undetectable (<50 nmol/L). These tests, individually and in combination, have
a high sensitivity for CS and an even higher specificity for the exclusion of this diagnosis.

Definition of the Etiology of Cushing’s Syndrome

Having confirmed the presence of CS, ACTH-dependent or ACTH-independent disease needs to
be established. Determination of 09:00 h plasma ACTH showed that all our patients with an ACT or
nodular adrenal hyperplasia (n= 8) had undetectable ACTH (/3), which is a clear indication for adre-
nal MRI. Conversely, in all of our patients with CD, ACTH was detectable, ranging from 12 to 128
ng/L (NR 10-50 ng/L). The combination of elevated midnight cortisol and detectable 09:00 h ACTH
confirms ACTH-dependent CS (Fig. 3).

We routinely perform a CRH test (1.0 pg/kg IV), usually before the LDDST, and in 27 CD patients
serum cortisol increased by >20% (range 106-554%) (23). Although it is arguable that the rarity of
EAS in children does not justify the CRH test, we find that in children with CD, the response is always
exuberant and an increased response contributes to this diagnosis. We have discontinued the high-dose
dexamethasone suppression test (HDDST) because in 24 patients with CD, mean baseline serum cor-
tisol values of 590.7 £ 168.8 nmol/L (21.4 + 6.1 ug/dL) decreased to 337.4 + 104.0 nmol/L (12.2 +
3.8 ng/dL) at 48 h during LDDST, showing that cortisol suppression during LDDST strongly supports
the diagnosis of CD (24).

Biochemical Features in Nodular Adrenal Hyperplasia

In our series, all patients with PPNAD had typical primary adrenal CS with raised UFC levels,
failure of cortisol to suppress on L. and HDDST, undetectable plasma ACTH, and no cortisol
response during a CRH test (/3, 23). In addition, a paradoxical increase of UFC and/or 17-hydroxy-
corticosteroids is reported in the second phase of a HDDST, which can be diagnostic for PPNAD (/0).

GENETICS OF NODULAR ADRENAL HYPERPLASIA

PPNAD may occur in association with CNC, and linkage studies have suggested two predomi-
nant genetic loci. The 2p16 locus (CNC2) was identified first, but the gene responsible remains
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Fig. 3. Midnight serum cortisol and 09:00 h plasma ACTH values in children and adolescents with Cushing’s disease.
Note loss of circadian variation with elevation of midnight cortisol and detectable ACTH values. Normal ACTH range
shown by the gray box.
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unknown (25). Recently, inactivating mutations of the regulatory subunit type 1-o of the protein
kinase A (PRKAR1A) have been reported at the second genetic locus (17q22-24) (/1). Mutations
are found most frequently in exons 4B, 2, and 6 of the PRKAR1A gene resulting in a premature stop
codon (26). The genetic features of CNC and PPNAD have recently been reviewed extensively (27).

ADRENAL IMAGING

Adrenal imaging is an essential part of the investigation of primary adrenal CS. The differential
diagnosis is between ACT and primary nodular adrenal hyperplasia. Most adrenal tumors are visible
on MRI scan. In PPNAD, the adrenals are usually of normal size (/3). Although the adrenocortical
nodules are small (often <6 mm), they may be visualized on CT or MR scanning. Unilateral or
bilateral macronodules may be visible and can be quite large (10-30 mm) (/3).

PrTuiTARY IMAGING

Pituitary MR imaging is an important step towards the successful treatment of Cushing’s disease by
transsphenoidal surgery (TSS). Most pediatric ACTH-secreting pituitary tumors are microadenomas
with diameters <5 mm (28). These have a hypointense signal, which fails to enhance with gadolinium
(20). In the NIH series, approximately 50% of microadenomas were visible on pituitary MRI (/4). In
our experience, pituitary imaging was relatively unhelpful, showing a normal appearance in over half
of the patients, with a low predictive value of the position of the adenoma, as identified at surgery (29).
Details are shown in Table 1.

BILATERAL INFERIOR PETROSAL SINUS SAMPLING FOR ACTH

Bilateral inferior petrosal sinus sampling for ACTH (BIPSS) was developed mainly at the NIH and
is now performed in pediatric patients (/4, 30). Owing to the rarity of EAS, the aim of BIPSS is pri-
marily to demonstrate the site of ACTH secretion, i.e., either laterally or in the midline. The first
pediatric data reported a predictive value of lateralization of 75-80% (/4). In our experience, ACTH
sampling gave a better prediction of the site of the microadenoma than pituitary imaging (29). Our
most recent results are shown in Table 2.

