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Abstract

Background Cushing’s syndrome (CS), due to multiple

etiologies, is a disorder associated with the ravages of

cortisol excess. The purpose of this review article is to

provide a historical synopsis of surgery for CS, review a

recent 10-year period of operative management at a tertiary

care facility, and to outline a practical approach to diag-

nosis and management.

Materials and Methods From 1996 to 2005, 298 patients

underwent 322 operative procedures for CS at Mayo

Clinic, Rochester, Minnesota. A retrospective chart review

was carried out. Data was gathered regarding demograph-

ics, preoperative assessment, procedures performed, and

outcomes. Data are presented as counts and percentages.

Five-year survival rates were calculated where applicable

by the Kaplan-Meier method. Statistical analysis was car-

ried out with SAS, version 9 (SAS Institute, Inc., Cary,

NC).

Results Two-hundred thirty-one patients (78%) had

ACTH-dependent CS and 67 patients (22%) had ACTH-

independent CS. One-hundred ninety-six patients (66%)

had pituitary-dependent CS and 35 patients (12%) had

ectopic ACTH syndrome. Fifty-four patients (18%) had

cortisol-secreting adenomas, 10 patients (3%) had cortisol-

producing adrenocortical carcinomas, and 1% had other

causes. Cure rates for first time pituitary operations

(transsphenoidal, sublabial, and endonasal) were 80% and

55% for reoperations. Most benign adrenal processes could

be managed laparoscopically. Five-year survival rates (all

causes) were 90%, 51%, and 23% for adrenocortical ade-

nomas, ectopic ACTH syndrome, and adrenocortical

carcinomas, respectively.

Conclusions Surgery for CS is highly successful

for pituitary-dependent CS and most ACTH-independent

adrenal causes. Bilateral total adrenalectomy can also

provide effective palliation from the ravages of hyper-

cortisolism in patients with ectopic ACTH syndrome and

for those who have failed transsphenoidal surgery.

Unfortunately, to date, adrenocortical carcinomas

are rarely cured. Future successes with this disease will

likely depend on a better understanding of tumor biol-

ogy, more effective adjuvant therapies and

earlier detection. Clearly, IPSS, advances in cross-sec-

tional imaging, along with developments in

transsphenoidal and laparoscopic surgery, have had the
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greatest impact on today’s management of the complex

patient with CS.

History of pituitary and adrenal surgery

The anatomist Bartolomeo Eustachius first described the

‘‘glandulae renibus incumbents’’ (glands lying on the kid-

neys) in 1552 [1,2]. Their function created much

speculation in the nineteenth century when it was sug-

gested that they might secrete a ‘‘peculiar matter into the

blood’’ [1]. In 1845, the adrenal cortex and medulla were

first described by Emil Huschke, an anatomist, at Jena [1].

Ten years later, Thomas Addison described 11 patients

with clinical features attributable to adrenal insufficiency

with anemia, debility, a weak heart, irritable stomach, and

changes in skin color [3]. Autopsy findings demonstrated

destruction of the adrenal glands by tuberculosis, meta-

static cancer, or simply atrophy [3, 4]. It was Charles

Edouard Brown-Séquard who concluded that the adrenal

glands were essential for life, based on the fatal conse-

quences of bilateral adrenalectomy when carried out in the

animal model [5]. William Osler was the first to treat

adrenal insufficiency in 1896, albeit unsuccessfully, in a

human, using an extract of pig adrenal [6].

Abel isolated epinephrine in 1897 [7], which was used

unsuccessfully at the Mayo Clinic in 1920 to treat a patient

who developed Addison’s disease following radical

nephrectomy [8]. It soon became clear that Addison’s

disease was a disease of the adrenal cortex and not the

medulla. In the early twentieth century, cortical extracts

were used successfully in adrenalectomized animals [1]. In

the 1940s, cortisone was isolated and synthesized as a

result of work led by Kendall and Hench of the Mayo

Clinic [9] and Tadeus Reichstein of Basle [10]. These men

shared the Nobel Prize in Medicine in 1950 for describing

the anti-inflammatory effects of cortisone in patients with

rheumatoid arthritis. The discovery of aldosterone followed

shortly thereafter by Tait and Simpson in London; its

action found to exert influence over electrolyte fluxes [11].

The subsequent development of various techniques to

measure urinary and plasma steroids paved the way for

diagnosing CS, Addison’s disease, Conn’s syndrome,

congenital adrenal hyperplasia, and virilizing/feminizing

syndromes [1].

Adrenal imaging began with rather insensitive plain

abdominal radiographs, followed by retroperitoneal gas

insufflation [12], pyelography, caval venous sampling,

phlebography, and early selective adrenal venous sampling

[13, 14]. Scintigraphy developed by Beierwaltes and col-

leagues at the University of Michigan [15] employed

radiolabeled cholesterol and was found to be useful to

diagnose hyperplasia and functioning tumors of the adrenal

cortex. Cross-sectional imaging with computed tomogra-

phy (CT) was first used in 1975 at Mayo Clinic [16], and

along with magnetic resonance imaging (MRI), remains, at

present, the mainstay of adrenal imaging.

No adrenal tumor was accurately diagnosed preopera-

tively prior to 1905. Knowsley Thornton is credited with

performing the first successful adrenalectomy in London in

1889 for a 20 lb, androgen-secreting, adrenocortical car-

cinoma [17]. Although Harvey Cushing had defined the

fundamental role of the anterior pituitary basophil cell in

Cushing’s disease [18], others soon recognized that the

development of CS required the adrenal cortex.

Trans-sphenoidal approaches to pituitary tumors were

first introduced by Schloffer in 1907 via a lateral rhinotomy

[19]. Cushing modified this approach at the Johns Hopkins

Hospital in 1909 [20, 21]. This patient (‘‘my first one,

HC’’—as noted in the hospital record) with acromegaly

had been referred to Cushing by Drs. Henry Plummer and

Charles Mayo of the Mayo Clinic [21]. This began a long

friendship between Cushing and the brothers Mayo, which

ended with their deaths 30 years later. Cushing’s final

publication was a tribute to the Mayo Brothers, published

in Science, in 1939, shortly before his own death the same

year [22].

After his first transsphenoidal operation, Cushing adopted

a sublabial–trans-sphenoidal route to the sella, modified

from that previously described by both Halstead and Kocher

[21, 23]. By 1927, with his mastery of intracranial surgery,

Cushing and all others abandoned the trans-sphenoidal

approach for subfrontal or transfrontal routes to treat pitui-

tary tumors. Most tumors during this era were large, and

optic nerve decompression was more successful and com-

plete via a transfrontal craniotomy [21]. The resurrection of

trans-sphenoidal surgery awaited the development of the

operating microscopic and the image intensifier, as well as

the enthusiasm and skill of Norman Dott, Gerard Guiot, and

Jules Hardy, who revitalized trans-sphenoidal adenomecto-

my during the latter half of the twentieth century, in the

treatment of the more typical micro- and macroadenomas

involving the anterior hypophysis [21]. The endoscopic en-

donasal approach to the sella gained widespread acceptance

in the 1990s with advances in minimally invasive surgery

and endoscopic sinus surgery.

Walters, in 1934, published early results of 10 adrena-

lectomies for CS. Even with subtotal adrenalectomy there

was a 30% mortality rate [24]. Once cortisone became

available the outlook for patients undergoing adrenalec-

tomy for CS changed dramatically. The first reported

perioperative use of cortisone for patients undergoing

adrenalectomy for CS was in 1949, by Priestley, at Mayo

Clinic [25]. The mortality rate fell to zero for the next 18

reported cases [25]. This practice had a profound effect on
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not only for the outcome of adrenalectomy for CS but also

for pituitary adenomectomy in the ensuing years.

