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In medicine perhaps more than in other walks, discoveries
are constantly being re-made and views being readvanced, for
knowledge spreads slowly and facts once known and recorded
are easily overlooked or forgotten.
Harvey Cushing, “The Cavendish Lecture” delivered before the West
London Medico-Chirurgical Society, June 13, 1922 (1)

ABSTRACT
Cushing’s syndrome (CS) is caused by prolonged exposure to cortisol excess.
CS is associated with cardiovascular diseases, infections, and fractures, as
well as with cognitive impairment and affective disorders. This thesis, based
on four studies, aimed to investigate various aspects of the management of
CS: the diagnostic work-up as well as the morbidity after successful treatment.
A retrospective analysis on the usefulness of adrenal venous sampling (AVS)
in patients with cortisol excess and bilateral adrenal lesions or
morphologically normal adrenal glands, showed that AVS contributed to the
decision-making of the treatment in two out of ten patients (Paper I). In a
cross-sectional study, patients with CS in remission experienced mental
fatigue and had impaired executive function, assessed with the selfadministrated Mental Fatigue Scale (MFS) and Trail Making Test (TMT),
respectively (Paper II). In a nationwide population-based study, excess
morbidity was found in patients with pituitary CS (Cushing’s disease, CD). A
more than 3-fold increased incidence of stroke, thromboembolism, and sepsis
was found even in remission compared to the background population (Paper
III). A systematic review and meta-analysis on patients with CD treated with
bilateral adrenalectomy showed that every fourth patient developed
progression or new onset of a pituitary tumor (Nelson’s syndrome, NS) and
every fifth patient received treatment for NS. Also, NS occurred up to four
decades after bilateral adrenalectomy (Paper IV).
In conclusion, this thesis illustrates that patients with CS have excess
morbidity due to stroke, thromboembolism, sepsis as well as cognitive
impairment and mental fatigue despite treatment. Also, this thesis highlights
the need for life-long follow-up of patients with CS. Despite the major
progress achieved in the management of patients with CS, there are still
challenges to overcome, both in the diagnostic work-up and treatment.
Keywords: Cushing’s syndrome, Cushing’s disease, cortisol excess, Nelson’s
syndrome, morbidity, remission, mental fatigue, cognitive function, adrenal
venous sampling

SUMMARY IN SWEDISH
POPULÄRVETENSKAPLIG SAMMANFATTNING
Endogent Cushings syndrom (CS) är ett sällsynt tillstånd, som orsakas av ökad
produktion av hormonet kortisol. Den vanligaste orsaken är godartade tumörer
i hypofys (Cushings sjukdom) eller binjurar. Lindrig kortisolöverproduktion
kan även förekomma bland binjuretumörer, som upptäcks accidentellt (s.k.
incidentalom). CS leder till bukfetma, högt blodtryck, nedsatt glukostolerans,
muskelsvaghet, benskörhet, depression och kognitiva störningar.
Behandlingsarsenalen för CS består av hypofyskirurgi, strålbehandling,
medicinsk behandling och binjureoperation. Hos patienter med Cushings
sjukdom vars båda binjurar opereras bort (bilateral adrenalektomi), kan
tillväxt av resterande tumör eller tillkomst av ny tumör i hypofysen
förekomma (s.k. Nelsons syndrom).
Det övergripande syftet med denna avhandling var att undersöka följande
kliniska utmaningar vid handläggning av patienter med CS: värdet av
binjurevenskateterisering vid diagnostik av kortisolöverproduktion och
behandlingsval; förekomst av hjärntrötthet och kognitiv störning hos patienter
med botat CS; samsjuklighet vid Cushings sjukdom; förekomst och
riskfaktorer för utveckling av Nelsons syndrom.
I den första studien undersöktes värdet av binjurevenskateterisering hos
patienter med kortisolöverproduktion samt bilaterala binjureförändringar eller
normala binjurar på datortomografi. Binjurevenskateterisering är en
undersökning, där koncentrationen av hormoner från vänster och höger
binjure mäts i blodet. Undersökningen kan därmed användas för att skilja om
kortisolöverproduktion kommer från ena eller båda binjurarna. Resultaten
visade att binjurevenskateterisering kunde bidra till val av lämplig behandling
hos två av tio patienter.
I den andra studien undersöktes förekomsten av hjärntrötthet med en
självskattningskala hos patienter med botat CS jämfört med individer med
samma ålder, kön och utbildning (kontroller). Studien visade att patienterna
upplevde hjärntrötthet flera år efter bot. Kognitiva störningar som svårigheter
med uppmärksamhet, bearbetning av information och exekutiv funktion
upptäcktes hos patienter med CS trots behandling.

I den tredje studien, en svensk nationell studie, noterades att patienter med
Cushings sjukdom hade ökad sjuklighet. Trots behandling hade patienterna
med Cushings sjukdom ökad förekomst av stroke, blodpropp i djupa vener
och lungor samt allvarliga infektioner, jämfört med den svenska befolkningen.
I den fjärde studien, en systematisk genomgång av litteraturen, studerades
förekomsten av Nelsons syndrom hos patienter med Cushings sjukdom, som
behandlades med bilateral adrenalektomi. Nelsons syndrom förekom hos en
fjärdedel av patienterna och kunde uppstå upp till fyra decennier efter den
bilaterala adrenalektomin.
Sammanfattningsvis visar denna avhandling, att patienter med CS, trots
behandling, har en ökad sjuklighet i form av stroke, blodproppar och allvarliga
infektioner samt kognitiva störningar och hjärntrötthet. Denna avhandling
framhåller behovet av livslång uppföljning av dessa patienter. Trots
framgångar i handläggning, kvarstår ännu utmaningar i såväl diagnostik som
behandling av patienter med CS.
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PREFACE
Cushing’s syndrome poses challenges to the affected patients and their
families, to the clinicians who take care of them, and to researchers who study
this disorder.
Patients with Cushing’s syndrome may experience symptoms for years and
undergo excessive investigations before Cushing’s syndrome is suspected.
Thereafter the journey begins for the confirmation of Cushing’s syndrome.
After successful treatment, they have to deal with cognitive and mental
symptoms affecting their quality of life and try to overcome them.
I remember when I met my first patient with Cushing’s syndrome at the
Department of Endocrinology at Sahlgrenska University Hospital. Two things
captured my interest. Firstly, I was struck by the detrimental effects of
hypercortisolism caused by a small, nearly 3 mm tumor in the pituitary gland.
Secondly, I found all the detective work-up to find this 3 mm tumor
challenging. Through the years, I realized that this is only the beginning of a
long journey both for the patient and the physician.
At the same time, I recognized the need for research in order to better
understand Cushing’s syndrome. However, research in rare diseases such as
Cushing’s syndrome entails difficulties with study design and recruitment of
patients. Therefore, current knowledge is mostly based on small studies,
leaving many questions unanswered. In this thesis, I try to approach Cushing’s
syndrome through the use of different types of studies, addressing some of the
clinical challenges of the management of endogenous Cushing’s syndrome.
I hope you find my thesis interesting!
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ABBREVIATIONS
ACS

Autonomous cortisol secretion

ACTH

Adrenocorticotropic hormone

AVS

Adrenal venous sampling

CD

Cushing’s disease

CI

Confidence interval

CPAA

Cortisol-producing adrenal adenoma

CPRS-A

Comprehensive Psychopathological Rating Scale for
Affective Syndromes

CRH

Corticotropin-releasing hormone

CS

Cushing’s syndrome

CT

Computed tomography

HPA

Hypothalamic-pituitary-adrenal

ICD

International Classification of Diseases

IQR

Interquartile range

MACS

Mild autonomous cortisol secretion

MFS

Mental Fatigue Scale

MRI

Magnetic resonance imaging

NPR

Swedish National Patient Register

PBMAH

Primary bilateral macronodular adrenal hyperplasia

PPNAD

Primary pigmented nodular adrenocortical disease

RR

Relative risk

SD

Standard deviation

SIR

Standardized incidence ratio

SMR

Standardized mortality ratio

TMT

Trail Making Test

TSS

Transsphenoidal surgery

UFC

Urinary free cortisol (24 hour)
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Introduction

1 INTRODUCTION
1.1

HISTORY

“A syndrome of painful obesity, hypertrichosis, and amenorrhea, with
overdevelopment of secondary sexual characteristics . . . The round face is
dusky and cyanosed and covered with a fine growth of hair, which is
particularly noticeable on forehead and upper lip. The skin bruises easily and
large spontaneous ecchymoses occur frequently. Epistaxis is almost a daily
occurrence . . . Muscular weakness is extreme . . . Adiposity, particularly
limited to the abdomen, is marked and of recent origin. It is very painful and
tender.” (2)
This rigorous description of the first patient, Minnie G., by the neurosurgeon
Harvey Cushing, was published in the book, The Pituitary Body and its
Disorders, in 1912 (2). Harvey Cushing hypothesized that the constellation of
these clinical features could be the consequence of hyperadrenalism. Later, in
1932, in the article, The Basophil
Adenomas of the Pituitary Body and their
Clinical Manifestations, he described very
thoroughly the clinical manifestations and
autopsies of twelve patients with the later
eponymous syndrome. He attributed this,
what he called “polyglandular syndrome”,
to a pituitary origin. He associated the
disorder to a basophil adenoma (3). The
same year, Bishop and Close published a
case report, mentioning for the first time
Cushing’s syndrome (CS) (4). In 1942,
Albright associated CS to the excess Figure 1.1. Postage stamp in
production of a “sugar hormone”, known honor of Harvey Cushing.
as glucocorticoids today (5). In 1950,
Bauer stated that CS can be caused by functioning tumors of the adrenal cortex
or a diseased pituitary. He proposed that the eponym “Cushing’s disease”
(CD) should be used to indicate hypercortisolism of pituitary origin (6).

5

Clinical challenges in Cushing’s syndrome
In the 1950s, the main treatment for CD was bilateral adrenalectomy. Before
this, Kendall and Reichstein isolated cortisone (Compound E) in 1935 (7). In
1948, cortisone became available in clinical use, reducing the postoperative
mortality due to adrenal insufficiency (7,8).
In 1958, Don Nelson described a patient who presented with
hyperpigmentation and visual disturbances associated with the presence of a
pituitary tumor and increased concentrations of adrenocorticotropic hormone
(ACTH), three years after bilateral adrenalectomy. This condition was later
named Nelson’s syndrome (9). In the 1960-70s, transsphenoidal pituitary
surgery (TSS) was reintroduced in the treatment of CD (10). In 1963, Hardy
performed the first selective pituitary adenomectomy by using the
microscopic approach. The first reports on the outcome of selective
adenomectomy showed remission rates of 68-89% and no deaths.
Subsequently, TSS became the first-line treatment for CD (11). Some of the
historical milestones of CS are presented in Figure 1.2.

Figure 1.2. Some of the historical milestones of Cushing's syndrome (Created with
BioRender.com). Photograph of Harvey Williams Cushing by Walter W. Boyd.
CD Cushing’s disease, TSS Transsphenoidal surgery.
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1.2

DEFINITION - PHYSIOLOGY OF HPA AXIS

Endogenous CS, hereafter named CS, is a rare endocrine disorder caused by
prolonged endogenous glucocorticoid excess. This results in various clinical
manifestations, leading to impaired quality of life, morbidity, and excess
mortality (12-14).