BIPSS is a specialized technique and in our unit is performed by the same radiologist who studies
adult patients on a regular basis. We generally do not use general anesthesia (GA) to avoid potential
alteration of ACTH secretion. The youngest patient we studied without GA was aged 8.4 years, but
we have recently performed BIPSS under GA in two patients aged 6.4 and 5.8 years. We have now
performed BIPSS in 29 pediatric CD patients, without complications, and have shown lateralization

Table 1
Pediatric Cushing’s Disease: Pituitary Imaging, Surgical Identification
of Adenoma, and Cure by TSS

Adenoma CT/MRI  Concordance of image  Cure by TSS
Total patients (n)  image (n) with surgery (n) (n)
37 19/36 (53%) 10/36 (28%) 24/37 (65%)

n number of patients, MRl magnetic resonance imaging, CT computed tomography imaging,
TSS transsphenoidal selective adenomectomy
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Table 2
BSIPSS Results, Surgical Identification of Adenoma, and Cure by TSS

Concordance of

BSIPSS results BSIPSS result with ~ Cure by
Total patients (n)  Lateralization (n)  Nonlateralization (n)  surgery (n) 1SS (n)
29 23 (79%) 6 (21%) 24 (83%) 22/29 (76%)

n number of patients, BSIPSS bilateral simultaneous inferior petrosal sinus sampling, 7SS transsphenoidal selective
adenomectomy

(interpetrosal sinus ACTH ratio of >1.4 after CRH) in 79% and nonlateralization (ISPG < 1.4) in 21%
(Table 2). A more recent study from the NIH has described BIPSS in 94 pediatric patients and
reported localization of ACTH secretion concurring with the site of the adenoma at surgery in 58%
of cases, concluding that the technique was not essential in the pediatric investigation protocol (37).
The percentage of lateralization, however, increased to 70% (51/73) after exclusion of 18 centrally
located and four bilateral lesions.

TREATMENT OF CUSHING’S SYNDROME

Treatment will be described for primary adrenal and then pituitary-dependent CS.

Primary Adrenal Lesions

First-line therapy for cortisol-secreting ACTs is surgical excision. Glucocorticoid replacement is
required pre- and postoperatively due to suppression of the contralateral adrenal. The definitive treat-
ment of PPNAD is open or laparoscopic bilateral adrenalectomy (/, /3). This is not only to treat the
CS but also to prevent the secondary complications of hypercortisolemia and the risk of development
of adrenocortical neoplasia. We give metyrapone therapy to normalize cortisol levels preoperatively.
After cure by surgery, patients will require long-term steroid replacement and lifelong endocrine
follow-up with regular screening for features of CNC, especially if a PRKARIA mutation is
identified.

Cushing’s Disease

Cushing’s disease requires prompt and expert treatment, which should be curative. The approach to
the treatment has evolved over the years. Initially, bilateral adrenalectomy was widely practiced, and
though effective, the pituitary adenoma remained in situ, and there was a risk of Nelson’s syndrome
(32). In the management of 37 cases, we have performed adrenalectomy twice when the patients were
critically ill and unfit for pituitary surgery. In one of these patients, hypercortisolaemia could only be
controlled by IV etomidate prior to adrenalectomy (33).

Transsphenoidal Surgery

Transsphenoidal pituitary surgery (TSS) consisting of selective removal of the adenoma is now
considered the first-line therapy for pediatric CD. TSS is considered a safe and effective procedure in
children (34, 35). Adult CD studies show variable surgical success rates depending on which defini-
tion of cure is adopted. Our adult endocrine unit has taken undetectable postoperative serum cortisol
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(<50 nmol/L) as the criterion for cure. We use the same definition. Following cure by TSS in
24 patients, we have not seen recurrence of CD.