The first adrenalectomy was performed through a T-

shaped subcostal incision, as described by Lagenbüch for

cholecystectomy [26]. Subsequently, anterior transperito-

neal, lateral, and retroperitoneal incisions were all used,

and many of these approaches included resection of the

11th and 12th ribs [26]. In 1932, Lennox Broster of London

devised a transpleural, transdiaphragmatic approach via a

long, posterior, intercostal incision [27]. In 1927, Charles

Mayo used a flank incision when performing the first

adrenalectomy in the United States for a pheochromocy-

toma [28]. Anterior midline or bilateral subcostal incisions

permitted full intra-abdominal exploration, and they

remain valuable today for the management of large

malignant adrenal tumors. Hugh Young, from Johns Hop-

kins, devised a posterior approach, removing the 12th rib

(dorsal lumbotomy), permitting simultaneous exposure of

both glands in the case of ACTH-dependent CS [29]. For

years to come, this would be the standard approach for

most small benign adrenocortical tumors, as well as for

bilateral hyperplasia, as the complication rates were lower

than had been reported with open anterior approaches (less

blood loss, fewer pulmonary complications, and shorter

period of ileus) [30]. This approach remained unchallenged

until 1992, when Gagner described the transperitoneal

laparoscopic approach for adrenalectomy [31]. This

approach has been clearly shown to be associated with less

pain, shorter hospitalization, quicker recovery and better

cosmesis when compared to the open posterior approach

[32–41]. In addition, long-term morbidity associated with

subcostal nerve injury all but disappeared. More recently,

Walz et al. [42–44] have demonstrated the safety and

efficacy of the posterior retroperitoneoscopic route, thus

avoiding the peritoneal cavity altogether in cases where

intra-abdominal adhesions abound. In addition this

approach avoids the need for repositioning in the case of

bilateral hyperplasia. It is technically demanding, however,

and it is sometimes impossible to carry out in the supe-

robese patient.

Mayo clinic experience (1996–2005)

Methods

We reviewed 298 consecutive patients undergoing 322

operations for CS at Mayo Clinic, Rochester, Minnesota,

from 1996 to 2005. This study was undertaken in accor-

dance with the regulations of the Institutional Review

Board of the Mayo Foundation, and the anonymous data of

patients who wished to be excluded from research studies

were not included. Data were gathered regarding

demographics, preoperative assessment, procedures per-

formed, and outcomes. Long-term follow-up was obtained

via mailed questionnaire. Data are presented as counts and

percentages, unless otherwise specified. For patients with

adrenocortical carcinoma, ectopic ACTH syndrome, and

adrenocortical adenomas, 5-year survival rates were cal-

culated by the Kaplan-Meier method. Statistical analysis

was carried out with SAS, version 9. (SAS Institute, Inc.

Cary, NC).

Results

Overview

From 1996 to 2005, 298 patients underwent 322 operative

procedures at Mayo Clinic for CS. The additional 24 oper-

ations include patients that had a second pituitary operation

or bilateral adrenalectomy for persistent/recurrent pituitary

CS. Two-hundred thirty-one patients (78%) had ACTH-

dependent CS, and 67 patients (22%) had ACTH-indepen-

dent CS. One-hundred ninety-six patients (66%) had

pituitary-dependent CS, and 35 patients (12%) had ectopic

ACTH syndrome. Fifty-four patients (18%) had solitary

cortisol-secreting adenomas, 10 patients (3%) had cortisol-

producing adrenocortical carcinomas, and 1% had ACTH-

independent macronodular adrenal hyperplasia (AIMAH),

primary pigmented nodular adrenal disease (PPNAD), and

bilateral cortisol-secreting adenomas (Fig. 1). Females pre-

dominated among patients with pituitary-dependent CS

(79%), adrenocortical adenomas (81%), and adrenocortical

carcinomas (90%). Among patients with ectopic ACTH

syndrome, males were seen more frequently (54%).

Cushing’s disease

One-hundred seventy-two patients underwent pituitary

surgery for Cushing’s disease: 147 (86%) first-time oper-

ations, 23 (13%) reoperations, and 2 patients (1%)

underwent trans-sphenoidal surgery after pituitary

Fig. 1 Surgery for Cushing’s syndrome at Mayo Clinic, 1996–2005.

(**primary pigmented nodular adrenocortical disease, macronodular

adrenal hyperplasia, bilateral cortisol-secreting cortical adenomas)
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irradiation. Two patients (1%) underwent craniotomy (both

reoperations). The remainder underwent either endoscopic

endonasal (69%) or sublabial trans-sphenoidal (30%)

pituitary surgery. Eighty percent of patients undergoing

first-time operations were cured, whereas only 55% of

reoperations were successful (Fig. 2).

The 30-day operative mortality was zero. Complications

occurred in 20% of the endoscopic endonasal group,

compared to 24% of the sublabial trans-sphenoidal group.

The most common complications included transient dia-

betes insipidus, the syndrome of inappropriate antidiuretic

hormone, and cerebrospinal fluid leak (most of which were

transient, not requiring reoperation).

Ectopic ACTH syndrome

Thirty-five patients underwent bilateral adrenalectomy (74%

laparoscopic, 26% open) for ectopic ACTH syndrome. In 21

patients (60%), the primary site could be identified but was

either unresectable or associated with metastatic disease. In

14 patients (40%), the primary site could not be found. When

identified, the most common primary sites included lung

carcinoids and islet cell carcinomas. Five-year survival fol-

lowing bilateral (laparoscopic) adrenalectomy was 51.3%

(95% CI: 32.6,80.8).

Cortisol-secreting adenomas, AIMAH and PPNAD

Fifty-four patients underwent adrenalectomy for single

cortisol-secreting adenomas (91% laparoscopic, 9% open).

Seventeen percent were cortical-sparing procedures. No

deaths occurred, and transient complications were noted in

8%. Five-year survival (all causes) was 90% (95% CI:

79.3,100).

Patients with ACTH-independent macronodular adrenal

hyperplasia (AIMAH), primary pigmented nodular adre-

nocortical disease (PPNAD), and bilateral cortisol-

secreting adenomas were treated successfully with bilateral

total adrenalectomy (AIMAH, PPNAD) or bilateral corti-

cal-sparing adrenalectomy.

Ten patients were treated during this time period for

cortisol-secreting adrenocortical carcinoma (nine women,

one man) at a mean age of 46 years. Eight operations were

performed in an open, anterior fashion. Two tumors, pre-

senting as well-circumscribed incidentalomas, were

removed laparoscopically. Five-year survival was 23%

(95% CI: 6.8,76.8).

Cushing’s syndrome overview

Hypothalamic–pituitary–adrenal (HPA) axis

Glucocorticoid synthesis and secretion by way of the

adrenal cortex (zona fasciculata) is stimulated by ACTH

from anterior pituitary corticotroph cells. ACTH secretion

is regulated by multiple hypothalamic factors. Corticotro-

pin-releasing hormone (CRH), in conjunction with

vasopressin and oxytocin from the neurohypophysis,

stimulate ACTH production. Corticotropin-releasing hor-

mone neurons are controlled by afferent pathways

conveying both sensory and cognitive information. Hypo-

thalamic–pituitary–adrenal activity increases in response to

both stress and circadian regulation. Glucocorticoids ulti-

mately regulate their own secretion by feedback inhibition

at multiple levels within the central nervous system (HPA

axis). Other immune and metabolic signals also provide

additional feedback effecting glucocorticoid secretion [45].

ACTH biosynthesis

ACTH is the principal hormone stimulating adrenal gluco-

corticoid synthesis and secretion. ACTH has 39 amino acids

but is synthesized in the anterior pituitary from the larger

241-amino acid precursor, pro-opiomelanocortin (POMC),

which is cleaved to form b-lipoprotein and pro-ACTH. Pro-

ACTH is further cleaved to form the bioactive molecule,

ACTH. Melanocyte-stimulating hormones (MSH a, b, c) are

also cleaved products from POMC. The increased pigmen-

tation characteristic of Addison’s disease, once thought to be

related to increased a-MSH levels, is most likely due to

accelerated binding of ACTH to the melanocortin-2 receptor

at increased concentrations [46, 47].

Cortisol biosynthesis

Glucocorticoids are secreted daily in relatively high

amounts (cortisol: 10–20 mg/day) from the zona fascicu-

late, where the enzymes specific for cortisol synthesis are

expressed. Biosynthesis and secretion are under the control

of ACTH [46]. The process begins with the steroidogenic

Fig. 2 Transsphenoidal surgery for pituitary-dependent Cushing’s

syndrome at Mayo Clinic, 1996–2005. (* 8 patients unavailable for

follow up)
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acute regulatory (StAR) protein-mediated uptake of cho-

lesterol into the mitochondria of adrenocortical cells and

ends with 11b-hydroxylase conversion of 11-deoxycortisol

to cortisol. Over 90% of circulating cortisol is bound to the

a2-globulin, cortisol-binding globulin (CBG). The major

route of cortisol metabolism results from the conversion of

cortisol to cortisone via the enzymatic activity of 11b-

hydroxysteroid dehydrogenase in the distal nephrons. The

free cortisol excreted via the kidneys represents only 1% of

the total cortisol secretion rate [46,47].