Figure 1.3. The hypothalamic-pituitary-adrenal axis (Created with BioRender.com).
ACTH Adrenocorticotropic hormone, CRH Corticotropin-releasing hormone.
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Hypothalamic-pituitary-adrenal (HPA) Axis
The physiological control of the synthesis of cortisol, the principal
glucocorticoid in humans, is regulated by the hypothalamic-pituitary-adrenal
(HPA) axis (Figure 1.3). Circadian and stress input act on the paraventricular
nucleus of the hypothalamus, leading to the release of corticotropin-releasing
hormone (CRH) and vasopressin. CRH and vasopressin stimulate the
corticotroph cells in the anterior pituitary gland to synthesize
proopiomelanocortin, the precursor of ACTH. ACTH is released to the
systemic circulation and stimulates the adrenal cortex to produce cortisol. The
HPA axis is regulated by (i) an inbuilt circadian and pulsatile (ultradian)
rhythm, which results, under basal conditions, to the secretion of cortisol in
pulses, with the peak concentrations on awakening, declining through the day
and reaching the lowest in the evening; (ii) stress (stimuli) responsiveness,
where physical stresses, such as hypoglycemia, fever, surgery, and
psychological stress, operating through the hypothalamus, result in increased
levels of cortisol as a response to stimuli; and (iii) negative (inhibitory)
glucocorticoid feedback mechanism, where cortisol regulates the activity of
the HPA axis, hence its secretion, by inhibiting ACTH at the level of pituitary
gland and CRH at the level of hypothalamus (15,16). In CS, impaired
glucocorticoid inhibitory (negative) feedback and disturbance of the normal
circadian rhythm of cortisol secretion are observed (17,18).

1.3

CAUSES AND PATHOGENESIS OF CS

The causes of CS are traditionally divided into two main categories, depending
on whether hypercortisolism (glucocorticoid excess) is ACTH-dependent or
ACTH-independent. ACTH-dependent CS accounts for 70-80% of
endogenous CS, including CD and ectopic CS (caused by ACTH/CRH
production from nonpituitary/nonhypothalamic tumors). The most common
cause of ectopic CS is small cell lung carcinoma. Among the causes of ACTHindependent CS (adrenal CS), the most common is cortisol-producing adrenal
adenoma (CPAA), followed by adrenal carcinoma. Other rarer forms of
ACTH-independent CS are primary pigmented nodular adrenocortical disease
(PPNAD) and primary bilateral macronodular adrenal hyperplasia (PBMAH)
(<2%) (13,14) (Figures 1.4 and 1.5, Table 1.1).
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CD or pituitary CS is the most common cause of endogenous CS and
predominantly affects women at 20-40 years of age (14). It is caused by
ACTH-producing pituitary adenomas, typically benign microadenomas
(diameter <1 cm). In rare cases, CD occurs secondary to germline mutations
in genes, such as multiple endocrine neoplasia 1 (MEN1) (19).
CPAA is a unilateral benign adenoma usually less than 6 cm in diameter (20).
It affects mostly women, at the ages of 40-50 years old (14).
PBMAH is a heterogeneous disease, characterized by enlarged adrenal glands
containing multiple benign bilateral macronodules (>1 cm) (21). It
predominantly affects women at the ages of 40-60 years. Aberrant hormone
receptors (e.g., β-adrenergic, vasopressin, luteinizing hormone receptors),
paracrine secretion of ACTH, and genetic mutations have been ascertained for
the pathogenesis of PBMAH. Most cases are sporadic, however in 25% of
cases, germline inactivating heterozygous mutations of the tumor suppressor
gene, armadillo repeat containing 5 (ARMC5), are found. The clinical
presentation varies from asymptomatic if PBMAH is due to accidentally
detected bilateral adrenal lesions to severe overt hypercortisolism (21).

Main causes of Cushing’s syndrome (CS)

Proportion

ACTH-dependent CS

70-80%

Cushing’s disease - Pituitary CS

60-70%

Ectopic CS

5-10%

ACTH-independent CS - Adrenal CS

20-30%

Cortisol-producing adrenal adenoma

10-22%

Cortisol-producing adrenal carcinoma

5-7%

Primary bilateral macronodular adrenal hyperplasia

<2%

Primary pigmented nodular adrenocortical disease

<2%

Table 1.1. Main causes of Cushing’s syndrome (CS). Data based on (14).
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PPNAD causes hypercortisolism due to multiple pigmented, ACTHindependently functioning adrenocortical nodules. It presents at a young age;
50% of the cases before the age of 15 and the majority before 30 years old.
After adolescence, it is more common in females (22). It may occur in an
isolated form or as part of the autosomal dominantly inherited multiple
neoplasia syndrome, Carney complex. Mutations in the gene encoding the
protein kinase A type 1-alpha regulatory subunit (PRKAR1A) is the most
frequent genetic cause of PPNAD (23).

Figure 1.4. ACTH-dependent Cushing’s syndrome (Created with BioRender.com).
ACTH Adrenocorticotropic hormone.
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Figure 1.5. ACTH-independent Cushing’s syndrome (Created with BioRender.com).
ACTH Adrenocorticotropic hormone, PBMAH Primary bilateral macronodular
adrenal hyperplasia, PPNAD Primary pigmented nodular adrenocortical disease.

1.4

INCIDENCE

Few epidemiological studies have been conducted to investigate the incidence
of endogenous CS. The overall incidence of CS in three studies including all
causes of CS was 1.8-3.2 cases per million per year (24-26). The incidence of
CD was 1.2-2.4 cases per million per year (24-28), of CPAA 0.3-0.6 cases per
million per year (24-26), and of ectopic CS 0.1-0.8 cases per million per year
(24-26).
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1.5

CLINICAL FEATURES

The clinical presentation of CS varies from mild to a more severe florid form,
partly related to the extent and the duration of cortisol excess (29,30). Obesity,
hypertension, glucose intolerance, fractures, and depression are clinical
manifestations seen in CS (13,29-32). Of note, none of these clinical features
are pathognomonic for CS, as they are present in the general population as
well, and not all are present in every patient. However, signs such as wide
purple striae, plethora, proximal muscle weakness, and easy bruising, suggest
hypercortisolism (13,29). In a recent multicenter study based on the European
Register on CS (ERCUSYN), including 481 patients with CS, the most
prevalent clinical features were weight gain, hypertension, skin alterations,
and myopathy (30) (Table 1.2). In a study of 280 patients with CD (233
females, 47 males), the manifestations underlying a catabolic state, such as
osteoporosis, muscle atrophy, and striae, were more prevalent in men
compared to women (32).

Clinical feature

Proportion

Weight gain

81%

Hypertension

78%

Skin alterations

73%

Myopathy

67%

Hirsutism (women)

56%

Menstrual irregularities (women)

56%

Reduced libido

47%

Depression

36%

Diabetes mellitus

35%

Hair loss

31%

Fractures

21%

Table 1.2. Clinical features of Cushing’s syndrome. Data extracted from the
ERCUSYN study (30).
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1.6

DIAGNOSIS

The diagnosis of CS at the early stages can still be challenging as CS can
present with clinical manifestations such as weight gain, fatigue, and/or
depression, which are common features in the general population (29). Thus,
this may lead to a diagnostic delay with consequences on the morbidity and
mortality of CS (33). Mean time from the first symptom to diagnosis of CS
was 34 months (95% confidence interval, CI, 30-38) in a recent meta-analysis,
with no difference between adrenal and pituitary CS (34).
The diagnostic approach begins with the confirmation of CS and subsequently
with the investigation of the precise cause of CS (Figure 1.6). Clinical
guidelines on CS have been previously published (35,36) and recently a
consensus on the management of CD was updated (37). The latter consensus
recommends a combination of two or three diagnostic tests in order to assess
cortisol secretion. The evaluation of glucocorticoid excess (hypercortisolism)
is performed with 24-hour urinary free cortisol (UFC), while evaluation of the
abnormal circadian rhythm is performed with late-night salivary cortisol and
of the impaired glucocorticoid feedback response with a 1 mg overnight
dexamethasone suppression test. All of these tests have their caveats and an
individualized approach on the choice of the diagnostic tests as well as for the
interpretation of the results is indicated. Sensitivity and specificity for UFC
are 91% and 82%, respectively, 97% and 98% for the late-night salivary test,
respectively, and 98% and 81%, respectively, for the 1 mg overnight
dexamethasone suppression test (37).
Once CS is confirmed, the next step is to establish the source of
hypercortisolism. The first step in this process is to measure plasma ACTH in
order to differentiate between ACTH-dependent and ACTH-independent CS.
If plasma ACTH is undetectable, then the diagnosis is ACTH-independent CS,
while if it is normal or elevated, the diagnosis is ACTH-dependent CS
(17,36,37).
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Figure 1.6. Algorithm on the diagnostic work-up of Cushing’s syndrome. Based on
the published guidelines on management of Cushing’s syndrome (36,37).
*Discretionary recommendation (37).
ACTH Adrenocorticotropic hormone, CPAA Cortisol-producing adrenal adenoma,
DST Dexamethasone suppression test, IPSS Inferior petrosal sinus sampling, UFC
24-hour urinary free cortisol.
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ACTH-dependent CS
The challenge is to distinguish whether ACTH-dependent CS is caused by CD
or ectopic CS (Figure 1.6). CD is often due to a microadenoma (<1 cm
diameter), detectable on pituitary magnetic resonance imaging (MRI) in 5070% of cases (38). Also, the presence of a pituitary tumor is not necessarily
the source of ACTH, as it could be an incidental nonfunctioning adenoma.
Therefore, MRI alone is not a reliable method to distinguish CD from ectopic
CS. The inferior petrosal sinus sampling is considered to be the gold standard
in differentiating CD from ectopic CS (37), with a 94% sensitivity and 89%
specificity shown in a recent meta-analysis (39). It is an invasive procedure
that measures ACTH in pituitary (central) versus peripheral venous drainage.
The presence of a central-to-peripheral ACTH gradient suggests CD. A noninvasive alternative has been proposed in the recent consensus, but further
discussion is out of the scope of this thesis (37). Also, the investigation of
ectopic CS is not discussed in this thesis.
ACTH-independent CS
Adrenal imaging with computed tomography (CT) is the next step for the
assessment of unilateral or bilateral lesions in the adrenal glands. In the
presence of a visible unilateral lesion, the diagnosis is either a CPAA or an
adrenocortical carcinoma, depending on the radiological characteristics.
However, in the case of bilateral adrenal lesions, the differential diagnosis is
neither straightforward nor fully elucidated in the current guidelines (36).
Distinguishing whether one or both lesions are functioning (cortisol-secreting)
cannot be ascertained solely based on the morphological imaging. However,
currently there is no consensus in the diagnostic process of adrenal CS with
bilateral adrenal lesions (Figure 1.6).
If the typical appearance of PBMAH with enlarged adrenal glands and
bilateral multiple large nodules is detected on the adrenal imaging, then
diagnosis is considered straightforward. PPNAD mainly presents with normal
adrenal glands, where several small bead-like nodules can be identified in high
resolution CT (14). In endogenous adrenal CS with normal appearance of
adrenal glands, genetic testing for mutations in PRKAR1A or assessment of
features for Carney complex is valuable in the diagnostic approach (13).
Notably, both PBMAH and PPNAD may appear with unilateral lesions on
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adrenal imaging and consequently make the differential diagnosis more
challenging (21,40).