Selective microadenomectomy is technically very difficult in children. The microadenomas may be
very small (28), and an appreciable rate of failure, in terms of definite cure, exists even in the most
experienced hands. We have recently analyzed our experience over the past 25 years and considered
the factors which contributed to successful surgical therapy (29). The overall cure rate in 37 pediatric
patients treated by TSS from 1982 to 2008 was 65%, and in 29 patients with microadenomas who
underwent preoperative BIPSS, the cure rate was 76% (Table 2). We, therefore, feel that the ability of
BIPSS to identify the lateral or central position of the adenoma has contributed to an increased rate
of surgical success. Other pediatric series report cure rates varying from 45 to 78% (14, 34).

Successful TSS consists of removal of the microadenoma with retention of normal pituitary tissue,
which is vital for the child’s future development. Postoperative hypopituitarism is, therefore, a poten-
tial complication. An important potential hormone deficiency for future growth is that of growth
hormone (GH) (see below).

Pituitary Radiotherapy

Pituitary radiotherapy (RT) has been a therapeutic option for pediatric CD for many years. Children
with CD respond more rapidly than adults (36). In our centre, external beam RT is used as second-line
therapy, following unsuccessful TSS. Our practice is to make a decision to proceed to RT, usually
within 2—4 weeks of TSS, when it is clear from cortisol levels that removal of the adenoma has been
incomplete (37). We deliver 45 Gy in 25 fractions over 35 days (37). We have treated 13 patients dur-
ing the past 26 years with a successful cure rate of 85%, which occurred at a mean interval of 0.8 years
(range 0.3-2.9). Our analysis on long-term pituitary function in six patients showed that GH defi-
ciency was frequent, but they may recover (38). Gonadotropin secretion was generally preserved with
normal or early puberty, and TSH and ACTH deficiency was minimal (38).

POST-CURE GROWTH AND DEVELOPMENT

Most patients with CS have subnormal growth and short stature (/, /3). A key article from the NIH
described abnormalities of height and GH secretion in CD together with a rather pessimistic view of
posttreatment catch-up growth and adult height (39). We attribute poor catch-up growth to continuing
GH deficiency, occurring either from TSS or from pituitary RT (40). In CD, we test for GH deficiency
3 months after TSS or completion of RT. If GH therapy is demonstrated, then GH therapy is started
possibly with a GnRH analogue. Catch-up growth usually occurs and adult height within range of
target height is achieved in most patients (4/). Normal body composition is more difficult to achieve.
Many patients remained obese, and BMI SDS was elevated (p< 0.01) at a mean interval of 3.9 years
after cure in 14 patients (4/). In a long-term follow-up study, total body fat and the ratio of visceral
to subcutaneous fat were abnormally high (42).

CONCLUSIONS

In pediatric CS, early diagnosis remains a challenge due to the frequent lack of appreciation of the
nature of the pathology by parents and general practitioners. Once suspected, investigation requires a
formal protocol, and the choice and interpretation of tests is productively discussed with an adult
endocrinologist. Cushing’s disease presents the most difficult challenge in terms of investigation
linked to effective therapy. Ideally, a centre combining pediatric and adult endocrinology, TSS, and



Special Aspects of Cushing’s Syndrome: Childhood 281

pituitary RT would be optimal. The choice of neurosurgeon who is experienced in TSS in children is
likely to significantly improve the chance of cure. Posttreatment management presents challenges for
normalization of growth, puberty, and body composition.
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Cyclic Cushing’s syndrome (CS) involves rhythmic fluctuations in ACTH secretion resulting in a
variation of adrenal steroid production. Generally accepted criterion for establishing the diagnosis of
a truly cyclic condition includes at least three peaks and two troughs of cortisol production. In most
cases, cyclic CS is caused by an ACTH-secreting pituitary adenoma, but it can also be due to an
ectopic ACTH production, adrenal adenomas or nodular hyperplasias.

This condition should be strongly suspected in patients who present with signs and symptoms of
CS but with normal or discrepant biochemical findings, patients with biochemical evidence for cortisol
excess but low clinical suspicion of CS, and patients with the presence of conflicting patterns of cor-
tisol response to dexamethasone or an anomalous response to medical treatment.

The diagnosis of cyclic CS is sometimes difficult and may require overlengthy periods of observa-
tion to be confirmed. The repeated use of urinary free cortisol measurements and midnight salivary
cortisol test is recommended, if possible, making it coincide with clinical symptoms.