Effects of glucocorticoids in health and disease

Glucocorticoids carry out their activities through a series of

events that follow nuclear receptor binding throughout the

body. Glucocorticoids increase blood glucose concentra-

tions through their action on glycogen, protein, and lipid

metabolism. They stimulate adipocyte differentiation and

visceral fat deposition. They induce insulin resistance in

muscle and result in catabolic changes in muscle, skin, and

connective tissue. Muscle protein synthesis is reduced.

Osteoblast function is inhibited by glucocorticoids; thus the

osteoporosis and osteopenia associated with glucocorticoid

excess. Glucocorticoids increase blood pressure through a

variety of mechanisms involving the kidney and peripheral

vasculature. They increase the sensitivity of vascular

smooth muscle to both catecholamines and angiotensin II,

while reducing nitric-oxide-mediated endothelial dilata-

tion. In the kidney, excess glucocorticoids can act in the

distal nephron by stimulating the mineralocorticoid

receptor, resulting in sodium retention and potassium loss.

Glucocorticoids also stimulate angiotensinogen synthesis.

Glucocorticoids suppress immunologic responses; thus

they serve important therapeutic roles as anti-inflammatory

and immunosuppressive agents. They inhibit actions of

both T and B-cell lymphocytes. The brain is an important

target for glucocorticoids, as is the eye, where they increase

intraocular pressure. Glucocorticoid excess is associated

with depression, psychosis, and euphoria. Chronic admin-

istration can lead to peptic ulcer disease and pancreatitis.

Glucocorticoids inhibit linear skeletal growth in children.

They also suppress luteinizing hormone (LH), follicle-

stimulating hormone, thyroid-stimulating hormone release,

and growth hormone secretion [46, 47].

Classification of endogenous hypercortisolism

The most common cause of CS is exogenous administra-

tion of glucocorticoids for the myriad of anti-inflammatory,

antineoplastic, and immunosuppressive roles, for which

they are often prescribed. Exogenous CS will not be dis-

cussed further.

The modern-day classification of endogenous CS can be

divided into ACTH-dependent and ACTH-independent

causes (Fig. 3) [46, 48, 49]. ACTH-dependent causes

account for 80% of all cases of endogenous CS; 20% are

due to ACTH-independent CS. Seventy percent of all cases

of CS are due to pituitary-dependent CS, and 10% are due

to the ectopic ACTH syndrome. Less than 1% of cases are

due to ectopic CRH syndrome. Adrenal adenomas account

for 10% of all causes of CS. Adrenocortical carcinomas

causing CS account for 5%–8%; AIMAH and PPNAD

account for less than 1%.

In 1912, Harvey Cushing described a 23-year-old

woman (Minnie G) with obesity, amenorrhea, and hirsut-

ism [50]. Twenty years later, he postulated that this

‘‘polyglandular syndrome’’ was due to a primary pituitary

abnormality causing adrenal hyperplasia [18]. Although

some cases of CS were recognized as due to primary

adrenal tumors, most were and still are due to corticotroph

adenomas of the pituitary. Ectopic ACTH syndrome was

not recognized until the 1960s [51]. The term ‘‘Cushing’s

syndrome’’ is used for all causes, an the term ‘‘Cushing’s

disease’’ is reserved specifically for those cases of pitui-

tary-dependent CS.

Clinical features of cushing’s syndrome

Cushing’s original description of ‘‘Minnie G’’ included

obesity, moon facies, hirsutism, and plethora [50]. This

clinical picture is not always present, and one must main-

tain a high index of suspicion when this condition is

suspected. Weight gain and centripetal obesity are the most

common signs in adults; with generalized obesity seen

more frequently in children [46]. Fat deposition occurs

over the thoracocervical spine (‘‘buffalo hump’’), in the

Fig. 3 Classification of endogenous Cushing’s syndrome in adults
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supraclavicular regions, and over the cheeks and temporal

regions (moon-like facies). Gonadal dysfunction with

menstrual irregularity and loss of libido occur frequently

[46]. Hirsutism (vellus hypertrichosis) is common in

females, as is acne, a phenomenon secondary to excessive

ACTH stimulation of the zona reticularis. Hypogonadism

occurs because of the inhibitory effect of cortisol on pitu-

itary gonadtropin secretion. Fifty percent of patients with

CS have psychiatric disturbances. Agitated depression and

lethargy are most common, but paranoia and psychosis are

well recognized. Cognitive function may be impaired.

Irritability and insomnia may be early features. Poor linear

growth and weight gain are common in children. Loss of

height in adults is often due to vertebral compression

fractures. Rib fractures occur and are frequently painless.

Aseptic necrosis of femoral and humeral heads can also be

seen. Cortisol excess results in skin thinning with separa-

tion and exposure of underlying subcutaneous vascular

tissue, giving rise to so-called plethora. Minimal trauma

results in ‘‘easy bruising.’’ Acne can occur over the face,

chest, and back. The typical red–purple striae, greater than

1 cm in width, are most frequently found on the abdomen

but can be found on the upper thighs, breasts and arms

(nearly pathognomonic) [46, 48]. Increased skin pigmen-

tation is common in ectopic ACTH syndrome where very

high ACTH levels stimulate skin melanocyte receptors.

Along with bruising, myopathy is a major discriminatory

feature of CS [46, 48]. Proximal myopathy of the lower

extremities and shoulder girdle are common. Inability to

rise from a crouching position is often revealing. Hyper-

tension occurs in up to 75% of patients with CS. This,

coupled with recognized metabolic consequences, con-

tributes to the increased cardiovascular mortality seen in

untreated cases [46, 48]. Thromboembolic events and

infections are also more common in CS. Fungal nail and

skin infections (tinea versicolor), systemic fungal infec-

tions, as well as other opportunistic infections (e.g.,

pneumocystis carinii) can be seen in those with glucocor-

ticoid excess [46, 48]. Bowel perforations and poor wound

healing are also more common. Glucose intolerance and

overt diabetes are seen in up to one-third of patients with

CS. Hypokalemic alkalosis, seen in 10%–15% of patients

with pituitary CS, is present in over 95% of those with

ectopic ACTH syndrome, due to marked increases in cor-

tisol levels and its effect on the mineralocorticoid receptor.

In addition to suppressing pituitary gonadotropins, gluco-

corticoids directly inhibit Leydig cell function. Excess

cortisol can increase fat deposition in the retro-orbital

regions, leading to exophthalmos, and in the epidural

space, leading to neurologic sequelae from cord or cauda

equina compression. Excess cortisol also increases intra-

ocular pressure, resulting in glaucoma [46, 48].

ACTH-dependent cushing’s syndrome

Pituitary-dependent cushing’s or sushing’s disease

Cushing’s disease or pituitary-dependent CS accounts for

nearly 70% of all cases of endogenous hypercortisolism

[52]. The adrenal glands show bilateral adrenocortical

hyperplasia with diffuse expansion of the zonae fasciculata

and reticularis due to uncontrolled ACTH stimulation from

a primary pituitary source. Occasionally, nodular hyper-

plasia is intermingled with diffuse internodular

hyperplasia, especially in older adults and those with

longstanding Cushing’s disease. In 85%–90% of cases, a

pituitary adenoma, of monoclonal origin, can be found

[46]. Basophil hyperplasia is much less common and may

be primary, or much less likely secondary, to a hypotha-

lamic or ectopic source of CRH. In pituitary CS, there is

relative resistance of ACTH secretion to glucocorticoid

feedback inhibition. In Cushing’s disease, the predominant

finding is a mild increase in serum ACTH concentrations

with loss of normal circadian regulation [46, 48, 52].

Ectopic ACTH syndrome

Pro-opiomelanocortin is expressed by several extrapituitary

tissues. In 10% of cases, CS may be associated with

autonomous ACTH (rarely CRH) production by non-pitu-

itary tumors [46, 48, 49, 52–55]. Small-cell lung cancers

account for nearly half the cases reported and are often

associated with rapid tumor progression. More indolent

courses can be seen with lung carcinoids, islet cell tumors,

thymic carcinoids, medullary thyroid carcinoma, and

pheochromocytomas, as well as other carcinoid tumors.