1.7

TREATMENT

The treatment goals for CS are to normalize cortisol levels or action at its
receptors, to resolve the clinical features of CS as well as to treat comorbidities
related to hypercortisolism, according to the published guidelines (36). Also,
in CD, other pituitary hormone deficiencies should be reevaluated after
treatment and treated accordingly (36).
Cushing’s disease
TSS is the first-line therapy for patients with CD (37). TSS is considered to
be a safe and effective procedure when it is performed by experienced
neurosurgeons (41-43). In case of recurrence or persistent CD, the options are
repeat TSS, medical therapy, pituitary radiotherapy, or bilateral
adrenalectomy. Medical treatment includes pituitary-directed drugs,
glucocorticoid receptor antagonists and adrenal steroidogenesis inhibitors
(37). Radiotherapy, including conventional radiotherapy and stereotactic
radiosurgery, has a variable remission rate of 46-84% (44). Main concerns are
also the delayed time to remission as well as the risk of hypopituitarism which
may occur in 25-50% of patients (37). Bilateral adrenalectomy is considered
to be a safe and effective modality, when other treatment options have failed
or if immediate control of hypercortisolism is needed. Long-term
complications entail risks for adrenal crisis due to the iatrogenic adrenal
insufficiency and for Nelson’s syndrome (45).
Nelson’s syndrome was initially defined as the clinical appearance of
hyperpigmentation and/or visual field defects after bilateral adrenalectomy in
CD, together with the presence of enlarged sella turcica on the conventional
skull radiography (46-49). Later on, the diagnosis was based on various
combinations of radiological evidence of progression or new detection of
pituitary tumor, together with elevated ACTH concentrations and
hyperpigmentation (50-54). With the introduction of new radiological
modalities, mainly MRI, enabling earlier tumor detection, there have been
considerations for reappraisal of Nelson’s syndrome (55,56).
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Benign adrenal CS
The treatment for CPAA is unilateral adrenalectomy with an almost 100%
remission rate in the hands of experienced surgeons (57). In patients with
PPNAD, bilateral adrenalectomy is recommended (23). The treatment of
choice for PBMAH has been bilateral adrenalectomy (36), however, in recent
years, unilateral adrenalectomy is proposed as a safe and effective treatment
in mild/moderate hypercortisolism, consequently avoiding the consequences
of iatrogenic adrenal insufficiency (21). The choice of the adrenal gland to be
removed is challenging. For this purpose, adrenal scintigraphy (131Imethylnorcholesterol) has been used in some countries, but nowadays its use
is limited due to the low availability of the radiotracers (21). Adrenal venous
sampling (AVS) has been proposed in this context, but as yet its use is only
reported in case reports and case series (58,59). Due to lack of consensus, the
removal of the larger adrenal gland has been advocated in order to control
hypercortisolism (21,57). A few studies have reported clinical and
biochemical improvement after unilateral adrenalectomy, nevertheless the
cohorts were small and the follow-up short (60-62). Moreover, a recent study
on long-term outcome after unilateral adrenalectomy showed that only 32%
of 25 patients were in remission at a median follow-up of 50 months, despite
an initial remission rate of 84%. Also, increased mortality was found in
patients with uncontrolled CS after unilateral compared to bilateral
adrenalectomy. Therefore, it was suggested that unilateral adrenalectomy
should be considered mainly in patients with mild CS or clear asymmetric
hyperplasia (63). Medical treatment with steroidogenesis inhibitors is an
alternative option if surgery is contraindicated. Specific medical treatment can
be considered if aberrant receptors are identified, but the data on long-term
control of hypercortisolism are scarce (21).

1.8

REMISSION

The terms that have been used for remission are “cure”, “biochemical
remission”, and “clinical remission”. In Paper II and Paper III, we defined
remission as biochemical remission. Different criteria have been used to
define remission through the years, varying from postoperative adrenal
insufficiency, normal UFC, to the adequate suppression of cortisol to
dexamethasone (41,43,64).
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Postoperative initial remission for CD in the guidelines in 2015 was defined
as morning serum cortisol values <138 nmol/L or UFC<28-56 nmol/L within
7 days of selective pituitary adenomectomy (36). In the recent consensus
published in 2021, the postoperative cortisol values are set to be lower than
55 nmol/L. It is recommended to monitor until postoperative cortisol nadir, in
order to detect cases with delayed remission (37). After unilateral
adrenalectomy for CPAA, morning serum cortisol are <50 nmol/L (36).
Remission for CPAA is always curative (63).
Remission rates after first-line treatment for CD, namely primary TSS, in
patients with microadenomas undergoing selective adenomectomy by an
expert pituitary surgeon varies from 65% to 90% (65). In a recent metaanalysis including 68 studies, the overall remission rate after primary TSS was
80% (95% CI, 77-82%) with remission being assessed 3.4 months (range 0.212.0) postoperatively. Predictors of remission were the presence of
microadenoma, detection of adenoma on MRI, and absence of cavernous sinus
invasion. Notably, remission rates for repeat TSS were lower with a remission
rate of 58% (95% CI 50-66%) (42).
Patients in remission need glucocorticoid replacement until the HPA axis
recovery (36). The median time to recovery of HPA axis varies from 13 to 18
months for CD (66-68) and 11 to 30 months for CPAA (66,69,70). Of note,
not all patients restored their HPA axis during a mean follow-up of 16 years
(67). As soon as HPA axis recovers, life-long follow-up for recurrence is
recommended in patients with CD (37).
Recurrence is the reappearance of clinical and biochemical features of
hypercortisolism after initial remission (37). The reported recurrence rates in
CD after TSS vary significantly, mainly due to different criteria applied (71).
In a recent meta-analysis, the recurrence rate after primary TSS was 18%
(95% CI 14-22%) at 50.3±24.0 months after surgery (42). Postoperative low
serum cortisol was shown to be a strong predictor for no recurrence (71). A
postoperative morning serum cortisol more than 55 nmol/L and the presence
of macroadenoma were found to be associated with recurrence in a recent
meta-analysis (42). Of note, delayed remission up to 6 months after primary
TSS (72) and early recovery of HPA axis within 6 months (67) were reported
to be associated with recurrence.
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1.9

COMPLICATIONS OF CS

Hypercortisolism and metabolic syndrome
CS causes hypertension, visceral obesity, hyperlipidemia, and impairment of
glucose metabolism, contributing to high cardiovascular risk in patients with
CS (73) (Figure 1.7). Indeed, weight excess is one of the most common
manifestations of CS and it is associated with abdominal and visceral obesity.
Remission may improve but does not always normalize weight excess (7476). Also, dyslipidemia has been reported in 38-71% of patients expressed as
increased total and low-density lipoprotein cholesterol and/or triglyceride
concentrations as well as reduced high-density lipoprotein cholesterol (77,78).
Improvement of the lipid profile five years after remission has been observed
in patients with CD, nevertheless 27% of the patients still had dyslipidemia
(74). The prevalence of diabetes mellitus in active CS is reported to be 2047% and of impaired glucose tolerance 13-64% (78,79). In a prospective study
of 25 patients with CD, 12% still had diabetes mellitus and no significant
difference on the glucose levels after oral glucose tolerance test was observed
at one year after remission (76). Also, diabetes mellitus was still present in
some patients after long-term remission (25,80).
Hypercortisolism and the cardiovascular system
Cortisol excess induces hypertension, atherosclerosis, and cardiac
remodeling, resulting in cardiovascular diseases. Hypertension occurs in 6786% in patients with active CS (30,74,81), as the result of changes mainly in
the renin-angiotensin system, mineralocorticoid activity, and the sympathetic
nervous system (73). Studies have shown that hypertension improves after
surgical treatment, yet 24-64% of patients in remission still have hypertension
(25,28,80). Also, increased prevalence of atherosclerotic plaques and
increased intima-media thickness in the carotid arteries was observed in
patients with CD five years after remission compared to matched controls
(74). Cardiac arrythmias were also reported in active CS (82). Structural and
functional cardiac changes are described in CS, such as left ventricular
hypertrophy and diastolic dysfunction, and limited data showed that these
improved (83) or even resolved after remission (84).

19

Clinical challenges in Cushing’s syndrome
Hypercortisolism and the coagulation system
Hypercortisolism induces hypercoagulability with increased levels of
procoagulant factors combined with impaired fibrinolysis, leading to
increased incidence of venous thromboembolism (85). Patients with active CS
had a 10-fold increased risk for venous thromboembolism compared to the
general population (86). The most common venous thrombotic events are
extremity vein thrombosis and pulmonary embolism (87), although case
reports with cerebral sinus thrombosis (88) and porta vein thrombosis have
been reported (89). The exact pathogenetic mechanism of hypercoagulability
induced by CS is still not fully elucidated. Studies have shown that patients
with CS had increased procoagulant factors such as von Willebrand factor,
factor VIII, fibrinogen, as well as impaired fibrinolysis (85,90). Importantly,
one year after successful treatment, some of these abnormalities were
improved but not normalized, suggesting that the risk for thromboembolism
was still present (90).