Given the variations in cortisol production, the response to medical treatment and surgery for cyclic
CS needs to be interpreted with caution.
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INTRODUCTION

Episodic cortisol secretion may be part of a complex clinical picture involving cyclic forms of
Cushing’s syndrome (CS) that can pose unusual diagnostic problems. Cyclic ACTH secretion may
result in a more or less predictable rhythmic variation in adrenal cortisol production, alternating more
or less regularly between high and normal levels, and following a clinical course with periodic symp-
toms of hypercortisolism.

Generally accepted criterion for establishing the diagnosis of a truly cyclic condition includes at
least three peaks and two troughs of cortisol production, while any other cases are described as fluc-
tuating or intermittent cortisol secretion (/). Due to the long-term variation of the intercyclic period
present in some patients, this criterion cannot be readily applied in all patients.

Although early publications already described fluctuating or intermittent cortisol secretion in
patients with Cushing’s syndrome (2-5), cyclic Cushing’s syndrome was described for the first time as
anew and distinct entity in 1971. The case was a female patient with a very slow-growing carcinoid-type
malignant bronchial adenoma causing hypercortisolism with cyclic changes in cortisol production and
superior vena cava syndrome. The pattern of cortisol metabolite excretion over a 45-day period of
study indicated a cortisol production phase lasting approximately 18 days. The authors chose the term
“periodic hormonogenesis” to describe this phenomenon (6).

The first series of patients with well-established cyclic Cushing’s syndrome was described in 1985,
suggesting that this condition was not so rare (7): in this series, five out of nine patients fulfilled the
criteria for cyclic Cushing’s syndrome when sequential daily urine samples were studied to estimate
their cortisol/creatinine ratio.

Cyclic Cushing’s syndrome was subsequently described in another three cases whose cyclic condi-
tion was first diagnosed after transsphenoidal microsurgery for Cushing’s disease. The condition was
suspected because patients’ signs and symptoms slowly settled and their endocrine results varied
considerably (8).

An attempt was made by Shapiro et al. (9) to classify patients with cyclic Cushing’s syndrome. The
clinical expression was correlated with the cortisol production pattern, distinguishing between regular
or irregular cyclic hormonogenesis, but it is clear that not all patients can really be classified in this
way, and it seems more appropriate to consider this condition as a single clinical entity.

Cyclic Cushing’s syndrome is uncommon, but it is seen more often in children than in adults
(10-12), while the gender distribution remains much the same as in the classical forms of CS (i.e., it
is more common among women) (/3).

Due to the frequent variations in cortisol secretion levels and the potentially cyclic or periodic
hypercortisolism, hormone assessment is recommended on at least two, and preferably three, sepa-
rate days when a diagnosis of Cushing’s syndrome is suspected. The results of dynamic tests are
easier to interpret during a sustained period of hypercortisolism, whereas they may prove difficult
during cyclic episodes because paradoxical responses to dexamethasone may reflect an increasing or
decreasing endogenous activity rather than the action of the agent administered (/4, /5). The physi-
opathology of this condition remains to be clarified, though several possible mechanisms have been
proposed.

Normal cortisol secretion between cycles may complicate medical therapy because patients may
show unexpected clinical and biochemical signs of hypocortisolism.
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CAUSES AND POTENTIAL MECHANISMS IMPLICATED IN THE
PHYSIOPATHOLOGY OF CYCLIC CUSHING’S SYNDROME

A cyclic behavior may be a feature of several forms of Cushing’s syndrome (ACTH-dependent
or -independent), but pituitary-dependent cause seem to be characterized by more frequent and more
severe secretory episodes than ectopic or ACTH-independent forms (/6).

The most common causes of cyclic Cushing’s syndrome are associated with ACTH-secreting pitui-
tary adenomas (9, /4, 15), but it has also been reported in association with ectopic ACTH secretion
due to typical bronchial carcinoid (/7), atypical thymic carcinoid (/8), oncocytic carcinoid of the
kidney (19), gastric carcinoid (20), pancreatic carcinoid (2/), malignant carcinoid tumor of the lung
(22), bronchial adenoma (23), and pheochromocytoma (24). Other causes, such as adrenal adenoma
(25) and rare forms of the pigmented variant of micronodular adrenocortical hyperplasia (primary
pigmented nodular adrenocortical disease, or PPNAD), also have a role in cyclic Cushing’s syndrome
(10, 11, 26).