Exceedingly rare causes include non-small-cell lung can-

cers and cancers of the prostate, breast, ovary, gallbladder,

and colon. Lung carcinoids may remain radiographically

occult for many years [48, 58, 52, 53, 55]. Circulating

ACTH and cortisol levels can become exceedingly high in

a short period (less than 3 months). These patients often

display marked skin pigmentation. Metabolic abnormalities

predominate, including glucose intolerance, hypokalemia,

and alkalosis. Weight loss, myopathy, and peripheral

edema are more common features compared to the cen-

tripetal obesity, moon facies, and plethora seen more often

in patients with the more indolent forms of pituitary-

dependent CS. Pituitary-dependent CS is far more common

in women, whereas ectopic ACTH syndrome is more

common in men. Much less common are cases of ectopic

CRH production associated with bronchial carcinoids,

medullary thyroid carcinoma, prostatic adenocarcinoma, or

pheochromocytoma [46].
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ACTH-independent cushing’s syndrome

Adrenal adenomas and carcinomas

Ten percent of patients with endogenous CS harbor adrenal

adenomas. Primary adrenocortical carcinoma accounts for

less than 8% of all patients with endogenous CS. In children

with endogenous CS, 65% have an adrenal etiology and most

are malignant [46, 48, 52]. The onset of clinical features is

often subtle and indolent with adenomas but frequently quite

rapid with adrenocortical carcinomas. In addition to the

stigmata of CS, patients with adrenocortical carcinoma may

present with flank/abdominal pain, weight loss, fever, or a

palpable abdominal mass [56]. Most reported series of adre-

nocortical carcinoma find that approximately half are

functional, with cortisol (67%) or mixed hormonal (15%)

patterns (cortisol, androgens, and mineralocorticoids) pre-

vailing [56]. In females, there may be features of virilization

that include hirsutism, clitoromegaly, deepening of the voice,

temporal wasting, and severe acne [46, 48, 52]. Adrenocor-

tical carcinomas and adenomas associated with autonomous

cortisol secretion will demonstrate atrophy of the ipsilateral

nontumoral cortex and contralateral gland on cross-sectional

imaging and pathologic examination. On average, adreno-

cortical carcinomas are very large (mean diameter [ 12 cm),

with areas of hemorrhage and necrosis. Nearly 20% will

demonstrate adrenal vein, renal vein, or inferior vena caval

tumor thrombus [57]. Nearly half have metastasized prior to

their discovery. Adrenocortical carcinomas may also be

associated with cancer predisposition syndromes (Li-Frau-

meni and Beckwith-Wiedemann syndromes) [58].

The prevalence of cortisol-secreting adenomas may

actually be higher than previously thought. Adrenal inci-

dentalomas are being detected with increasing frequency as a

result of the widespread use of cross-sectional imaging

studies. These adenomas (and rarely carcinomas) autono-

mously secrete cortisol and lead to suppression of the normal

circadian secretion of ACTH by the pituitary gland. Sub-

clinical CS [58–63] has been reported in 5%–20% of patients

with adrenal incidentalomas [58–63]. It is unclear what

percentage of patients with subclinical CS will develop overt

CS over time. Atherosclerosis and cardiovascular compli-

cations, so prevalent in these patients, have favored an

aggressive surgical approach (unilateral adrenalectomy) but

long-term health benefits remain to be clarified [59–65].

ACTH-independent macronodular adrenal hyperplasia

(AIMAH) and primary pigmented nodular adrenocortical

disease (PPNAD)

Fifteen to twenty percent of patients with endogenous CS

have ACTH-independent hypercortisolism, which in well

over 90% of cases is due to unilateral tumors. Rarely do

adrenals harbor solitary, bilateral, cortisol-secreting tumors

[46, 58]. The remaining cases (\ 2%) are due to two fas-

cinating (bilateral) entities: AIMAH and PPNAD [58, 66].

Because these two forms of CS are not caused by a pitui-

tary tumor, the Nelson-Salassa syndrome (growth of a

corticotroph neoplasm and skin hyperpigmentation) does

not occur after bilateral adrenalectomy for these entities.

AIMAH typically presents with mild overt CS, but it can

on occasion be associated with subclinical CS. The com-

bined adrenal weight ranges from 60 to 400 g, with discrete

nodules up to 5 cm in size [46, 58]. This contrasts with the

mean weight of adrenals from patients with Cushing’s

disease of 20–25 g (normal: less than 10 g total). The

intervening cortex is often hypertrophied but may be

atrophic in some cases. The nodules are yellow, lacking the

dark pigment so often interspersed in solitary, cortisol-

secreting adenomas.

The mechanism(s) by which cortisol production is

stimulated in AIMAH, in the face of suppressed ACTH

levels, is thought to be regulated via the ectopic expression

or the overactive eutopic expression of several membrane-

bound hormone receptors [58, 67–69]. Most of these

receptors belong to the superfamily of G protein–coupled

receptors that have become aberrantly coupled to steroi-

dogenesis. These include receptors for gastric inhibitory

polypeptide, vasopressin, b-adrenergic, LH, human chori-

onic gonadotropin, serotonin, and angiotensin [58,67–69].

Fifty percent of patients with PPNAD appear to be

sporadic, while the remaining are familial, usually associ-

ated with Carney complex (CNC) [46, 58, 66, 70, 71].

Approximately one-half of the cases of CNC are familial.

Forty percent harbor identifiable mutations in the

PRKAR1A gene. Putative genetic loci have been identified

for CNC by linkage analysis at chromosome 2p16 and

17q22–24 [46, 58]. Carney complex is characterized by CS

caused by PPNAD, cardiac and skin myxomas, spotty skin

pigmentation, schwannomas, and a variety of endocrine

and non-endocrine tumors. PPNAD is the principal endo-

crine manifestation of CNC. Growth hormone-secreting

pituitary tumors arise in 10%. Testicular tumors can be

found in 30%. Large-cell calcifying Sertoli-cell tumors

(causing estrogen production with associated gynecomastia

and precocious puberty), adrenocortical rests, and Leydig

cell tumors have all been described. Follicular cell-derived,

benign and malignant thyroid neoplasms are also more

frequent. Other manifestations include psammomatous

melanotic schwannomas, epithelioid blue nevi, and ductal

adenomas of the breast. Centrofacial spotty pigmentation,

as well as conjunctival and mucosal pigmentation are

common. Blue nevi, compound nevi, and café-au-lait spots

can also be found. Cardiac myxomas are responsible for

significant morbidity and mortality in CNC, necessitating
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screening and follow-up echocardiograms [46, 58, 66, 70,

71]. Cutaneous myxomas can be found on the external

eyelids and within the external auditory canals.

In PPNAD, unlike AIMAH, the overall gland size is not

increased. Several small black and brown nodules (con-

taining lipofuscin) are spread out through an otherwise

atrophic cortex.

Bilateral, nodular, adrenocortical disease causing CS in

an ACTH-independent fashion can also be seen, albeit

rarely, in the multiple endocrine neoplasia type 1 and

McCune-Albright syndromes [58].

Case finding for Cushing’s syndrome

The diagnosis of CS is one of the most challenging prob-

lems in endocrinology (Fig. 4). The incidence of CS is

approximately two cases, per one million persons, per year

[48]. Patients not cured by surgical intervention or with

malignant disease have a poor prognosis, with a standard

mortality ratio of 3.8–5.0 compared to normal controls. The

onset is often insidious with a usual duration of illness

before clinical diagnosis ranging from 3 to 5 years [48].

Findling and Raff [48] have outlined who should be

screened for CS (Table 1). Old photographs are particu-

larly helpful in differentiating cases of CS from normal

aging and simple weight gain.

The clinical features of hypercortisolism are common,

while endogenous CS is uncommon. It is the clinician’s

role to recognize possible CS patients, confirm with

appropriate, cost-effective laboratory testing, determine a

precise etiology, and provide for, when possible, a defini-

tive cure. Many of the signs and symptoms of CS are

common findings in the general population, including

hypertension, obesity, abnormal glucose tolerance, and

menstrual dysfunction. However, if the patient has cen-

tripetal obesity with prominent dorsocervical and

supraclavicular fat pads, peripheral muscle wasting, thin-

ning skin with ecchymoses, proximal muscle weakness,

and/or fungal skin infections, the suspicion is raised con-

siderably [46, 48]. The prevalence of CS may be as high as

4% among obese type 2 diabetics who have poor glycemic

control [72]. Case finding and subtype determination are

critical to the application of appropriate intervention.