Figure 1.7. Complications of Cushing’s syndrome (Created with BioRender.com).
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Hypercortisolism and the brain
Neuropsychiatric and cognitive symptoms are major manifestations of CS
(91,92). Depression and anxiety are the most common disorders in active CS,
while mania and psychosis are reported to a lesser extent (93-98). Depression
can be the first feature of CS years before the onset of other symptoms (98).
In a recent study, the prescription of psychotropic drugs was higher in patients
with CD even five years before the diagnosis, indicating that affective
symptoms were present prior to diagnosis (99). Prospective studies have
shown improvement, but no resolution of the psychopathological symptoms
after achieving remission (93,97,100,101). In particular, depression was found
in 67% of patients with CS before treatment and still existed in 24% of them
one year after treatment (101). Patients with CS in long-term remission had
higher scores on depression and anxiety compared to controls (102-104).
Memory and concentration alterations were the first cognitive symptoms
associated with CS (93,105). In recent years, further evaluation of a span of
cognitive tasks has revealed a more comprehensive cognitive impairment than
in earlier reports, including impaired attention, processing speed, visuospatial
processing, and executive functioning such as decision making, planning and
problem solving (106,107). Longitudinal studies have shown conflicting
results on the restoration of cognitive function in CS at short-term follow-up
(108-111).
Structural and functional brain abnormalities have been illustrated in active
disease as well as in remission (91). The brain is rich in glucocorticoid and
mineralocorticoid receptors, but it nearly completely lacks the enzyme 11βhydroxysteroid dehydrogenase type 2 (converts cortisol to inactive cortisone)
(112,113). Hence, the brain is susceptible to glucocorticoid excess. Indeed,
structural changes have been observed in the hippocampus, prefrontal cortex,
amygdala, and cerebellar cortex (91). A systematic review including 339
patients showed only partial recovery of the brain abnormalities seen in CS
(114).
Hypercortisolism and the immune system
Active CS is associated with immunosuppression, predisposing patients to
infections. The prevalence of infections is approximately 20% in patients with
CD, while more frequent and opportunistic infections are seen in ectopic CS
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(73). The latter may indicate that susceptibility to commonly acquired and
opportunistic infections is associated with severe hypercortisolism
(36,115,116). Notably, the control of hypercortisolism can reveal an
opportunistic infection that was silent during active CS, such as
Pneumonocystis jirovecii pneumonia, due to suppression of the inflammatory
response by the cortisol excess (73,117). Furthermore, patients with CS may
also present with atypical symptoms of common infections (115). The risk for
infections was five times higher in patients with CS compared to controls. No
difference was seen between CPAA and CD (118). Interestingly, infections
are among the frequent causes of excess mortality in CS (119,120).
Consequently, it has been proposed to consider prophylaxis for potential
Pneumocystis jirovecii infection prior to surgery or medical therapy for all
ectopic CS or severe CS with UFC >10 x ULN (upper limit of normal) and
patients with other risk factors for immunodeficiency (121).
Hypercortisolism and the musculoskeletal system
Osteoporosis is reported in 38-50% of the patients with CS (122). Cortisol
excess has direct effects on bone metabolism as well as indirect effects
through suppression of growth hormone and gonadal axis. CS is associated
with loss of bone density, deterioration of bone structure, and consequently
with increased fracture risk (123). The prevalence of fractures is 15-50%, with
vertebral fractures being the most frequent (122,124). When systematic
evaluation of vertebral fractures was performed, the prevalence rose to 76%
of the patients, 48% of them being asymptomatic (125). Notably, fractures
may be one of the first features of CS, as they occur 2-3 years prior to
diagnosis of CS (118,126). Furthermore, fractures may occur despite normal
or low-normal bone mineral density in dual-energy X-ray absorptiometry,
indicating that bone mineral density alone cannot predict the fracture risk
(123,125). Nevertheless, in prospective studies, progressive improvement of
bone mineral density has been shown at least one year after remission (73) and
in one study, normalization of bone mineral density was observed after a mean
follow-up of 71 months (127). Also, glucocorticoid-induced myopathy may
theoretically have an impact on bone strength (123,128). Myopathy is a
frequent manifestation in active CS (30), usually expressed as muscle
weakness and commonly affecting the proximal musculature of the lower
limbs (129). In a prospective study, muscle strength in patients with CS was
impaired at diagnosis and did not improve during the three-year follow-up
after remission (130).
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1.10 MULTI-SYSTEM MORBIDITY
Few studies have addressed the multi-system morbidity in CS in relation to
active hypercortisolism, postoperative period and at long-term follow-up. A
study from a tertiary center in Austria examined the prevalence of acute
complications necessitating hospitalization in 242 patients with CS (benign
CS n=213), during hypercortisolism until one year after remission. The most
frequent complications in benign CS were infections (25%) and
thromboembolic events (ischemic stroke, pulmonary embolism, deep vein
thrombosis, and arterial embolism) (17%). Hypertensive crises, cardiac
arrhythmias and acute coronary events were among other complications.
Ischemic stroke, thromboembolism, and hypertensive crises were more
frequent during the period of active CS (82).
A retrospective study from New Zealand, including 253 patients with CS with
a median follow-up of 6.4 years, showed significantly increased prevalence of
ischemic heart disease (from 5.5% to 11.2%) and cerebrovascular disease
(from 1.3% to 7.9%) at last follow-up compared to diagnosis. On the other
hand, decreased prevalence of mild psychiatric illness was noted at last
follow-up (from 15.5% to 3.4%) (25).
A Danish nationwide study of 343 patients of CS with a mean follow-up of
12.1 years showed an overall increased risk for venous thromboembolism,
myocardial infarction, stroke and infections compared with age- and gendermatched controls. Risks for cardiovascular events and infections were similar
in both patients with CD and adrenal CS. In long-term follow-up, the risks for
myocardial infarction (hazard ratio 3.6, 95% CI 2.4-5.5) and infections
(hazard ratio 3.7, 95% CI 2.7-5.1) remained increased compared with controls.
This was a large cohort study, including both CD and adrenal CS, nevertheless
the diagnosis of CS was based solely on the International Classification of
Diseases (ICD) codes from the Danish National Patient Register. Also, the
assessment of remission was performed in a subgroup of patients and was
based on the combination of ICD codes indicating adrenal surgery, and
pituitary surgery together with the presence of hypopituitarism within 6
months after surgery (118).
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1.11 MORTALITY
CS leads to increased mortality, mainly due to myocardial infarction, stroke,
and pulmonary embolism. Infections and suicide have also been reported as
causes of death (24,25,119,131,132). Active CD is associated with a 5-fold
increased mortality rate, compared to the general population (133). Excess
mortality was noted before or within three months after treatment (120) as
well as within one year after diagnosis (24,118). Remission improves the
prognosis, but the mortality rate is still higher than in the general population.
In a recent meta-analysis based on eight studies including 766 patients with
CD in remission, the reported standardized mortality ratio (SMR) varied from
0.3 (95% CI 0.01-1.7) to 10.0 (95% CI 5.3-17.1). Nevertheless, seven out of
eight studies posed a mortality rate greater than the general population (133).
The mortality analysis in the same cohort as in Paper III showed an overall
SMR of 2.5 (95% CI, 2.1-2.9) in patients with CD, with the mortality rate to
remain increased in remission (SMR 1.9; 95% CI 1.5-2.3) (119). Older age at
diagnosis (25,119,132), duration of active CS (33), and bilateral
adrenalectomy (25,119) were associated with increased mortality.
Hypertension (131) and diabetes mellitus (25,131) were associated with
increased mortality in some studies, but not in all studies (119). Also,
glucocorticoid replacement therapy increased the mortality risk while growth
hormone substitution was found associated with lower mortality risk (119).
Of note, in selected cohorts with patients achieving initial remission after TSS,
the mortality rate did not differ from the general population (134,135).
The mortality in benign adrenal CS has also been addressed, though the
majority of the studies included small populations with various remission
status. The mortality risk was found to be similar (24,136) or increased
(25,118) compared with the general population or the control group. A recent
study with a large population of patients with adrenal CS showed an SMR of
3.0 (95% CI 2.4-3.7), but the diagnostic criteria were strictly based on ICD
codes and no information on remission status was available (137).
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1.12 AUTONOMOUS CORTISOL SECRETION
Autonomous cortisol secretion (ACS) (previously known as subclinical CS),
or mild autonomous cortisol secretion (MACS) as used in Paper I, refers to
the biochemical evidence of cortisol excess in patients with adrenal
incidentalomas but without the typical clinical features of overt CS (138).
Adrenal incidentalomas are benign adrenocortical adenomas found
incidentally during imaging investigation for non-adrenal reasons. The
prevalence of incidentalomas is found to be 4.4% in the general population
(139), increasing to 10% in the elderly (138). ACS is the most frequent
hormonal excess in patients with adrenal incidentalomas, as it may be present
in up to 20% of them (140). The autonomous cortisol secretion has been
associated with glucose intolerance/diabetes mellitus, hypertension, obesity
and osteoporosis (138). Some studies have associated ACS with increased
cardiovascular events and mortality (141,142). However, the diagnostic
criteria of ACS are still not fully determined. The European Society of
Endocrinology suggested the term “autonomous cortisol secretion” in the
latest guidelines, and proposed cortisol levels of >138 nmol/L after 1 mg
overnight dexamethasone suppression test as evidence of it (138).
Nevertheless, no agreement has been reached on the cut-off of the
dexamethasone suppression test and whether additional biochemical tests
such as basal morning plasma ACTH, UFC and/or late-night salivary test, may
be needed (143).
Moreover, ACS is more frequent in bilateral adrenal incidentalomas, which
represent 9-17% of all incidentalomas (144,145). Thus, the diagnostic workup becomes more challenging as to whether one or both of incidentalomas are
functioning. Adrenal scintigraphy has been used in different countries but the
low availability of the radiotracers and the long process of the examination
have limited its use. Small studies have suggested that AVS may be helpful in
distinguishing unilateral and bilateral cortisol production, and also facilitating
the treatment strategy (58,59).

25

Clinical challenges in Cushing’s syndrome

2 BACKGROUND
More than 100 years have passed since H. Cushing described the first patients
with the eponymous syndrome. Since then, significant progress has been made
in the management of CS. Despite that, there are some unsolved issues in the
management of CS.
The diagnostic approach has been improved through the years, with more
accurate diagnostic biochemical tests and radiological modalities. However,
the management of the rarer forms of adrenal CS, namely PPNAD and
PBMAH, is still debated. The use of modalities other than the radiological
appearance of the adrenal glands for the localization of the source of
hypercortisolism is not always considered necessary. This accounts also for
patients with ACS and bilateral adrenal lesions. The AVS, an invasive
modality, is well established for distinguishing unilateral from bilateral
hormone production in another adrenal disease, namely primary
aldosteronism. However, the data are still scarce on the role of AVS on the
treatment choice in patients with cortisol excess and bilateral adrenal lesions
or normal adrenal glands on CT (58,59).
The overall mortality remains twice that of the general population in patients
in long-term remission (119). Consequently, the question raised is whether the
management of CS reduces the multi-system morbidity related to
hypercortisolism in long-term remission. There is still a knowledge gap as to
whether the excess morbidity in CD remains increased in long-term remission,
compared to the general population.
One of the treatment goals is to improve the patients’ quality of life which is
still affected by mental and cognitive symptoms, despite remission (146). The
occurrence of mental fatigue in patients with CS in remission though has never
been studied before. Also, cognitive tests and self-administrated
questionnaires are needed for detecting subtle cognitive symptoms and mental
fatigue.
Finally, one of the severe complications of the treatment of CD is the
occurrence of Nelson’s syndrome after bilateral adrenalectomy. Bilateral
adrenalectomy is still a treatment to consider, if rapid control of
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hypercortisolism is indicated or if other treatments have failed. Hence, the
occurrence and the risk factors for developing Nelson’s syndrome are
important in the treatment decision-making for CD. At the time of the design
of the study, the frequency of Nelson’s syndrome was unclear and no
consensus on the risk factors for developing Nelson’s syndrome had been
established.
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3 AIMS
The overall aim of this thesis was to investigate various aspects of the
management of CS: the diagnostic work-up as well as the morbidity after
successful treatment.
The specific aims of this thesis were:
Paper I: to study the usefulness of AVS in the management of patients with
ACTH-independent hypercortisolism
Paper II: to evaluate mental fatigue and executive function in patients with
CS in long-term remission
Paper III: to study the incidence of cardiovascular diseases, sepsis, cancer,
and fractures in patients with CD
Paper IV: to systematically review relevant literature on the prevalence and
the risk factors of developing Nelson’s syndrome after bilateral adrenalectomy
for CD
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4 DESIGN, SUBJECTS AND METHODS
This section provides an overview of the design, subjects, and methods from
the four papers included in the thesis. More information can be found in the
individual papers.

4.1

PAPER I

Study design
This study was a retrospective analysis of consecutive patients with ACTHindependent hypercortisolism who underwent AVS at the Department of
Endocrinology at Sahlgrenska University Hospital (Gothenburg, Sweden)
between 2009-2017.
Subjects
All consecutive patients with ACTH-independent hypercortisolism; overt CS
or ACS referred in Paper I as MACS, who underwent AVS.
Methods
Adrenal venous sampling (AVS)
The AVS was performed after 48-hour dexamethasone suppression, given as
0.5 mg every sixth hour. During AVS, the adrenal veins are sequentially
catheterized through the right femoral vein. Blood is obtained from both
adrenal veins, inferior vena cava, and a peripheral vein. The procedure is
performed under fluoroscopic guidance and in complicated cases small
amounts of contrast can be used to localize the right adrenal vein.
Concentrations of cortisol, aldosterone, adrenaline, noradrenaline, and
dehydroepiandrosterone sulfate are measured (Figure 4.1).
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Figure 4.1. Adrenal vein anatomy and adrenal venous sampling with the
lateralization (side-to-side) ratio of cortisol secretion used in Paper I. Image on the
left reproduced from The Lancet Diabetes & Endocrinology, Vol.3, Monticone S. et
al., Adrenal vein sampling in primary aldosteronism: towards a standardised
protocol, p 296-303, ©2015, with permission from Elsevier.

No consensus on the criteria for the interpretation of the results exist.
Adequate cannulation was considered if the adrenal to peripheral vein
aldosterone ratio was >2, in accordance with the criteria used during AVS in
primary aldosteronism. Asymmetric dilutional effects arise mainly due to the
inferior phrenic flow into the left adrenal vein and the inferior vena cava flow
into the right adrenal vein, if catheterized sub-optimally (147). To determine
unilateral or bilateral cortisol overproduction, the asymmetric dilutional effect
should be considered. For this purpose, in primary aldosteronism, the ratio of
aldosterone to cortisol is used from each adrenal vein. Due to the lack of
reference hormone in the context of ACTH-independent hypercortisolism,
aldosterone was used to correct the dilutional effects. The side-to-side adrenal
vein cortisol to aldosterone concentration >2 was considered to indicate
unilateral disease. The evidence of unilateral disease was supported especially
if the concordant side-to-side ratio of cortisol to adrenaline, noradrenaline and
dehydroepiandrosterone sulfate, were also >2.
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Review of medical records
Clinical, radiological, biochemical data and the results from the AVS were
reviewed. MACS was defined as the absence of typical features of CS,
pathological 1 mg overnight dexamethasone suppression test (>50 nmol/L)
and normal UFC in the presence of adrenal incidentaloma. Also, at least two
of the following needed to be fulfilled: (a) low or low normal ACTH
concentrations in plasma (<4.0 pmol/L), (b) serum cortisol at midnight >100
nmol/L, and (c) serum cortisol >50 nmol/L following low-dose
dexamethasone suppression test.