Data suggesting a hypothalamic origin of cyclic hypercortisolism emerge from a report on a patient
with intermittent Cushing’s syndrome following a cortisol hyperpulsatile pattern who had a sustained
response to sodium valproate treatment. Sodium valproate is known to cause an increase in gamma
amino-butyric acid (GABA), which in turn inhibits CRH secretion (27). These data were not subse-
quently confirmed, however (8).

It has also been suggested that rhythmic fluctuations in ACTH secretion may be at least partially
due to a cyclic change in central dopaminergic tone because preoperative treatment with bromocrip-
tine in a well-characterized patient with cyclic Cushing’s syndrome was associated with a drop in
cortisol levels (28), although a prolonged trial was not performed.

Pituitary apoplexy can induce a remission of hypercortisolism (29, 30), as described in a young
woman who presented with a florid picture of Cushing’s syndrome but with biochemical evidence of
adrenal insufficiency (3/). MRI of the pituitary gland showed infarction of an ACTH-secreting mac-
roadenoma. Over several years, the disease ran a fluctuating course characterized by periods of
hypercortisolism alternating with adrenal insufficiency, and MRI showed changes in the pituitary
adenoma due to repeated infarction episodes. Though it is difficult to explain why apoplexy of the
adenoma can recur rhythmically, a careful follow-up of such patients is mandatory to establish the
real course of their disease.

A serotoninergic influence may be involved in some way in the pathogenesis of cyclic Cushing’s
syndrome (32), since urinary free cortisol (UFC) was strongly reduced in a patient with Cushing’s
disease and the cyclic secretion was contained by administering a serotonin antagonist. This hypo-
thesis needs to be confirmed, however, because such a response might have been part of an intrinsic
decrease in UFC in the case described.

There may be an unusual combination of Cushing’s syndrome and corticosteroid-binding globulin
(CBGQ) deficiency in patients with periodic ACTH and cortisol secretion presenting with high-plasma
free cortisol levels and low CBG concentrations (33).

Ectopic ACTH secretion may also be associated with cyclic Cushing’s syndrome. The autocrine/
paracrine modulatory effect of ghrelin on bronchial ACTH-secreting tumors has been suggested after
a patient with a bronchial carcinoid reportedly, presented with cyclic hypercortisolism and an in vivo
ACTH hyperresponsiveness to hexarelin that disappeared after the surgical removal of the tumor (/7).
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Both types of ghrelin receptor (1a and 1b) were detected in the tumor, but not in the peritumoral lung
tissue. Moreover, a cyclic pattern of hypercortisolism with a temporary drop in ACTH and cortisol
levels during a lung infection occurring in a period of overt hypercortisolism was described in a
patient with ectopic Cushing’s syndrome (34). It is well known that states of hypercortisolism may be
complicated by opportunist infections (35), and in cases of endogenous hypercortisolism, the likeli-
hood of bacterial or opportunist infections is greatest in patients with particularly high ACTH and
cortisol levels, as in ectopic ACTH secretion (36). The mechanism behind the drop in cortisol levels
during the infection may have to do with the action of inflammatory cytokines with antitumor proper-
ties, such as tumor necrosis factor (TNF) alpha (37).

These mechanisms may help to explain a central effect causing rhythmic ACTH secretion, or they
may at least explain the fluctuations seen in patients with ectopic ACTH secretion, but not the rhythms
identified in adrenal cases.

A fluctuating daily cortisol production is generally seen in patients with food-dependent Cushing’s
syndrome and macronodular adrenal hyperplasia, though they do not follow a genuinely cyclic behavior.
Fasting cortisol levels are low in these patients, increasing after food intake due to the aberrant expres-
sion of gastric inhibitory polypeptide (GIP) receptor on adrenocortical cells (38). Transient ACTH-
independent Cushing’s syndrome has also been described during pregnancy in patients with mild
bilateral adrenal hyperplasia (39, 40). Hypercortisolism presented during pregnancy in these cases and
regressed completely after delivery or spontaneous abortion. It may be that a mechanism associated with
aberrant adrenal LH receptor expression lies behind the increase in cortisol production in such cases.

Cyclic Cushing’s syndrome has been reported in a number of pediatric patients (47, 42), most of
them with ACTH-independent hypercortisolism due to micronodular adrenal hyperplasia (10, 11, 26,
43—46). The best known variant of micronodular adrenal hyperplasia is called PPNAD. Familial and
sporadic cases of PPNAD have been reported in association with germline-inactivating mutations of
the PRKARIA gene (47-49). Moreover, PPNAD may be part of the Carney complex, an autosomal
dominant multiple neoplasia syndrome, consisting of spotty skin pigmentation, myxomas, and other
nonendocrine and endocrine tumors (47, 48).