Case finding for Cushing’s syndrome

Clinical assessment is critical (Fig. 4) [46, 48, 73–84]. If

the clinical assessment does not support the diagnosis, do

not test for CS, as no case finding methodology has perfect

sensitivity. When hypercortisolism is suspected, measure-

ment of urinary free cortisol (UFC) in a 24-h collection

(measure urine creatinine for complete collection quality

control), by high performance liquid chromatography

(HPLC)-tandem mass spectrometry, is our first test of

choice at Mayo Clinic. The suspicion for CS is very high

when 24-h UFC is greater than twice the upper limit of

Clinical Assessment

Suspicious

                        UFC 24º

Not suspicious

>300 g 45-300 g Normal No further evaluation

Cushing’s 
syndrome 
confirmed

Confirm with 11 pm 
salivary cortisol 
± low dose DST 
± oCRH-DST

Serial UFCs or 
11pm salivary 

cortisol

Go to subtype 
evaluation

Normal Abnormal

No further workup

Confirm with low dose DST
 ± oCRH-DST

⊕

⊕

*

Fig. 4 Algorithm for case finding and confirmation of Cushing’s

syndrome. CRH, corticotropin-releasing hormone; DST, dexametha-

sone suppression test; UFC, urinary free cortisol. *May go straight to

subtype evaluation if clinical assessment highly suggestive of

pituitary-dependent Cushing’s syndrome

Table 1 Who should be screened for Cushing’s syndrome?

Centripetal obesity and:

• Moon facies and plethora

• Increased supraclavicular and thoracocervical fat deposition

• Cutaneous wasting with ecchymoses

• Wide violaceous striae (greater than 1 cm)

• Proximal myopathy

• Increased lanugo facial hair

• Superficial fungal infections

• Impaired linear growth (in children)

Metabolic syndrome

• Impaired fasting glucose or diabetes mellitus

• Hypertension

• Hyperlipidemia

• Polycystic ovary syndrome

Incidental adrenal mass

Hypogonadotropic hypogonadism

• Oligomenorrhea/amenorrhea/infertility

• Decreased libido and impotence

Osteoporosis (especially rib fracture)

• Patients aged \ 65 y

Modified from Findling JW, Raff H. Endocrinol. Metab. Clin. N. Am.

2005;34:385–402 (48)
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normal (normal range: 3.5–45 lg or 9.7–124 nmol/day).

Loss of diurnal variation in serum cortisol concentrations

raises suspicion, but diurnal variations in serum cortisol

can be perturbed under many circumstances, including

stress and hospitalization. Urinary free cortisol excretion

can be quite variable within individual patients with CS;

indeed, with serial measurements, 10%–15% of patients

will have one of four serial 24-h UFCs in the normal range.

All etiologies of CS can produce cortisol in an episodic

fashion. Therefore, if suspicion is high based on clinical

assessment, repeated (multiple) collections are indicated.

Baseline 24-h UFC measurements may be elevated by

drugs (e.g., carbamazepine–when measured by HPLC, but

not by HPLC-tandem mass spectrometry), high urine vol-

umes ([ 4 l per 24 h), severe illness, alcoholism,

depression, and obstructive sleep apnea (OSA).

An overnight 1-mg dexamethasone suppression test

(DST) is most useful for testing for adrenal autonomy in

patients with adrenal incidentalomas [59]. The 8 a.m.

plasma cortisol level in normals will suppress to below

5 lg/dl (138 nmol/l) with this test. There are, however,

many causes for cortisol non-suppression with the over-

night 1-mg DST. These include patient error, increased

CBG due to estrogen therapy or pregnancy, alcoholism,

OSA, depression, panic attacks, obsessive compulsive

disorder, obesity, drugs that accelerate dexamethasone

metabolism (anticonvulsants, primidone, and rifampin),

renal failure, stress, cortisol assay insensitivity, or lab error.

Failure to suppress is a positive case finding test and

warrants a 2-day, low-dose DST.

When the clinical picture is consistent with CS and the

baseline 24-h UFC exceeds five times the upper limit of

normal, 300 lg ([828 nmol/day), no additional studies to

confirm CS are needed.

With equivocal findings and a 24-h UFC \ 300 lg (\
828 nmol/day), hypercortisolism should be confirmed with a

2-day, low-dose DST. Dexamethasone 0.5 mg orally, every

6 h, for 48 h, is given. A 24-h UFC, collected during the

second day of suppression, C 3.5 lg (C 9.7 nmol/day) is

consistent with the diagnosis of CS (exceptions include those

situations listed above for the overnight 1-mg DST). This test

is far from perfect, with a sensitivity of 79%, specificity of

74%, and overall accuracy of 71%. It is most efficacious for

ruling out CS in those patients where the index of suspicion

for CS is low. In addition, some patients with mild pituitary-

dependent CS may suppress with a low-dose DST.

The dexamethasone–CRH test was developed as a way

to correct the suppression with a low-dose DST observed in

some patients with pituitary CS. A serum cortisol con-

centration C1.4 lg/dl ([37.6 nmol/l) at 15 min following

CRH administration is consistent with CS. Although pur-

ported to be highly accurate, false positive results have

been seen in our clinic.

Late night plasma or salivary cortisol can also be mea-

sured. A midnight, sleeping, serum cortisol

concentration [1.8 lg/dl ([50 nmol/l) is 100% sensitive

in patients with CS [48]. Precision, however, usually

requires hospitalization. A practical alternative is to mea-

sure salivary cortisol, which correlates well with serum

cortisol. It is done by having the patient chew on a special

cotton swab for 2 min, after which the swab is placed in a

specially designed plastic container. A salivary cortisol

level obtained at 11 p.m. that is [100 ng/dl ([2.6 nmol/l)

is highly sensitive for CS, and this test is becoming

increasingly more popular in many centers. There remain,

however, problems with the sensitivity and precision of the

assay. Reproducibility has been difficult to achieve in some

laboratories.

As can be seen, no single test is satisfactory for the case

finding and confirmation of CS. However, the clinican

should be certain of the diagnosis of CS prior to proceeding

on to subtype evaluation and localization. Patients whose

clinical assessment suggests a possible diagnosis of CS

(when exogenous sources have been excluded) should be

evaluated with multiple tests for diagnostic confirmation.

These would include: 24-h UFC, 11 p.m. salivary cortisol,

and, less often, the 2-day low-dose DST or dexamethasone-

CRH test. The patient with clinically evident CS and a 24-h

UFC [ 300 lg ([828 nmol/day) needs no further confir-

matory studies. The patient with an incidentally discovered

adrenal mass and an 8 a.m. plasma cortisol concentration

below 5 lg/dl (138 nmol/l) after an overnight 1-mg DST,

also needs no further testing for cortisol autonomy.

Subtype evaluation

Once CS has been confirmed, the next step is subtype

evaluation (Fig. 5). One must always keep in mind that

70% of patients with endogenous hypercortisolism have

pituitary-dependent Cushing’s syndrome, and that there is

no fixed algorithm that can be applied to all patients.

The plasma ACTH concentration classifies the subtype

of CS as either ACTH-dependent or ACTH-independent.

When measured with an IRMA assay (normal 10–60 pg/ml

or 2.2–13.3 pmol/l) plasma ACTH levels \ 5 pg/ml indi-

cate primary adrenal disease. ACTH levels in the 20–

200 pg/ml range generally indicate pituitary-dependent

disease, and ACTH levels in the 50 to [200 pg/ml range,

are found in patients with ectopic ACTH syndrome.