4.2

PAPER II

Study design
This was a cross-sectional study, including patients with CD or CPAA in
remission and controls matched for age, gender and educational level.
Subjects
Eighty-one consecutive patients treated for CD or CPAA at our tertiary center
were invited to participate (103). Of 81 patients, nine declined participation,
ten were excluded due to other diseases affecting cognitive function, five
could not be reached, and two had persistent CS. Also, four patients did not
complete the self-administrated Mental Fatigue Scale (MFS). The controls
were selected randomly from a population sample obtained from the Swedish
Tax Agency.
The current study was based on 51 patients (47 women) with CD (n = 39) or
CPAA (n = 12) in remission, as well as 51 controls. Clinical evaluation and
biochemical assessment of the remission status was performed in all patients.
The biochemical evaluation of remission included the 1 mg overnight
dexamethasone suppression test (except patients treated with bilateral
adrenalectomy) and UFC. All participants were evaluated for gonadal, thyroid
and growth hormone axis, as well as for the presence of diabetes insipidus.
All participants were evaluated for mental fatigue with the self-administrated
MFS and for cognitive function with the Trail Making Test (TMT, parts A, B,
C, D).
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Methods
Mental Fatigue Scale (MFS)
The Swedish version of the self-administrated MFS was used for the
evaluation of mental fatigue. It is derived from symptoms as described in
longitudinal studies in patients with traumatic brain injury, brain tumors,
infections in the nervous system, and other brain disorders (148). The
questionnaire contains 15 questions that cover affective, cognitive, and
sensory symptoms, duration of sleep, and daytime variation in symptom
severity. Each question is described with examples of common activities.
Ratings are based on intensity, frequency, and duration. Higher scores reflect
more severe symptoms. A value above 10 indicates significant problem with
mental fatigue. The questions have a high internal consistency (149,150).
Trail Making Test (TMT) parts A, B, C, and D
The parts A and B of the TMT are widely used to assess divided attention,
speed of processing, visual scanning, motor performance, sequence
alternation, and cognitive flexibility (151,152). In part A, the subject is asked
to connect 25 encircled numbers in numerical order. In part B, the subject
connects numbers and letters in numerical and alphabetical order, while
alternating between numbers and letters. The primary goal is to perform the
test as accurately and as quickly as possible. Part A is considered to be a test
of visual search and motor speed skills, while part B is a test of more advanced
cognitive skills such as mental flexibility. Parts C and D were developed in
order to assess higher demands such as dual tasks, by adding months in part
C (i.e., 1-A-January-2-B-February, etc.) and months and days of the week in
part D. Also, in part D, the order of the letters and digits was switched (i.e.,
A-1-January-Monday-B-2-February-Tuesday, etc.) (153).
The self-rating Comprehensive Psychopathological Rating Scale for Affective
Syndromes (CPRS-A)
The self-rating scale CPRS-A is a questionnaire of 19 items derived from the
original interview-based CPRS, covering depression and anxiety. A higher
score indicates more severe symptoms (154).
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4.3

PAPER III

Study design
This study was a retrospective, nationwide study on patients with confirmed
CD diagnosis between 1987-2013.
Subjects
Initially, patients diagnosed with CD between 1987 and 2013 were identified
through the Swedish National Patient Register (NPR). For this purpose, the
following ICD diagnostic codes were applied: 255A for CS during the period
1987-1996 (ICD-9), and E24.0 for CD or E24.9 for CS in combination with
D35.2 for benign pituitary adenoma during the period 1997-2013 (ICD-10).
Thereafter, confirmation of the CD diagnosis as well as the evaluation of
remission status were achieved by review of medical records. Each patient
with confirmed CD was followed until the end of the study (December 31,
2014) or death.
All predefined comorbidities related to CS were obtained from the NPR and
the Swedish Cancer Register. Information on the date of death was retrieved
from the Cause of Death Register.
Methods
National Registries
The NPR was established in 1964 and has achieved complete coverage since
1987. It comprises data on hospital admissions since 1987 and outpatient visits
since 2001. Data from the primary healthcare system are not included yet.
Diagnoses in the NPR are coded according to ICD. The Cancer Register and
the Cause of Death Register also have complete coverage. The Swedish
National Board of Health and Welfare is the registry holder for each of these
registries, which secures regular controls and high-quality data (155,156). It
is mandatory for all physicians to report data to the above-mentioned national
registries. The unique personal identification number enables data linkage
through the national registries as well as life-time follow-up of the patients in
the healthcare system.
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Review of medical records for CD diagnosis and remission status
All hospital visits with the above search criteria on the diagnostic codes were
linked with the unique personal identification number, date of the visit, and
the name of the healthcare unit. Thereafter, experienced endocrinologists in
each University hospital systematically reviewed the medical records of the
identified patients. A standardized protocol was used to obtain information for
the confirmation of CD diagnosis, type of treatment(s), and the presence of
hypopituitarism, hypertension, and diabetes mellitus at last follow-up.
Remission was defined as the resolution of clinical features of CS together
with at least one of the following: normalization of UFC, normalization of
salivary or serum cortisol at midnight, adequate cortisol suppression after
dexamethasone suppression test, adrenal insufficiency, and/or bilateral
adrenalectomy.
Morbidity data
Information on comorbidities in all patients with confirmed CD were retrieved
from the NPR and the Cancer Register for the period 1987-2014. ICD
diagnostic codes were used for cardiovascular diseases (myocardial infarction,
ischemic heart disease, heart failure, atrial fibrillation, thromboembolism, and
stroke), sepsis, fractures, and cancer.
Morbidity in relation to diagnosis and remission
The follow-up period of the patients with CD in remission at last follow-up
was divided into three periods as follows:
1. Three years before CD diagnosis: Eligible patients were those who
received the diagnosis of CD from January 1, 1990 until December 31,
2013.
2. Peri-treatment period: From diagnosis until one year after remission.
3. Long-term remission: One year after remission until the end of the study.
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4.4

PAPER IV

Study design
This was a systematic review and meta-analysis on the prevalence and risk
factors of developing Nelson’s syndrome in patients with CD treated with
bilateral adrenalectomy.
Methods
This systematic review and meta-analysis was conducted according to the
PRISMA (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) guidelines (157). The PICO (Population Intervention Comparator
Outcome) process was used to define the research question and eligibility
criteria for the literature search (Table 4.1). The systematic literature search
was conducted in four databases.

Population

Adult patients (≥18 years) with CD treated with bilateral
adrenalectomy

Intervention

Bilateral adrenalectomy

Comparator/Control

Adult patients with CD treated with bilateral
adrenalectomy, without developing Nelson’s syndrome

Outcome

Primary: prevalence of Nelson’s syndrome
Secondary: risk factors associated with development of
Nelson’s syndrome

All studies were eligible except:
- studies including only children (<18 years),
- review articles, letters, commentaries and meeting
Studies included
abstracts, case reports, case series with
population <10 cases
- studies written in languages other than English
Table 4.1. The study selection and eligibility criteria.
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Data collection process and data extraction
First, we evaluated all identified articles at the title and abstract level for
eligibility and further full-text assessment. Thereafter, we proceeded with fulltext assessment and data extraction of the predefined variables. Both
procedures were performed by three independent investigators. Potential
divergences were resolved after consensus. Duplicate articles and studies with
overlapping populations were excluded. Risk of bias assessment was
performed with an adjusted Newcastle-Ottawa Scale (158).

4.5

ETHICAL CONSIDERATIONS

Some of the important general principles of research ethics are protecting the
anonymity and the personal integrity of individuals participating in studies as
well as non-maleficence and confidentiality.
In Paper II, the participants received oral and written information about the
purpose and procedures of the study. Thereafter, written informed consent was
obtained from all the participants. The biochemical testing and
neuropsychological evaluation were chosen considerately and performed with
respect in order to minimize the risk to harm the participants. In Papers I and
III, no personal informed consent was needed for the approval from the Ethical
committee as the study designs did not involve direct contact with the study
participants and did not alter the routine clinical management of the
participating patients (159). In Paper I, the descriptive information for these
patients did not include sensitive, direct or indirect personal data as defined
by the Data Protection Act 1998 and later by the General Data Protection
Regulation (GDPR). Hence, we consider that the risk for identification of
these patients is low despite that some of the participating patients had rare
forms of CS. However, this is an ethical consideration in the context of rare
diseases that we should continue to discuss. In Paper III, pseudonymization
was used in order to be able to link and obtain the data between the different
registries and the data from the review of the medical records (159).
Thereafter, all data were de-identified in order to minimize the risk for
breaching the participants integrity and to protect their anonymity and
confidentiality. All data analyses and data presentation in Papers I-III were
handled with de-identified records.
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There was no requirement for ethical approval for Paper IV. Systematic
reviews and meta-analyses use data from published papers, therefore we did
not collect any personal or confidential information directly from the
participants (160). However, some researchers have raised some ethical
considerations. For instance, ethical issues emerge if research is funded by a
funding source that may influence the design and the procedure of the
systematic review. This was not the case for Paper IV. Also, it has been
stressed that there is an ethical responsibility to critically review the
information from the articles and not to be influenced by the interpretations of
the authors of primary research studies (160). For this purpose, in Paper IV,
the process of the systematic review was performed by three independent
investigators.
The study protocols for studies I-III were approved by the Regional Ethical
Review Board in Gothenburg, Sweden. The studies were conducted in
accordance with the Declaration of Helsinki. The diary number (Dnr) is 81418 for Paper I, 667-06 for Paper II and 145-11 for Paper III.

4.6

STATISTICS

Descriptive data in all studies were presented as mean (standard deviation,
SD) for normally distributed continuous variables, median (interquartile
range, IQR, or 25th to 75th percentiles, range) for non-normally distributed
continuous variables and numbers (percentages) for categorical variables. In
Paper II, group comparisons of continuous variables were made with
Student’s t-test (normally distributed) or Mann-Whitney U test (non-normally
distributed). Chi-square or Fisher’s exact tests were used for differences in
proportions (Paper II and III). The multiple linear regression with backward
elimination was used to adjust for potential confounders. In Paper III, personyears at risk were calculated from study inclusion until the end of the study or
death and were stratified according to gender, 5-year age groups, and 1-year
calendar periods. Standardized incidence ratios (SIRs) were calculated by
dividing the observed number of each comorbidity among patients with CD,
with those expected in the general population. SIRs were presented with 95%
CIs. In Paper IV, the meta-analysis was performed by using the randomeffects model. For the primary outcomes, pooled prevalence with 95% CIs
were estimated. Also, sensitivity and subgroup analyses were performed. The
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results from the sensitivity analyses were presented as pooled prevalence (with
95% CIs). For subgroup analyses, the results were presented as pooled
prevalence or relative risks with 95% CIs. Uni- and bivariate meta-regression
were also used. The level of significance was set to P < 0.05 in all studies.
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5 RESULTS
This section provides an overview of the results from the four papers. More
information is found in the individual papers.

5.1

PAPER I

Ten consecutive patients with ACTH-independent hypercortisolism
underwent AVS, four with overt CS (three females, one male), and six patients
with MACS (four females, two males). Eight patients had bilateral adrenal
lesions with benign characteristics on CT and the other two had the appearance
of normal adrenal glands (Figure 5.1). All AVS were successful and no
complications were reported.

Figure 5.1. Patients with ACTH-independent hypercortisolism who underwent AVS.
ACTH Adrenocorticotropic hormone, AVS Adrenal venous sampling, CT Computed
tomography, MACS Mild autonomous cortisol secretion.
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Patients with overt hypercortisolism (CS)
Among the patients with overt CS, two had normal appearance of the adrenal
glands on CT and the other two had bilateral adrenal lesions. In one of the two
patients with overt CS and bilateral adrenal lesions, the AVS results showed
left-sided dominant cortisol production (left-to-right cortisol/aldosterone
gradient 7.1) and unilateral adrenalectomy was performed. Postoperatively the
transient adrenal insufficiency confirmed remission which was maintained
until the last follow-up (51 months). The other three patients were considered
to have bilateral cortisol production based on AVS and were treated with
bilateral adrenalectomy. The histopathological examination showed PPNAD
in the two patients with normal adrenal glands on CT and PBMAH in the
patient with bilateral adrenal lesions.
Patients with MACS
All patients with MACS had bilateral adrenal lesions on CT. One of the six
patients had right-sided dominant cortisol production (right-to-left
cortisol/aldosterone gradient 2.6) and underwent right-sided adrenalectomy.
Postoperatively transient adrenal insufficiency was observed and at last
follow-up (31 months), the patient was still in remission. All other patients
had bilateral cortisol production on AVS.