A new entity that has yet to be characterized has recently been proposed in the light of a description
of a 3-year-old patient with cyclic Cushing’s syndrome due to micronodular adrenal disease whose
histology and genetic picture were not consistent with PPNAD, the Carney complex, or the McCune—
Albright syndrome (/2).

CLINICAL PRESENTATION

Cyclic Cushing’s syndrome must be suspected in patients with signs and symptoms of hypercorti-
solism but normal cortisol values, or patients with fluctuating cortisol values or conflicting patterns
of cortisol response to dexamethasone or an anomalous response to medical treatment.

Clinically, cyclic Cushing’s syndrome may present with one or many symptoms, depending on how
long the disease has been active and the timing of the fluctuations, which can vary from a few days
to several months, or even years (6, 9). Clinical presentations can range from a single, outstanding
symptom, such as recurrent edema or weight gain, to a complex clinical syndrome, but most patients
present with at least two features characteristic of hypercortisolism, e.g., glucose intolerance, men-
strual cycle disruptions, acne, hirsutism, or mood disorders (/3).

The cycles can also vary in duration, from a few hours to as long as 85 days (9), sometimes with
lengthy disease-free intervals (34). Atkinson et al. (7) described a patient with cyclic CS due to a
pituitary adenoma whose cortisol secretion followed two different rhythms, i.e., a 40-day period of
cortisol excess was followed by 60-70 days of normal cortisol secretion; during the former period,
cortisol secretion peaked every 3—6 days between troughs of normal cortisol levels.
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A patient with four irregular, symptomatic cycles of hypercortisolism before ketoconazole ther-
apy with a pituitary MRI revealing an empty sella has been described (50). An empty sella is a
neuroanatomical condition common in middle-aged, obese, multiparous females. It usually occurs
with headache and visual disorders; most patients have a normal pituitary function, but Cushing’s
syndrome occurs in 2% of cases of primary empty sella (57, 52).

DIAGNOSIS

The diagnosis of Cushing’ syndrome is based on frontline screening tests that include measuring
24-hour UFC at least twice, a 1-mg overnight dexamethasone suppression test (DST), a longer low-
dose DST, and a late-night salivary cortisol assay at least twice (53).

The presence of cyclic hormonogenesis may further complicate the final diagnosis, and clinicians
are often obliged to hospitalize patients several times before obtaining unequivocal biological evidence
of cortisol excess, so accurate assessment and follow-up are needed in patients with consistently nega-
tive results suspected of having a cyclic disease. The repeated use of UFC and midnight salivary cortisol
tests is recommended in these cases, if possible, making it coincide with clinical symptoms (53).

Measuring salivary cortisol is an accurate method for assessing plasma free cortisol and a useful tool
in the diagnosis of hypercortisolism (54). There is also a strong correlation between free plasma and
salivary cortisol concentrations (55). Saliva sampling is simple, noninvasive, and can easily be done in
an outpatient setting, or be used for long-distance follow-up purposes (56, 57). It may also be a good
tool for evaluating patients over a long period of time when an unpredictable pattern of urinary cortisol
secretion makes it impossible to arrive at a final diagnosis (58). Repeated midnight salivary cortisol
sampling is, therefore, a highly effective option for patients with cyclic Cushing’s syndrome.

DSTs are not recommended for the initial evaluation of patients with suspected cyclic hypercor-
tisolism because cortisol response is strongly affected by the cyclic cortisol activity (53). The DST
should only be performed during a period of certain sustained hypercortisolism to avoid the risk of
misdiagnosis because a DST performed when steroids are about to fall spontaneously might be
erroneously interpreted as an adequate suppression.