When ACTH levels are less than 5 pg/ml, the next step

in subtype evaluation is computerized cross-sectional

imaging (computerized tomography [CT]; less often,

magnetic resonance imaging [ MRI]) of the adrenal glands,

which will most often delineate the type of adrenal disease

(Fig. 6A–E) [83, 85, 86]. One must keep in mind, however,

World J Surg (2008) 32:659–677 667

123



that 5%–10% of the population harbor adrenal nod-

ules [ 1 cm [59]. Benign cortisol-secreting adrenal

adenomas are usually 2–6 cm in diameter. Rarely, bilateral

cortisol-secreting adenoma may be found. Adrenocortical

carcinomas are rarely seen below 5 cm in size, but when

present, they usually display a worrisome radiographic

phenotype, consisting of a heterogeneous appearance that

may include areas of necrosis, hemorrhage, calcification,

delayed or incomplete washout of intravenous contrast, or

bright areas on T2-weighted MRI. Adrenocortical carci-

nomas may also demonstrate distant metastases (lung,

bone, liver), regional lymphadenopathy, venous tumor

thrombi, or direct invasion of contiguous structures. Mag-

netic resonance angiography or venography can be

particularly helpful in delineating the presence and extent

or vascular involvement [84]. Korobkin et al. demon-

strated, with a specificity of 85% and a sensitivity of 100%,

a cut-off point of 18 Hounsfield units (HU) on unenhanced

CT scans below which an adrenal lesion may be designated

as a lipid-rich benign adenoma [86].

Axial, in-phase and out-of-phase, fast, multiplanar

spoiled, gradient-echo (FMPSPGR) T1-weighted, MR ima-

ges displaying classic signal dropout suggest the presence of

intracellular lipid, a characteristic of benign adenoma. An

axial fast spin-echo, T2-weighted MR image of a benign

adenoma is isotense relative to the liver [58, 84].

In PPNAD, CT may demonstrate bilateral micronodu-

larity (string of beads). Adrenal gland size is usually

normal [58, 84]. The diagnosis is suspected in the appro-

priate clinical setting. When diagnosed, the patient and

family members must be screened for cardiac myxomas, a

common cause of sudden death in PPNAD patients with

Carney complex. Genetic testing is available for the

PRKAR1A mutations seen in 40% of patients with CNC.

                               Cushing’s Syndrome Confirmed

ACTH level

Suppressed Normal or increased

              Adrenal 1º (CT/MRI)
Pituitary MRI

Unilateral
mass

Bilateral 
masses

Pituitary tumor* 
hypodense, ≥5mm
Cushing’s disease

Normal or 
equivocal

Adenoma ACC
(localized)

     TSS

                          Failure

IPSS

Laparoscopic 
adrenalectomy

Open
resection

1. BLA
2. Radiotherapy
3. Total 
hypophysectomy

Search for 
ectopic source:
CT, MRI†

Neck ultrasound
Scintigraphy‡

Tumor markers§

Appropriate clinical 
scenario

Discrete solitary
bilateral nodules

PPNAD
MAH

Bilateral cortisol-
secreting adenomas

Resect 1º
or BLA

Bilateral 
(laparoscopic) 
adrenalectomy

Bilateral (laparoscopic) 
adrenalectomy

(consider cortical-sparing)

* TSS in appropriate clinical setting
† Chest, abdomen
‡ Octreoscan, MIBG scan, FDG-PET
§ Calcitonin, 5-HIAA, gastrin, metanephrines (plasma)

⊕

AVS

Fig. 5 Algorithm for subtype

evaluation of Cushing’s

syndrome. ACC, adrenocortical

carcinoma; ACTH,

corticotropin; AVS, adrenal

venous sampling; BLA, bilateral

laparoscopic adrenalectomy;

CT, computed tomography;

IPSS, inferior petrosal sinus

sampling; MRI, magnetic

resonance imaging; TSS,

transsphenoidal surgery. (* TSS

in appropriate clinical setting,
� Chest, abdomen, � Octreoscan,

123-I-metaiodobenzylguanidine

scintigraphy, positron emission

tomography scanning with
18F-fluorodeoxyglucose,
§ Calcitonin, 5-

hydroxyindoleacetic acid,

gastrin, plasma fractionated

metanephrines)
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In AIMAH, CT [58, 84] will demonstrate massive

bilateral adrenal enlargement (occasionally asymmetric),

with nodules reaching 5 cm in size. Research protocols are

available to screen for abnormal adrenal expression and/or

function of receptors that include gastrointestinal poly-

peptide, interleukin-1, LH, vasopressin, and b-adrenergic

agonists. Unfortunately, to date, directed medical therapy

(octreotide, V1a receptor antagonists, b-blockers, gonado-

tropin-releasing hormone agonists, 5HT4, and AT-1

antagonists) has generally proven unsuccessful [58],

necessitating bilateral total adrenalectomy to resolve hy-

percortisolemia in most patients.

When ACTH levels are normal to moderately elevated,

ACTH-dependent CS is confirmed. Again, the clinical

presentation is key. For example, a 45-year-old woman

with slow onset of CS, over many years, with classic signs

and symptoms, almost certainly has pituitary-dependent CS

([95% probablility). A 50-year-old man with a 3-month

history of weight loss, marked skin pigmentation, hypo-

kalemic alkalosis, glucose intolerance, an ACTH

level [100 pg/ml, and 24-h UFC[ 500–1000 lg almost

certainly has ectopic ACTH syndrome.

A pituitary-dedicated MRI, with gadolinium enhance-

ment, is indicated in all patients with ACTH-dependent CS

(85% will have Cushing’s disease) [52, 83, 85]. If a definite

pituitary tumor is present (hypodense, non-enhancing,

C 5 mm) and the clinical scenario is consistent with pitu-

itary disease (female, indolent disease, UFC less than

fivefold elevated but more than twofold elevated), addi-

tional studies are usually not required before definitive

treatment. Smaller (\5 mm) pituitary lesions are common

in as many as 10%–20% of normal individuals and are

being detected with increasing frequency with each new

generation MR scanner [52, 83, 85]. Thus, a small

Fig. 6 A) Axial CT image

showing a small adrenal cortical

adenoma (arrow). B) Axial CT

image showing a large left

adrenocortical carcinoma

(arrow). C) Axial CT image

from a patient with AIMAH

showing massively enlarged

adrenal glands (arrows)

bilaterally. D) Gross pathology

photograph of an

ACTH-secreting adrenal

pheochromocytoma with

associated cortical hyperplasia.

E) Coronal MRI showing an

ACTH-secreting pituitary

microadenoma (arrow) in the

superior right location in the

sella and adjacent to the right

cavernous carotid artery
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(\5 mm) lesion should be considered non-specific, and

inferior petrosal sinus sampling (IPSS) should be per-

formed. This is also true if the pituitary MRI is normal.

Fifty percent of patients with Cushing’s disease have a

normal pituitary MRI [83].

Inferior petrosal sinus sampling with CRH stimulation is

considered the most important advance in subtype evalu-

ation of CS in the past quarter century [87–96]. Both

inferior petrosal sinuses are sampled simultaneously

because of pulsatile ACTH secretion. Sampling of the

cavernous sinuses or internal jugular veins can also be

performed, but this is either more cumbersome and dan-

gerous (cavernous sinuses) or less accurate (internal jugular

veins) than IPSS. Also, IPSS that demonstrates a central to

peripheral vein gradient of[2:1 at baseline and[3:1 after

CRH administration is diagnostic of Cushing’s disease

(95% sensitivity, 100% specificity). Further, IPSS may

provide useful lateralization information for the neurosur-

geon if the side-to-side ACTH ratio is[1.5:1. Factors that

may cause misleading IPSS results include episodic disease

(cyclical CS), incorrect catheter placement, anomalous

venous drainage, and the rare ectopic CRH-secreting

tumor. There are significant risks associated with IPSS,

including venous thrombosis, pulmonary embolism, cranial

nerve palsy, and brain stem infarct, thus mandating the

availability of an experienced interventional neuroradiol-

ogist [90–93]. The IPSS procedure is technically successful

85%–99% of the time when performed in experienced

centers.

In the past, the CRH stimulation test and the high-dose

2-day DST were employed to aid subtype evaluation, but

both have fallen by the wayside. In the former, the percent

increase in serum ACTH and cortisol concentrations after

administration of CRH in normal persons overlaps with

values found in patients with Cushing’s disease and in

patients with ectopic ACTH syndrome. The high-dose DST

has not been helpful in clearly differentiating ectopic

ACTH syndrome from pituitary CS, in our experience.