5.2

PAPER II

The mean age of patients at follow-up was 52.5±14.6 years and the median
time in remission was 12 years (IQR 4-18). The MFS was completed by 51
patients and 51 controls. Patients had a higher mean total score on MFS
compared to controls (13.5±7.4 vs 7.8±4.9; P ˂ 0.001) (Figure 5.2). No
difference was found between patients treated for CD and CPAA.
Radiotherapy (in CD), glucocorticoid replacement therapy, and the presence
of any hormone deficiencies did not affect the performance in patients.
After adjustment for mental fatigue, depression, and anxiety, patients
performed worse on the most demanding part of the TMT, part D, compared
to controls (P ˂ 0.05).
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CS in remission
Controls

Figure 5.2. Mean scores on MFS in 51 patients with CS in remission and 51 controls
matched for gender, age and educational level. Significant difference was found
between patients and controls in all items (𝑃𝑃𝑃𝑃 < 0.05) except for sensitivity to noise
(𝑃𝑃𝑃𝑃 = 0.7). Error bars represent 95% confidence interval. Adapted from Papakokkinou
et al. © 2015, Behavioural Neurology. Distributed under CC BY 3.0.

5.3

PAPER III

The whole cohort included 502 patients with confirmed CD. The median
follow-up duration was 13 (IQR 6-23) years. Of the 502 patients, 419 were in
remission at last follow-up. The median time in remission was 10 (IQR 4-21)
years.
Morbidity during the 3 years before diagnosis in patients with CD in
remission at last follow-up
The incidences of thromboembolism (SIR 11.5; 95% CI 4.2-25.0), myocardial
infarction (4.4; 95% CI 1.2-11.4), and overall fractures (4.9; 95% CI 2.7-8.3)
were increased during the three years prior to diagnosis of CD, compared to
the background population.
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Morbidity during the peri-treatment period in patients with CD in
remission at last follow-up
The incidences of thromboembolism (SIR 18.3; 95% CI 7.9-36.0), stroke (4.9;
95% CI 1.3-12.5), atrial fibrillation (6.9; 95% CI 2.2-16.0), and sepsis (13.6;
95% CI 3.7-34.8) were significantly increased, compared to the background
population.

Period 1: 3 years before diagnosis until CD diagnosis
Period 2: from diagnosis until 1 year after remission
Period 3: long-term remission

Figure 5.3. Standardized incidence ratios for stroke, thromboembolism, and sepsis
from 3 years before CD diagnosis until long-term remission stratified by follow-up
duration. Reproduced from Papakokkinou et al. Excess morbidity persists in
patients with Cushing's disease during long-term remission: A Swedish nationwide
study, J Clin Endocrinol Metab. 2020;105(8), with permission from Oxford
University Press.

Morbidity during long-term remission
Eligible for this analysis were 296 patients with a median time in remission of
7 (IQR 3-14) years. SIR for stroke was increased 3-fold (SIR 3.1; 95% CI 1.84.9) during long-term remission. The incidence of thromboembolism was 5fold (4.9; 95% CI 2.6-8.4) compared to the background population. SIRs for
both deep vein thrombosis and pulmonary embolism were increased (4.6; 95%
CI 1.5-10.7 and 5.2; 95% CI 2.2-10.2). Also, the incidence of sepsis was
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increased (6.0; 95% CI 3.1-10.6) (Figure 5.3). Eleven patients were diagnosed
with sepsis; eight out of 134 were on glucocorticoid replacement therapy and
two out of 140 were not (P = 0.06).

5.4

PAPER IV

The literature search yielded 1702 unique articles. After screening titles and
abstracts, 168 articles were eligible for full-text assessment. Ultimately, 37
studies were included in this systematic review and meta-analysis (4655,119,161-186) (Figure 5.4). Two of the included studies had an overlapping
cohort; one study was used for the main outcome (184) and the other one for
the subgroup analysis on the potential effect of radiotherapy on the
development of Nelson’s syndrome (174).
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Figure 5.4. Flow chart of study selection. Adapted from Papakokkinou et al. ©
2021, Pituitary. Distributed under CC BY 4.0.
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Prevalence of Nelson’s syndrome
The pooled prevalence of Nelson’s syndrome after bilateral adrenalectomy in
patients with CD was 26% (95% CI 22-31%; 36 studies, 1316 patients; I2
67%) (46-55,119,161-173,175-186) (Figure 5.5). The reported time from
bilateral adrenalectomy to the diagnosis of Nelson’s syndrome ranged from 2
months (54) up to 39 years (119). The pooled prevalence of patients requiring
pituitary-specific treatment for Nelson’s syndrome was 21% (95% CI 1826%; 29 studies, 1074 patients; I2 52%). In a subgroup analysis, including the
studies where MRI was used at diagnosis and follow-up, the prevalence was
38% (95% CI 27-50%; 7 studies, 280 patients; I2 72%) (Figure 5.6)
(54,55,164,166,169,181,185). Of these, two studies defined Nelson’s
syndrome solely on MRI findings. The study by Graffeo et al. (169) with the
largest population, low risk of bias, and the second highest reported

Figure 5.5. Forest plot showing individual studies and pooled prevalence of Nelson’s
syndrome after bilateral adrenalectomy in patients with CD (*additional data).
Reproduced from Papakokkinou et al. © 2021, Pituitary. Distributed under CC BY
4.0.
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prevalence of 53%, defined Nelson’s syndrome based on a tumor progress of
at least 2 mm on MRI and had a follow-up of up to 58 years (range 2-58 years).
Also, in the study by Assié et al., the reported prevalence was 40% based on
corticotroph tumor progression with a median follow-up of 4.6 years (range
0.5-13.5 years) (55).

Figure 5.6. Forest plot showing individual studies using MRI and pooled prevalence
of Nelson’s syndrome after bilateral adrenalectomy in patients with CD. Reproduced
from Papakokkinou et al. © 2021, Pituitary. Distributed under CC BY 4.0.

Radiotherapy prior to bilateral adrenalectomy
Ten (46,52,119,163,167-169,177,180,183) of the 19 studies with information
on radiotherapy prior to bilateral adrenalectomy had a comparison group and
therefore were included in the subgroup analysis. The pooled relative risk
(RR) was 0.9 (95% CI 0.5-1.6; 564 patients) (Figure 5.7). Of the 13 studies
that provided information on whether prophylactic radiotherapy (prior to or
directly after bilateral adrenalectomy) was given, only one study had a
comparison group (54). In this study, none of the patients who received
prophylactic radiotherapy developed Nelson’s syndrome, while 50% of the
patients without radiotherapy developed Nelson’s syndrome after a mean
follow-up of 4.4 years (range 1-15.7 years).
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Figure 5.7. Forest plot showing the relative risk (RR) and 95% confidence interval
(CI) for Nelson’s syndrome in patients with CD treated with radiotherapy (RTX)
prior to bilateral adrenalectomy versus no radiotherapy (*additional data).
Reproduced from Papakokkinou et al. © 2021, Pituitary. Distributed under CC BY
4.0.
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6 METHODOLOGICAL CONSIDERATIONS
This section presents the methodological considerations, strengths and
limitations of the four papers included in the thesis.

6.1

PAPER I

This study was a retrospective analysis of the experience of using AVS in
patients with ACTH-independent hypercortisolism in our tertiary center. Two
major limitations in this study were the small cohort size and the lack of
comparison group. In general, the accuracy of a new diagnostic method can
be evaluated by comparison to a gold standard method (187). In the absence
of the latter, a retrospective analysis with robust criteria of end-point
outcomes, i.e. remission, could be an alternative. In patients with ACTHindependent hypercortisolism, adrenal scintigraphy (131I-methylnorcholesterol) has been used in some centra in order to distinguish unilateral and
bilateral disease. However, adrenal scintigraphy is not considered to be the
gold standard in this context. Furthermore, due to the low availability of the
radiotracers and the prolonged procedure (5-7 days), adrenal scintigraphy is
not available in most countries, including Sweden (59). Thus, a comparison
of AVS with another pre-existing diagnostic method was not feasible. Another
alternative would have been to conduct a prospective study with a large
number of patients with ACS and evaluate especially those who would have
been treated with unilateral adrenalectomy based on AVS results, regarding
remission and resolution of comorbidities. Further issues in the study design
are the heterogeneity of patients with ACTH-independent hypercortisolism as
well as the necessity of a consensus on the protocol and interpretation of the
AVS results. However, in our cohort, AVS contributed to the decision of
unilateral adrenalectomy in two out of ten patients. There are mainly case
reports in this field and only two studies with 10 and 39 patients with ACTHindependent hypercortisolism, respectively (58,59), indicating the difficulties
in performing clinical studies in this group of patients.
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6.2

PAPER II

This was a cross-sectional study including consecutive patients with CD and
CPAA in remission, as well as controls matched for age, gender and
educational level. Nine of the eligible patients declined participation, six of
whom were men. Five patients could not be reached. Also, four patients did
not complete the MFS and were therefore not included. Thus, there might have
been a risk for selection bias. CS is a rare disorder, therefore it is unavoidable
that the cohort size in single-center studies is relatively small. The
heterogeneity of the group in terms of etiology, treatment and hormonal status,
reflecting the unselective cohort, is a source of confounders. As some of the
most important confounders have been considered, such as etiology and
glucocorticoid replacement therapy, the small size of some subgroups did not
allow for the examination of the effect of multimodal treatment for CD or the
effect of other pituitary deficiencies separately. Also, the number of patients
in some subgroup analyses was small, therefore the results should be
interpretated with caution. The selection of the MFS was based on the clinical
experience that patients with CS describe symptoms that resemble mental
fatigue. Fatigue in general has been described previously in patients with CS
in remission, but MFS focuses on the mental exhaustion upon mental activity.
The MFS is validated and used in self-assessment of neurologic disorders
(150), but it was used for the first time in CS in Paper II. Since the publication
of Paper II, the MFS has been used in patients with Graves’ disease, another
endocrine disorder where patients experience mental fatigue. The use of the
MFS for evaluation could capture the mental fatigue that patients experienced
(188). The MFS has high internal consistency reliability (149).
Parts A and B of TMT are well established and widely used in clinical and
research settings for the evaluation of divided attention, visual scanning,
motor performance, and executive function (152,189). Parts C and D were
developed to assess higher cognitive demands and are only used in research
settings (150,153,188). The self-rating CPRS-A was developed for
longitudinal follow-up of the symptomatic changes of patients with a clinical
diagnosis of depression and anxiety. Thus, it is important to clarify that the
scores from the CPRS-A do not indicate clinical diagnosis of depression and
anxiety (154). On the other hand, in Paper II the higher scores on the selfrating CPRS-A in patients with CS were compared with controls, indicating
that patients had more symptoms related to depression and anxiety.
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6.3

PAPER III

The strength of the study design was the large cohort of patients with
confirmed CD diagnosis and assessed remission status with long-term followup. This was achieved through the combination of the national patient
registries and the review of medical records. The use of the national patient
registries made it feasible to investigate the incidences of the comorbidities of
CD during long-term follow-up. Also, the national registries have almost
100% coverage and contain high quality data. The overall validity of the NPR
was found to be 85-95% (155). Indeed, the positive predictive value of
myocardial infarction is 98%, 99% for stroke, 82% for heart failure, and 81%
for pulmonary embolism (155,190,191). However, the accuracy of the
diagnostic codes for rare diseases is not fully investigated. During the process
of the validation of CD diagnosis, only 41% of the patients identified in NPR
had confirmed CD diagnosis, indicating the importance of the review of
medical records for verification of the diagnosis of CD.
Of note, affective disorders were not included as outcomes, although they may
exist before diagnosis as well as in long-term remission. Patients with mild
depression or anxiety are diagnosed and followed in the primary healthcare
system. Since data from the primary healthcare system are not included in the
NPR, there was a risk for underestimation of the incidence of affective
disorders.
The retrospective nature of the study has its caveats. Unavoidably, there were
missing data that did not allow further evaluation of remission status in 43 of
total 502 patients. Also, the evaluation of remission was based on
heterogeneous criteria, reflecting the development of the biochemical tests
throughout the years. Information on hypertension and diabetes mellitus, two
potential confounders, was not robust due to the fact that these are managed
within the primary healthcare system. Detailed information on possible
confounders such as adequacy of pituitary hormone replacement as well as
cardiovascular risk factors (i.e., hyperlipidemia, smoking habits, visceral
obesity) was not available for evaluation of their impact on morbidity.
Despite the fact that this is the largest unselected cohort with CD to date in the
literature, there were relatively small events in each outcome in patients during
long-term remission. Hence, the influence of radiotherapy on stroke and
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glucocorticoid replacement on comorbidities
thromboembolism needs further evaluation.