A so-called paradoxical cortisol response to the DST has been reported by several authors (717, 59,
60). For instance, Brown et al. (/4) described a patient with CS due to a pituitary adenoma who had
a paradoxical increase in cortisol after dexamethasone administration. The authors showed that
plasma cortisol levels rose before the first dose of dexamethasone was administered, demonstrating
a cyclic rise and fall in steroidogenesis. Theirs was the first accurate description of an apparently
paradoxical response to dexamethasone being a purely fortuitous circumstance in a patient with a
spontaneously rhythmic steroid production controlled by a mechanism not susceptible to the negative
feedback action of steroids. This effect was demonstrated afterwards in a patient with hypercortiso-
lism due to a pituitary adenoma in whom hypercortisolism alternated with a biochemical remission
and a paradoxical cortisol response to dexamethasone, which was probably an expression of the
periodic hormonogenesis (15).

Paradoxical cortisol responses to DST have also been described in patients with micronodular
adrenal hyperplasia (11, 36, 59, 60). This phenomenon is reproducible in vitro and is associated with
an increased expression of the glucocorticoid receptor in adrenal nodules (6/).

A more exhaustive study on these patients might well pinpoint a larger number of patients with
cyclic Cushing’s syndrome. Mullan et al. (62) suggest performing a continuous study for at least
28 days when a diagnosis of cyclic hypercortisolism is suspected, and when the patient’s clinical
condition allows.

When cyclic Cushing’s syndrome is confirmed biochemically, further laboratory studies are needed
to establish whether it is ACTH-dependent or -independent. Imaging needs are guided by biochemical
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assessments. MRI is the method of choice for Cushing’s syndrome, but a pituitary adenoma is
normally seen in no more than 36-78% of cases (63, 64). Bilateral inferior petrosal sinus sampling is
frequently required when it proves difficult to distinguish between pituitary and ectopic ACTH secre-
tion. Specific biochemical testing for carcinoids or neuroendocrine tumors (NET) is warranted in
cases of suspected ectopic ACTH production.

Scintigraphy with radionucleotide-labeled agonists for receptors commonly expressed by NET is
used to seek occult ACTH-dependent disease, sometimes with disappointing results (65).

Positron emission tomography (PET) has also been recommended for the diagnosis of NET.
F-FDG (66) identifies only highly metabolic undifferentiated tumors, so alternative radiotracers,
such as whole-body (WB) PET with 'C-5-hydroxytryptophan (5-HTP) (67), SF-DOPA (68), and
®Gallium-peptides, especially ®*Ga-DOTA-peptides (69, 70), have been used, with encouraging
results.

In most cases, diagnosing ACTH-independent hypercortisolism is more straightforward because an
adrenal lesion is usually detectable, but difficulties may arise not only in the differential diagnosis of
adrenal adenomas and carcinomas but also with the rare forms of sporadic PPNAD in which patients
may have a normal adrenal morphology (60).

Difficulties in pinpointing the origin of cortisol excess may be accentuated by conditions that make
it risky to attempt any invasive procedures.

We described a 67-year-old man with Cushing’s syndrome who had severe mitral valve insuffi-
ciency and was at risk of bleeding due to a lack of high-molecular weight von Willebrand factor
multimers, which was thought likely to be associated with the valve defect (7/). This patient’s bio-
chemical data suggested an ectopic origin of his ACTH secretion, but POMC levels were normal, and
computed tomography scan and total body scintigraphy with!'" In-pentreotide and PET images were
negative. No inferior petrosal sinus catheterization could be used at initial diagnosis because of the
abovementioned bleeding risk. Figure 1 shows the fluctuations in cortisol levels, the exaggerated
response to ketoconazole probably due to spontaneous disease remission, and the cortisol response to
surgical stress in a attempt to resolve the valve defect.

3000
= 2000 Cardiac
S KTZ
% KTZ surgery
2 1000 l l
3 Stop KTZ
0
€ 500 l
[$)
(0]
£ 100
>
2 A
5 50 Lv‘/o\l o g \’/\/
0
0 5 10 15 20 25
months

Fig. 1. Urinary free cortisol levels (UFC) in a patient with intermittent hypercortisolism. Ketoconazole (KTZ) was
stopped due to hypocortisolism, probably due to spontaneous disease remission. (dashed lines) upper normal level
of UFC.
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Fig. 2. Spontaneous urinary free cortisol (UFC) variations in a patient with ACTH-independent macronodular adrenal
hyperplasia (AIMAH) during a 4-year follow-up (from 1999 to 2002). (dashed lines) upper normal level of UFC.

As in this case, the cause of Cushing’s syndrome is often difficult to diagnose because there is
currently no single, sufficiently accurate biochemical or imaging method available. Moreover, the
association of cortisol excess with other diseases may complicate the final diagnosis, and the cyclic
behavior of the condition may interfere with the response to medical treatment.