In ACTH-dependent CS, patients with a negative pituitary

MRI and lack of a central-to-peripheral gradient on IPSS, a

search for an ectopic ACTH-secreting tumor should be car-

ried out, along with adrenal cross-sectional CT imaging. In

the appropriate clinical setting (male, rapid onset of CS,

predominance of metabolic abnormalities, and very high

cortisol/ACTH levels), IPSS can be avoided if the pituitary

MRI is negative. Computerized tomography and/or MRI of

the neck, chest, abdomen, and pelvis should be carried out

[83]. Unfortunately, somatostatin receptor imaging with
111In-DTPA-pentetreotide [97–99] has not proven terribly

accurate in localizing ectopic ACTH-secreting tumors, many

of which can remain occult for many years. Diagnostic

sensitivities ranging from 30%–80% have been

reported. [18F]fluoro-2-deoxy-D-glucose positron emission

tomography (FDG-PET) has added little to the diagnostic

armamentarium for ectopic ACTH-secreting tumors [99]. It

is hoped that diagnostic accuracy of PET will improve with

the use of additional isotopes ([11C]5-HTP, [11C]2-DOPA),

but this has yet to be proven [100]. In rare situations, bio-

chemical markers may be of assistance, such as calcitonin

(medullary thyroid cancer), plasma and urinary fractionated

metanephrines (pheochromocytoma), gastrin (gastrinoma),

and urinary 5-hydroxyindoleacetic acid (carcinoid tumors).

However, when these markers are elevated, the source is

usually already apparent by conventional imaging. 123I-

metaiodobenzylguanidine (MIBG) scintigraphy can be

helpful, on occasion, in localizing an ACTH-secreting (or

CRH-secreting) pheochromocytoma and its metastases, if

present.

Treatment

Treatment of patients with CS includes resolving the hy-

percortisolemic state, management of complications of CS

(hypertension, osteoporosis, diabetes mellitus, myopathy),

and the restoration of the normal HPA axis, all of which

may take months to years to accomplish. In some patients,

full recovery never takes place, despite normalization of

plasma cortisol levels and the HPA axis.

Treatment—pituitary cushing’s syndrome

Selective pituitary adenomectomy by trans-sphenoidal

surgery (TSS), either sublabial, or preferably today, endo-

scopic transnasal, is the treatment of choice for patients

with Cushing’s disease [101–110]. The endonasal route, in

experienced hands, has lower morbidity, eliminating the

painful gingival incision and dental paresthesias associated

with the sublabial approach to the sphenoid sinus. The

short-term cure rate for ACTH-secreting microadenomas is

80%–85%. Success rates decrease appreciably for larger

macroadenomas, locally invasive tumors, and treatment at

less experienced centers. Trans-sphenoidal surgery is safe

and effective in experienced hands. Perioperative mortality

rates range from 0% to 2%. Morbidity includes diabetes

insipidus, syndrome of inappropriate antidiuretic hormone

secretion, cerebrospinal fluid rhinorrhea, meningitis, optic

nerve injury, other cranial nerve injuries, vascular accident,

nasal septal perforations, epistaxis, sinusitis, and graft site

dehiscence. Most morbidities are uncommon and transient.

Postoperative cortisol levels can initially remain normal

to elevated in some patients; thus patients with readily

measurable cortisol levels immediately postoperatively

may still be cured. In our experience, however, when

plasma cortisol levels exceed 20 lg/dl (550 nmol/l) more
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than 4 days after TSS, the patient has not been cured. Cure

cannot be predicted on the basis of pathologic findings

(adenoma versus no adenoma versus hyperplasia). Peculiar

delays in the development of secondary adrenal insuffi-

ciency occur such that careful postoperative steroid

management and withdrawal should be performed under

the guidance of an experienced endocrinologist. Full HPA

axis recovery may require 6–24 months, and long-term

physical rehabilitation may be necessary.

In the setting of failed TSS, a second operation is con-

sidered but is rarely curative. Total hypophysectomy is an

option, but concerns for future reproductive function in

young women and panhypopituitarism make this a less

than desirable option. In the case of severe CS, prompt

bilateral (laparoscopic) adrenalectomy can be life saving

[41, 111, 112]. In those patients hospitalized with severe

metabolic derangements, institution of medical therapy

(see below), antibiotic coverage for opportunistic infec-

tions, and ulcer prophylaxis with proton-pump inhibitors

can reduce perioperative morbidity; however, long delays

should be avoided.

There are two principal issues of concern following

bilateral total adrenalectomy for Cushing’s disease: Addi-

sonian crises and Nelson-Salassa syndrome. Following

bilateral laparoscopic adrenalectomy, oral glucocorticoid

and mineralocorticoid replacement are required lifelong. A

certain degree of patient sophistication is necessary to

minimize episodes of Addisonian crises. Wells et al.

reported a 23% incidence of crises requiring hospitalization

and one death following bilateral adrenalectomy [113]. It is

suspected that most retrospective studies underestimate its

true incidence. Patient education is key to minimizing these

occurrences. All patients should wear a medicine-alert

bracelet and carry with them a prefilled glucocorticoid

syringe for intramuscular injection when illness supervenes

and oral augmentation is not an option.

The routine use of prophylactic radiation following

bilateral adrenalectomy for pituitary-dependent CS remains

controversial [114–116]. Nelson-Salassa syndrome is

characterized by the unrestrained growth of an untreated

corticotroph pituitary tumor and its associated mass effects

following bilateral adrenalectomy in pituitary-dependent

CS. Eleven percent of such patients at Mayo Clinic

developed Nelson-Salassa syndrome, but most had clear

evidence of an invasive pituitary disease at the outset

[114]. Therefore, most patients undergoing bilateral adre-

nalectomy never develop Nelson-Salassa syndrome; but

rather, their ACTH-secreting pituitary microadenomas

remain\10 mm and do not require tumor-directed therapy.

Three percent of radiated patients in our series developed

secondary central nervous system neoplasms [114], and

pituitary radiotherapy is associated with other morbidity as

well (see below). We therefore reserve (stereotactic)

radiotherapy only for those patients with large invasive

pituitary tumors or residual pituitary tumors that demon-

strate clinically important growth on serial MRI.

Radiotherapy

Radiotherapy is an alternative treatment for recurrent or

persistent Cushing’s disease [117–119]. Options include

conventional fractionated radiation, but more often, stereo-

tactic radiosurgery with protons or photons (gamma knife,

linear accelerator). Advantages of radiotherapy include

efficacy in controlling hypercortisolism and its noninvasive

nature. A major disadvantage, however, is the significant

delay between radiation delivery and subsequent decline in

cortisol levels. This delay often requires the use of cortisol-

lowering medications (see below). The risk of delayed

hypopituitarism is also significant. Other less common side

effects include optic nerve atrophy with visual impairment,

secondary tumor development, and cognitive dysfunction.

Treatment— ectopic ACTH syndrome

Optimal treatment would ideally involve resecting the pri-

mary tumor for cure. This, however, is often not possible. In

35% of cases, the tumor cannot be found at the time of

diagnosis of CS. Eighty-five percent of patients have met-

astatic disease or incompletely resectable disease when

tumor is present at the time of diagnosis of CS. In addition,

tumors may be discovered up to 20 years before or after the

diagnosis of CS. In a recent series from Mayo Clinic, the

most frequent etiologies were as follows: bronchial carci-

noid 25%, islet cell carcinoma 16%, small-cell lung cancer

8%, medullary thyroid carcinoma 7%, thymic carcinoid 5%,

metastatic neuroendocrine tumor of unknown primary 5%,

pheochromocytoma 3%, and no tumor found in 16% [53].

In patients in whom we are unable to either find the tumor or

completely resect all disease, bilateral (laparoscopic)

adrenalectomy has become the treatment of choice [53, 111,

120]. In the setting of occult or indolent metastatic disease,

bilateral laparoscopic adrenalectomy effectively addresses

the ravages of extreme hypercortisolism that often pose a

greater immediate risk to the patient than the malignancy

itself. These patients, often sicker than patients with per-

sistent or recurrent Cushing’s disease, may benefit from

similar medical preparation, as described under the medical

treatment of patients with Cushing’s disease.

Treatment—adrenal adenoma(s)

Cortisol-secreting adrenal adenomas are best treated in

2007 with unilateral, laparoscopic or posterior
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retroperitoneoscopic adrenalectomy, depending on the

experience and preference of the operating surgeon [32–

44]. Both have well-defined benefits over open approa-

ches, particularly with regard to wound healing in human

and animal models with CS [121]. The rare, bilateral

functioning adenomas can be managed with cortical-

sparing adrenalectomies in a laparoscopic or open fash-

ion, using intraoperative ultrasound as a guide for

complete tumor resection [122, 123].