6.4

such

as

sepsis

and

PAPER IV

This study was a systematic review and meta-analysis on the prevalence of
Nelson’s syndrome after bilateral adrenalectomy. We summarized, in a
systematic way, the current published English literature on the prevalence and
potential risk factors of Nelson’s syndrome. The PRISMA guidelines were
followed for the performance of this systematic review. The research question,
eligibility criteria, and exclusion criteria were prespecified according to PICO
(157). The protocol was registered in the PROSPERO database. In the
literature search, both observational and interventional studies were sought in
four databases, but as expected no interventional study was found. We
excluded case series with a population fewer than 10 cases as well as case
reports in order to minimize selection bias in the included studies. Assessment
of publication bias was performed and presented.
Clinical heterogeneity in the included studies was expected partly due to the
lack of consensus on definition and criteria for Nelson’s syndrome, at least at
the time of conducting the study. We tried to address the heterogeneity of the
included studies through systematic review, quality assessment, subgroup and
sensitivity analyses, and meta-regression. Sensitivity analyses were performed
based on the quality assessment and the requirement for treatment. Subgroup
analyses were also done for radiotherapy prior to bilateral adrenalectomy,
pituitary surgery prior to bilateral adrenalectomy, and primary or secondary
bilateral adrenalectomy. Also, subgroup analysis was performed in studies
where MRI was used for the diagnosis and follow-up of patients with CD after
bilateral adrenalectomy. Meta-regression analysis was performed for age at
bilateral adrenalectomy and duration of follow-up. Due to the heterogeneity
and the limited number of patients, the results should be interpreted with
caution.
Also, information on the frequency of the assessment of Nelson’s syndrome
based on clinical, biochemical and/or radiological criteria was rarely reported.
This may have also contributed to the differences in prevalence between
studies with similar definitions and criteria for Nelson’s syndrome.
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7 DISCUSSION
Patients with CS experience mental fatigue despite long-term remission
Quality of life in CS has been an important outcome in the management of CS
in recent years. For this purpose, quality of life has been assessed by generic
and disease-specific questionnaires as well as by domain-specific
questionnaires (146). Quality of life in CS, reflecting the patients’ perception
of their condition, is still impaired despite long-term remission (192,193).
While generic and/or specific questionnaires assess the general picture of the
patient’s illness perception, the identification of specific domains or issues is
of great importance. Using the appropriate domain-specific questionnaires
allows us to capture unmet needs of our patients, which otherwise could have
been missed (146). Notably, fatigue has been reported by patients as the most
common and distressing symptom (194). Nevertheless, fatigue is considered
to be multidimensional with cognitive, physical, psychosocial, and mental
aspects (195). Since patients’ self-perceived well-being is still negatively
affected by cognitive and mental symptoms in remission (146,194,196), a
questionnaire distinguishing mental fatigue from general fatigue is valuable.
The self-administrated MFS has been shown to be able to distinguish between
mental and general fatigue in patients with traumatic brain injury and other
neurological diseases (149).
This was the first time that mental fatigue was evaluated by MFS in patients
with CS. In Paper II, by using MFS, we found that patients with CS in longterm remission experienced mental fatigue. Etiology of CS, glucocorticoid
replacement therapy, and radiotherapy were not found to be associated with
mental fatigue. Two main characteristics of this mental fatigue are that
patients become easily exhausted (mental fatigability) and that they need a
long time for recovery during sensory stimulation or extended cognitive tasks.
Typical symptoms are memory and concentration problems, irritability, and
emotional instability (197). The MFS is based on examples from everyday
life, therefore the occurrence of mental fatigue reflects the difficulties patients
face in daily activities such as reading a book or having a conversation.
Fatigue in general is not fully understood, though in neurological disorders, it
is suggested to be related to circuits connecting the basal ganglia, amygdala,
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thalamus, and frontal cortex (198,199). Of note, structural and functional brain
abnormalities in the amygdala and prefrontal cortex have been observed in
patients with CS in remission (91). Whether this accounts for the explanation
of mental fatigue in CS remains to be investigated.
Finally, MFS seems to be a useful tool for the evaluation and further
understanding of mental fatigue in CS. This will allow implementation and
appraisal of potential treatments for mental fatigue, used in the context of
other disorders, such as cognitive behavioral therapy or medical treatment
(197).
Subtle cognitive deficits captured by the most demanding part of the
TMT in patients with CS in long-term remission
In Paper II, patients with CS had impaired cognitive function despite being in
remission for a median time of 12 years. In particular, subtle cognitive deficits
in attention, speed of processing, and executive cognitive function were
revealed by using the most demanding part of the TMT, part D.
Various domains of cognitive function have been shown to be affected in
patients with CS despite long-term remission, such as verbal, visual and
working memory, auditory attention, verbal fluency, reading speed, and
executive function (103,200,201). In a cross-sectional study, 74 patients with
CD in remission for a mean time of 13 years had impaired memory and
executive function, compared with matched controls for age, gender, and
education level and with previously treated nonfunctioning pituitary
adenomas (200). Of note, parts A and B of the TMT were among the tests used
for the assessment of executive functioning, but showed no difference
between patients and controls. Likewise, in Paper II, our patients did not
perform worse in parts A and B after adjustments for mental fatigue, anxiety,
and depression scores. However, the most demanding part of the TMT, part
D, could capture cognitive deficits in the domains of divided attention,
information processing, and dual tasks. Also, the impaired cognitive function
was not explained by concomitant depression, anxiety, and mental fatigue.
A recent prospective study on 18 patients with CD showed limited
improvement of cognitive function three years after remission (111). This
potential improvement, however, does not seem to lead to resolution of
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cognitive impairment in long-term remission (192). This is supported by our
findings and by two previous studies showing worse memory (201) and
impaired executive function (200) in patients with CS compared to controls
after remission of 7 and 13 years, respectively (200,201). Also, in crosssectional studies in patients in long-term remission, structural abnormalities
such as in the prefrontal cortex and anterior cingulate cortex were observed in
the presence of cognitive dysfunction (202,203). In addition, the use of
functional MRI showed reduced functional activity in the prefrontal cortex
during memory (204) and emotional tasks (205) in patients with CS in
remission. Taken together, these findings suggest at least partly irreversible
effects of hypercortisolism on the brain. Hypopituitarism, glucocorticoid
replacement therapy, and radiotherapy have been proposed as potential risk
factors for cognitive dysfunction in CS after remission but data are scarce. In
Paper II, cognitive dysfunction was neither associated with glucocorticoid
replacement therapy nor radiotherapy. Also, etiology, i.e., CD or CPAA, was
not associated with cognitive dysfunction. In another study with patients with
CD, glucocorticoid replacement therapy and additional radiotherapy
influenced memory and executive functioning (200).

The incidence of fractures was elevated prior to diagnosis of CD, but not
in long-term remission
Indeed, the incidence of fractures was five times higher compared to the
general population, during the three years before diagnosis, as shown in Paper
III. The first population-based study on fracture risk estimation from Denmark
also showed a six-fold risk for fractures within the two years prior to diagnosis
of CS and no increased risk after successful treatment (126). However, the
data on fractures were retrieved by using a self-administrated questionnaire.
Another population-based study from Denmark based on national registries,
also reported increased risk for fractures during the three years before
diagnosis, while the risk was not increased at long-term follow-up (118). It
should be emphasized that the incidence of fractures in Paper III was not
elevated in patients during long-term remission. Also, a recent study of 231
patients treated for CS followed for 20 years showed a gradual improvement
of bone mineral density and a more rapidly decreased fracture rate after
treatment (206). Undeniably, taken together, these are promising findings, as
fractures may affect quality of life negatively (122). However, these findings
reflect the incidence of the risk of clinical fractures. As asymptomatic
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fractures occur in nearly 50% of patients with active CS (125), further
investigation is needed in order to assess whether the harmful effects of
cortisol excess on fracture risk are completely reversible after successful
treatment.
The increased incidence of venous thromboembolism persisted in CD
from prior to diagnosis until long-term remission
In Paper III, we found that the incidence of venous thromboembolism was
already elevated during the three years prior to diagnosis. This is in line with
a previous large multicenter study, which showed that the incidence of
thromboembolism in patients with CD as well as in patients with adrenal CS
was elevated prior to diagnosis (86). The risk for thromboembolism prior to
diagnosis was still elevated compared to controls, even after adjustment for
confounding factors such as age, gender, diabetes mellitus, and hypertension
(118).
As expected, the incidence of venous thromboembolism was elevated in the
peri-treatment period, including the postoperative period. Previous studies
have shown high risk for thromboembolism in patients with CS within 3
months after surgery (86,87,118). Surgical treatment is a predisposing factor
for thromboembolism, especially bilateral adrenalectomy (87). However, the
risk of thromboembolism in patients with CD after pituitary surgery was 3.4%,
compared to 0% in patients treated with pituitary surgery for nonfunctioning
pituitary adenomas (86). Therefore, it was suggested that the higher observed
risk could be mediated by hypercortisolism per se. This emphasizes the need
for thromboprophylaxis at least during the first postoperative period.
Postoperative thromboprophylaxis in patients with CS in a large retrospective
study was shown to reduce the risk for thromboembolic events in the
postoperative period (207). However, no randomized controlled trials have
been performed in order to decide the type, dosage, and duration of
anticoagulation. Moreover, no association was found between thrombotic
events and factors such as diabetes mellitus, age, gender, UFC, smoking and
hypertension in a large retrospective study (87) as well as in a recent metaanalysis (208). Of note, the incidence of thromboembolism in Paper III was
elevated up to one year after remission. This is supported by the lack of
complete normalization of markers of coagulation and fibrinolysis one year
after successful treatment (90).
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Importantly, in our study, the increased incidence of venous
thromboembolism in the form of deep vein thrombosis as well as pulmonary
embolism persisted in long-term remission. Thus, this may suggest partly
irreversible changes in the coagulation system. However, additional risk
factors such as obesity, smoking habits, inherited factors, and
estrogen/testosterone intake were not available for further evaluation due the
study design. Furthermore, the impact of glucocorticoid replacement therapy,
diabetes mellitus, and hypertension on thromboembolism needs further
evaluation. In anticipation of randomized studies on the management of
venous thromboembolism in CS, a recent consensus of recommendations on
the preoperative as well as postoperative setting was published (37).
The incidence of sepsis in CD was increased both in the peri-treatment
period and in long-term remission
In Paper III, the incidence of sepsis was increased in the period from diagnosis
up to one year after remission. This is supported by the findings of a previous
population-based study on CS, showing the highest risk for infections during
the year after diagnosis, especially in the three months after surgery (118).
Also, one-fourth of patients with CS had infections in the period from active
CS up to weeks after surgical remission (82). Moreover, increased mortality
within the first three months after treatment was reported due to infections
(120). Intriguingly, the increased incidence of sepsis persisted in patients with
CD in long-term remission, as shown in Paper III.
Notably, in a population-based study on pediatric CS, the incidence of
hospital-recorded infections was increased, especially in patients on
glucocorticoid replacement therapy (209). Whether hospitalization for
infections reflects a susceptibility to infections due to previous cortisol excess
or the inadequate adjustment of glucocorticoid replacement or glucocorticoid
overtreatment, cannot be elucidated. In our cohort, we could not show an
association between the glucocorticoid replacement therapy and the incidence
of sepsis, probably due to the small number of events.
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The incidence of stroke remained elevated in CD in long-term remission
Cardiovascular diseases, mainly ischemic heart disease and stroke, are the
main cause of death in CD (24,25,119). In Paper III, the overall incidences of
both myocardial infarction and stroke were elevated in patients with CD
during the whole follow-up period. In the only previous population-based
study on multi-system morbidity in CS, the risks for myocardial infarction and
stroke were also elevated (118). Active CS is associated with elevated
cardiovascular risk due to hypertension, dyslipidemia, impairment of glucose
tolerance, atherosclerosis, and thrombotic diathesis (73,78). In a crosssectional study including 15 patients with CD after five years in remission,
cardiovascular risk factors such as body mass index, waist-hip ratio, lowdensity lipoprotein cholesterol, oral glucose-load stimulated glucose and
insulin levels, were higher compared to controls. Also, nearly 30% of the
patients had atherosclerotic plaques compared to 3% of the body mass indexmatched controls. Furthermore, in a study of 118 patients with CS,
hypertension was reversed in 36%, diabetes mellitus in 56%, and
hyperlipidemia in 23% of the cases, at a median follow-up time of 7.9 years
after remission (80). In our cohort, the incidence of stroke remained elevated
during long-term remission, while the incidence of myocardial infarction was
not. Of note, glucocorticoid replacement therapy in patients with
hypopituitarism has been associated with an adverse metabolic profile (210).
Also, growth hormone replacement in patients with CD may improve the
metabolic profile (211). Hence, whether this elevated incidence of
cardiovascular diseases in remission is only due to partly irreversible effects
of cortisol excess or the combination of the latter with inadequately treated
cardiovascular risk factors and/or pituitary hormone deficiencies during the
management of CS, is still not elucidated.
Life-long follow-up of patients with CD after bilateral adrenalectomy is
essential for the detection of Nelson’s syndrome
In Paper IV, the systematic review of relevant articles including patients with
CD after bilateral adrenalectomy showed that Nelson’s syndrome can develop
up to 39 years after bilateral adrenalectomy. Also, no solid risk factors for the
development of Nelson’s syndrome were identified. Thus, in the anticipation
of new data on risk factors for Nelson’s syndrome, life-long follow-up of
patients with CD after bilateral adrenalectomy seems inevitable.