The evolution of UFC levels in a 71-year-old patient with ACTH-independent macronodular adrenal
hyperplasia (AIMAH) causing cortisol excess is shown in Fig. 2. This patient had fluctuating cortisol
levels during a 4-year follow-up. In patients with AIMAH, it may be useful to assess cortisol response
to different exogenous stimuli to reveal any aberrant G-coupled receptor expression. Our patient had a
cortisol response to food intake (94%), vasopressin (68%), and the postural test (37%), pointing to an
aberrant receptor expression being involved in the cortisol production in this case. Abdominal CT
showed bilateral macronodular adrenals (right: 30 mm; left: 55 mm). A I'*'-norcholesterol scintiscan
showed an asymmetric bilateral uptake, more prevalent on the left, and unilateral adrenalectomy of the
largest gland was performed. After adrenalectomy, the patient had normal cortisol levels that persisted
throughout a 66-month follow-up, ruling out any possibility of cortisol fluctuations. This case repre-
sents an unusual presentation of Cushing’s syndrome in a patient with AIMAH and confirms that
unilateral adrenalectomy of the largest gland may be a safe and effective treatment for selected patients
with AIMAH, as demonstrated by our group in a larger series (72).

THERAPY

When it comes to treatment, patients with cyclic Cushing’s syndrome are no different from those
with nonintermittent forms, but it is important to bear in mind that the former are quite likely to expe-
rience phases of relative adrenocortical insufficiency once medical therapy is begun, so an accurate
follow-up is needed during their treatment to avoid this complication.

In addition, the risk of variations in steroidogenesis and the possibility of hypocortisolic episodes in
patients with cyclic Cushing’s syndrome may make the results of drug studies and surgery misleading,
so they must be considered with caution.
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The treatment of Cushing’s syndrome is discussed in depth in another chapter, so only the main
points are briefly summarized here.

Selective surgical resection of ACTH or cortisol-producing tumors is the optimal treatment for all
forms of Cushing’s syndrome. While adrenalectomy in patients with adrenal adenomas and the exci-
sion of an identified ectopic ACTH-secreting tumor may result in a high percentage of success, pitui-
tary neurosurgery of an ACTH-secreting pituitary adenoma present a biochemical remission in
70-80% of cases, and a significant number of recurrences are seen during long-term follow-up, the
rate ranging between 9 and 23% (73, 74). Moreover, an accurate follow-up for several years is manda-
tory for patients with Cushing’s disease treated by transsphenoidal surgery to avoid confusing real
remission with a hitherto unrecognized cyclic hormonogenesis, particularly in patients whose symp-
toms, signs, and endocrine findings tend to vary (7, 75, 76). Pituitary radiation and/or bilateral adrena-
lectomy are reserved for patients with Cushing’s disease failing to respond to surgery. Medical
treatment can be used before surgery in patients with overt CS and also in patients awaiting the
response to pituitary radiation. Although significant advances have been made in the medical manage-
ment of Cushing’s syndrome, the challenge is still to find drugs capable of acting on the etiology of
the different forms of the disease. Most of the available drugs can correct hypercortisolism, but they
have little impact on tumor growth.

The identification of ectopic or abnormal hormone receptors in adrenal cortisol-secreting nodu-
lar hyperplasias has suggested new opportunities for the use of specific pharmacological therapies
(77-80).

CONCLUSION

Cyclic Cushing’s syndrome poses unusual diagnostic problems. Clinicians and endocrinologists
should be aware of the possibility of a cyclic cortisol production, and the syndrome should be sus-
pected in patients with symptoms or signs of hypercortisolism, but normal cortisol levels, or fluctuat-
ing cortisol values, or an anomalous response to dexamethasone. Cyclic Cushing’s syndrome may
have both ACTH-dependent and -independent causes. Between cycles, patients may have a normal
pituitary function, so UFC and salivary cortisol measurements are recommended in the initial diagno-
sis. Dynamic test findings are best interpreted if the tests are conducted during a sustained period of
hypercortisolism.

Given the possible variations in steroidogenesis, the clinical and biochemical response to medical
treatment and the outcome of drug studies and surgery for cyclic Cushing’s syndrome need to be
interpreted with caution.
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