Most adrenal incidentalomas are benign, but the risk of

malignancy increases with increasing size and the presence

of worrisome radiographic phenotypes. Therefore, most

surgeons would favor removal of all adrenal incidentalo-

mas over 4 cm in greatest diameter, those that are

functioning, and those with concerning radiographic fea-

tures. Obvious malignant tumors are best excised in an

open fashion, but smaller, potentially malignant inciden-

talomas, 4–7 cm in size, can be managed laparoscopically

by an experienced surgeon when localized and clearly

confined to the adrenal gland. The risk of capsular dis-

ruption in this setting is low and no greater than that with

open surgery. Lymph nodes can be examined and removed

laparoscopically [59, 124, 125].

Treatment—PPNAD and AIMAH

Definitive treatment for PPNAD or AIMAH is bilateral

total adrenalectomy [58]. Rare cures following unilateral

adrenalectomy are suspect, and persistent glucocorticoid

autonomy is likely. Medical therapy in AIMAH, directed at

abnormal receptor function/expression, has been, for the

most part, disappointing [58]. PPNAD is ideally suited to

bilateral laparoscopic adrenalectomy. Because of the

benign, ACTH-independent nature of macronodular adre-

nal hyperplasia, select cases may be amenable to a

laparoscopic approach as well.

Treatment—adrenocortical carcinoma

Adrenocortical carcinoma remains an enigma for endocri-

nologists, oncologists, and endocrine surgeons alike. It

remains one of the most lethal solid tumors known, often

striking individuals in the prime of life. Fortunately, its

occurrence is a rarity. In a recent review from Mayo Clinic

(1980–1996), 58 patients underwent primary operative

management of adrenocortical carcinoma [56]. One-half

were functional ([two-thirds with cortisol excess). Resec-

tion with intent to cure was carried out in 71%.

Perioperative mortality was 5%, with a 73% recurrence rate

at a median time to recurrence of 17 months. Five-year

survival by the Kaplan-Meier method was 37%. Most

series that include nonoperated patients portend a 10%–

20%, 5-year survival rate. Prognostic factors favor lower

TNM stage, functioning versus nonfunctioning tumors, and

the use of chemotherapy (typically mitotane) in stage III/IV

patients.

Renal vein or caval tumor thrombus in and of itself does

not preclude surgical resection for intent to cure and may

not alter an already dismal prognosis, when compared to

stage I or II disease, if completely resected [126, 127].

Recent data support the use of mitotane for both resected

and incompletely resected tumors or metastatic disease

[128, 129]. Palliative debulking in the setting of stage IV

disease is questionable at best. Such patients are better

managed with adrenolytic agents or agents that block ste-

roidogenesis, along with palliative radiotherapy for painful

bone metastases. Most patients today with advanced or

disseminated disease (stage III/IV) should be considered

for protocol-based therapy. A number of regimens alone or

combining systemic chemotherapy, mitotane, and/or novel

therapies are available [130–135].

Trials of dendritic cell therapy have begun, and different

strategies of immunotherapy, including DNA vaccination,

are under investigation in animal models. The adrenals are

a preferred target for adenovirus, and the results of gene

therapy in preclinical studies are promising. There is evi-

dence that histone deacetylase inhibitors can further

enhance the rate of adenoviral infectivity in human adrenal

cancer cell lines. The testing of retroviral vectors, non-viral

vectors, small, interfering RNA technology, and combined

technologies are all on the horizon. Anti-angiogenic sub-

stances are being applied in preclinical settings. According

to a recent consensus conference, the future treatment of

adrenocortical cancer should be hypothesis driven and

based on a thorough analysis of tumor biology [129].

Replacement therapy following surgery for ACTH-

independent cushing’s syndrome

All patients undergoing surgery for CS require a standard

perioperative steroid preparation. Successful surgery will

ultimately render all patients hypocortisolemic postopera-

tively, although there may, on occasion, be delays following

TSS. In general, patients leave the hospital on replacement

doses or, more often, higher than replacement doses,

depending on their clinical status. For patients who have

undergone trans-sphenoidal adenomectomy or unilateral

adrenalectomy, replacement doses of glucocorticoids are

given and tapered over time until return of function of the

HPA axis is documented. Oftentimes this can be accom-

plished without the need of an ACTH-stimulation test. The

process, both physiologic and morphologic, may take weeks

to months or beyond to complete.
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Patients undergoing bilateral total adrenalectomy will

need lifelong glucocorticoid and mineralocorticoid

replacement after the normal perioperative steroid taper.

Medical therapy for cushing’s syndrome

When definitive surgical treatment (or radiotherapy) is not,

or is no longer, an option, or when optimizing a patient’s

condition is necessary for a brief period of time prior to

definitive surgical therapy (persistent or recurrent Cush-

ing’s disease or ectopic ACTH syndrome), medical therapy

has a role in the management of patients with endogenous

hypercortisolism. Medical therapy also plays a role in the

management of the pregnant female presenting with CS

(see the following section).

• Metyrapone inhibits 11b-hydroxylase and is given to

lower cortisol concentrations before definitive therapy

is begun. Nausea and hypokalemia are the principal

side effects [46].

• Aminoglutethimide is more toxic than metyrapone and

blocks enzymes earlier in steroidogenesis. It is often

used in conjunction with metyrapone and causes

nausea, marked lethargy, and skin rash [46].

• Trilostan, a 3b-HSD inhibitor, has been shown to be

effective in patients with adrenal adenomas. It is

ineffective in Cushing’s disease because the block in

steroidogenesis can be overcome by increasing ACTH

levels [46].

• Ketoconazole, an antifungal agent, blocks a variety of

steroidogenic cytochrome P450-dependent enzymes,

thus lowering plasma cortisol levels. Daily doses of

400–1,200 mg are required, and usage is often limited

by the development of abnormal liver function tests.

Fluconazole may have similar action [46, 136].

• Mitotane (o,p’-DDD), a derivative of DDT, is an

adrenolytic agent that is taken up by normal and

malignant adrenal tissue, resulting in adrenal necrosis

and atrophy. Doses up to 10–20 g/day may be required,

and such doses may be impossible to achieve because

of nausea and other side effects (fatigue and skin rash).

Both glucocorticoid and mineralocorticoid replacement

may be required [46].

• PPAR-c ligands have been shown in in vitro and in vivo

Cushing’s disease models to reduce ACTH levels in

Cushing’s disease [137].

• Etomidate, an intravenous anesthetic agent, is a mem-

ber of the imidazole group, that includes ketoconazole

and fluconazole, agents with antifungal properties.

Etomidate lowers plasma cortisol levels by a mecha-

nism similar to that seen with ketoconazole. It can be

used for patients unable to take oral ketoconazole or

metyrapone or in conjunction with other forms of

medical therapy [138].

Cushing’s syndrome during pregnancy

Because of the negative effect of cortisol excess on go-

nadotropins, pregnancy is very uncommon in the setting of

CS. Cushing’s syndrome in pregnancy is associated with

increased fetal morbidity and mortality [139]. The diag-

nosis can be challenging because of the profound effects of

pregnancy on the HPA axis, normally leading to increased

circulating cortisol and ACTH levels. In pregnancy, how-

ever, the proportion of adrenal causes is increased. Surgery,

both pituitary and adrenal, can be a safe treatment option

during the second trimester. Medical therapy, with metyr-

apone, is also an option to bring the patient to full-term

delivery prior to definitive surgical intervention.

Conclusions

Surgery for CS is highly successful for pituitary-dependent

CS and for most ACTH-independent adrenal causes.

Bilateral total adrenalectomy can also provide effective

palliation from the ravages of hypercortisolism in patients

with ectopic ACTH syndrome and for those who have

failed trans-sphenoidal surgery. Unfortunately, adrenocor-

tical carcinomas are rarely cured. Future successes with

this disease will likely depend on a better understanding of

tumor biology, more effective adjuvant therapies, and

earlier detection. Clearly, IPSS, advances in cross-sectional

imaging, along with developments in trans-sphenoidal and

laparoscopic surgery, have had the greatest impact on

today’s management of the complex patient with CS.
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