57

Clinical challenges in Cushing’s syndrome
The first patient with the eponymous syndrome was described by Don Nelson
64 years ago. Since then, various definitions and criteria for the diagnosis of
Nelson’s syndrome have been applied. In the early years, the diagnosis was
based on late-onset symptoms such as hyperpigmentation and visual deficits
due to expansive tumor. In the most recent years, diagnosis has been based on
a combination of new pituitary tumor or progression of a pre-existing tumor,
elevated ACTH concentrations, and hyperpigmentation. With the
implementation of pituitary MRI, the identification of a pituitary tumor is
feasible before the development of late complications such as visual deficits.
Six out of the seven studies that used MRI during the follow-up after bilateral
adrenalectomy had among the highest reported prevalence, suggesting earlier
detection of new pituitary tumor or progress of remnant. Recently, an expert
opinion based on a systematic review, suggested that the diagnosis should be
defined as radiological progression or new detection of a pituitary tumor on
thin-section MRI. Also, active surveillance is recommended with yearly MRI
the first three years after bilateral adrenalectomy. Thereafter, yearly clinical
evaluation and MRI every 2-4 years, based on ACTH and clinical findings
(212). In Paper IV, we did not find any association between the median
follow-up time and the prevalence of Nelson’s syndrome. Nevertheless, the
diagnosis of Nelson’s syndrome was reported up to 39 years after bilateral
adrenalectomy. Therefore, life-long surveillance is essential in the
management of patients with CD after bilateral adrenalectomy.
Notably, in many non-systematic reviews, radiotherapy prior to bilateral
adrenalectomy in patients with CD was presented as a protective factor against
the development of Nelson’s syndrome. As radiotherapy may potentially
induce hypopituitarism with its consequences (44), it was important to search
the literature to determine whether there is robust evidence that radiotherapy
actually prevents Nelson’s syndrome. Some studies reported that radiotherapy
prior to bilateral adrenalectomy reduced the risk of development of Nelson’s
syndrome (177,183), while others reported that it increased the risk (167,169)
and one study showed a neutral effect (180). In one of the studies with the
second highest RR, patients had received radiotherapy due to recurrence of
CD, with the authors speculating that either a more aggressive nature of CD
in these patients or a delayed treatment could explain the tumor progression
(169). The one study where radiotherapy prior to bilateral adrenalectomy was
clearly given for prophylactic purpose and included a comparison group,
showed that there was a difference in the occurrence of Nelson’s syndrome
between the groups. Namely, none of the patients receiving prophylactic
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radiotherapy developed Nelson’s syndrome, while 50% of those without
radiotherapy did (54). To summarize, in Paper IV, we showed that the sparse
current literature is not sufficient to support that radiotherapy prior to bilateral
adrenalectomy prevents the development of Nelson’s syndrome. In line with
our findings, in the recent expert opinion, pituitary radiotherapy is not
suggested prior to bilateral adrenalectomy for prevention of Nelson’s
syndrome (212).
Does AVS have a role in the management of ACTH-independent
hypercortisolism and bilateral adrenal lesions?
In Paper I, we presented a retrospective analysis of the use of AVS in patients
with ACTH-independent hypercortisolism in our tertiary center. Historically,
in 1967, AVS was proposed as a test to distinguish subtypes of primary
aldosteronism (213). However, AVS is an invasive and technically difficult
procedure and should be performed by experienced interventional radiologists
(214). Therefore, with the implementation of CT in the 1990s, AVS had not
been preferred in the diagnostic approach of primary aldosteronism.
Nevertheless, because of the prevenance of nonfunctioning adrenal adenomas,
imaging studies cannot distinguish between functioning and nonfunctioning
adenomas (215). Consequently, AVS has become the gold standard method to
distinguish unilateral from bilateral disease in primary aldosteronism (147).
Whether this applies for the distinction of unilateral and bilateral cortisol
production in ACTH-independent hypercortisolism is yet not established.
Clearly, there is also a need for a diagnostic method in patients with ACTHindependent hypercortisolism and bilateral adrenal lesions in order to
distinguish if one or both adrenal lesions are functioning, i.e., cortisol
secreting. This will allow a more precise treatment, avoiding either an
unnecessary bilateral adrenalectomy with unavoidable adrenal insufficiency
or a life-long medical treatment with inadequate control of hypercortisolism.
However, the use of AVS in ACTH-independent hypercortisolism with
bilateral adrenal lesions has only been evaluated in two previous studies.
Notably, the successful adrenal vein catheterization was evaluated by using
different reference hormones; catecholamines in the study by Young et al.
(58), metanephrines in the study by Ueland et al. (59), and aldosterone in
Paper I. Furthermore, for the interpretation of the AVS results in the first two
studies, dilutional effects were not taken into consideration. Also, only one of
them was prospective and compared AVS to adrenal scintigraphy, though
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considering AVS as the gold standard (59). Taken together, a consensus on
the protocol is essential for future studies.
In the context of CS, AVS could contribute to the decision-making of
unilateral adrenalectomy versus bilateral adrenalectomy. Whether unilateral
adrenalectomy has a place in ACTH-independent CS, mainly PBMAH, is still
debated, with conflicting data on remission and recurrence rates (60,63,216) .
In the context of ACS and bilateral adrenal lesions, the European Society of
Endocrinology suggests that unilateral adrenalectomy may be considered in
selected cases, considering age, degree of cortisol excess and comorbidities
related to hypercortisolism (138). Nevertheless, the data are still scarce. A
retrospective study on unilateral adrenalectomy on ACS and bilateral adrenal
lesions has shown improvement in hypertension and diabetes mellitus,
compared to conservative treatment (217). If unilateral adrenalectomy is to be
considered, AVS may be helpful for deciding which adrenal gland should be
removed. Bilateral adrenalectomy is not recommended in ACS and bilateral
adrenal lesions (138,218).
To verify the role of AVS in the management of ACTH-independent
hypercortisolism, prospective studies are needed with robust outcomes such
as remission and predefined criteria for improvement of comorbidities related
to hypercortisolism. In addition, a consensus on the protocol and interpretation
of AVS is a prerequisite for the evaluation of the role of AVS. Also, a larger
cohort is needed and therefore a multicenter study from experienced centra in
AVS would be an option.
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8 CONCLUSIONS
The incidences of stroke, venous thromboembolism, and sepsis are increased
in patients with CD in long-term remission.
The incidence of fractures is increased during the three years prior to diagnosis
of CD, but not in long-term remission.
Patients with CS experience mental fatigue, despite remission, compared to
controls matched for age, gender, and educational level.
Subtle cognitive deficits in divided attention, speed of processing, and
executive function were revealed in patients with CS in remission, by using
the most demanding part of the TMT.
Life-long follow-up is essential for the detection of Nelson’s syndrome, a
complication after bilateral adrenalectomy in patients with CD.
Current evidence is not sufficient to support radiotherapy prior to bilateral
adrenalectomy to prevent Nelson’s syndrome.
AVS in the context of ACTH-independent hypercortisolism with bilateral
adrenal lesions may be helpful in distinguishing unilateral from bilateral
cortisol production.
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9 ONGOING RESEARCH AND FUTURE
PERSPECTIVES
Cognitive function is impaired in patients with CS despite remission, as shown
in Paper II. Also, mental fatigue is reported in these patients. Structural and
functional brain abnormalities in CS have been demonstrated (91). Hence,
these findings suggest at least partly irreversible alterations in the brain due to
hypercortisolism. Prospective longitudinal studies with comprehensive
evaluation of affective disorders and neurocognitive function with respect to
brain abnormalities are essential for further understanding of the effects of CS
on the brain. Therefore, we are conducting an ongoing prospective multicenter
study in order to investigate the extent and time course of the potential
resolution of neurocognitive impairment in relation to structural and
functional brain abnormalities. For this purpose, patients with CS are
evaluated with neurocognitive tests, questionnaires for quality of life,
functional and structural MRI at diagnosis, as well as one- and two years after
treatment. The next step could be to proceed with an intervention study on
modifiable factors, such as coping strategies, in order to improve cognition,
mental fatigue, and quality of life. It would be interesting to evaluate in a
randomized study if early intervention can alter the course of neurocognitive
symptoms, quality of life, and mental fatigue.
Excess morbidity in patients with CD in remission, as shown in Paper III,
raises the awareness of this clinical challenge, as treatment for
hypercortisolism in CS alone does not eliminate the risk for cardiovascular
diseases and infections. It is of great importance to continue to examine
whether the incidences of comorbidities related to CS remain elevated in the
modern era of CS management. The same accounts for the prevalence of
Nelson’s syndrome. Also, prospective multicenter studies are needed for
further investigation of the underlying mechanisms of the persistence of
comorbidities in remission. Furthermore, randomized controlled studies are
necessary to evaluate interventions in terms of medical treatment for
hypertension, diabetes mellitus, hyperlipidemia, and thromboprophylaxis.
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The role of AVS in the management of CS is still unclear. The need for a
reliable method to distinguish unilateral and bilateral cortisol production is
growing, as ACS is the most common hormone disturbance in bilateral adrenal
incidentalomas. Furthermore, an examination for the function of the adrenal
lesions is necessary for the choice of the adrenal gland to be removed, if
unilateral adrenalectomy is considered in CS or ACS with bilateral adrenal
lesions. Prospective multicenter studies are needed with a prespecified
consensus on the protocol of AVS and the interpretation of the results.
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