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Everyone to whom much was given, of him much will be
required, and from him to whom they entrusted much, they will
demand the more.
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Abstract

Context

Up to half of patients with adrenal adenomas found as incidentalomas show
biochemical signs of subtle cortisol hypersecretion without having clinical signs or
symptoms of Cushing’s syndrome. A condition called autonomous cortisol
secretion (ACS). Previous studies have indicated that ACS might be associated with
increased mortality.

Objectives

Explore if ACS is an independent risk factor for increased mortality. Evaluate low
ACTH as a diagnostic marker of ACS. Investigate the prevalence of smoking in
patients with adrenal adenomas.

Methods

Cohort and cross-sectional studies. Adult patients referred to two Swedish endocrine
centres because of an adrenal adenoma, found as an incidentaloma, between 2005
and 2015 were enrolled. Mortality data were obtained from the Cause of Death
Register. Patients were grouped according to predefined levels of cortisol after a 1-
mg dexamethasone suppression test (cortisolpst); non-functional adrenal adenoma
(NFAA), defined as cortisolpst <50 nmol/L, and three levels of ACS (cortisolpst
50-82, 83-137 and >138 nmol/L)

Results

1048 patients were followed for 6.4 years. Compared with NFAA mortality was not
increased in cortisolpst 50-82 nmol/L, hazard ratio (HR) 1.17 (95% CI, 0.79-1.73)),
while cortisolpst 83-137 and >138 nmol/L were associated with a significant
increase in mortality, HR 2.33 (1.53-3.53) and 2.87 (1.74-4.74). Mortality did not
differ significantly between 632 patients with NFAA and matched controls (3:1)
when followed for 6.6 years, HR 1.13 (0.87-1.46). Studying 198 patients with
unilateral adrenal adenomas and 100 healthy controls, low ACTH (<2.0 pmol/L)
was present in 53% of patients with ACS, 19% of patients with NFAA, and 4% of
controls (NFAA vs. controls p<0.001). Smoking was associated with larger adrenal
adenomas, bilateral adenomas, and ACS.

Conclusions

ACS is an independent risk factor for increased mortality, while NFAAs do not pose
a relevant risk. The risk associated with ACS seems to become clinically relevant
when the cortisolpst level is >83 nmol/L. Low ACTH is of limited value in
diagnosing ACS, in part due to its high prevalence in patients with NFAA.
Additionally, there appears to be a link between smoking, adrenal adenomas, and
ACS.
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Populédrvetenskaplig sammanfattning

Avancerade rontgenundersokningar anvénds allt oftare inom sjukvérden. Dessa
undersokningar ger oss mdjlighet att tidigare diagnostisera olika sjukdomstillstdnd
men innebér ocksa att vi hittar fordndringar i kroppens organ som vi inte letar efter.
Upp till var tionde vuxen person som genomgar en rontgenundersdkning av magen
fér det ovintade beskedet att man funnit en tumor pé ena binjuren. Tumdrer som
upptécks pa detta sitt kallas binjureincidentalom.

Binjurarna &r tva, for allménheten ofta okénda, kortlar som sitter ovanfor njurarna
och producerar en rad hormon som styr blodtrycket, energiomséttningen och
saltbalansen i kroppen. Ett av dessa hormon &r det livsnodvéndiga kortisolet.
Binjuretumorer som upptécks som incidentalom ar i majoriteten av fallen godartade
men manga av tumorerna uppvisar ndgon grad av mild kortisoloverproduktion.

Det ér vilkéant att sjukdomstillstdind med kraftigt forhdjda nivéer av kortisol &r
farligt, framfor allt &r det kopplat till en 6kad risk for hjartkarlsjukdom. Déremot
har tidigare forskning pa binjuretumdrer med mild kortisoldverproduktion visat
motsédgelsefulla resultat géllande eventuella risker.

Malséttningen med forskningsprojektet var att undersoka om patienter med
godartade binjureincidentalom, med och utan mild kortisoloverproduktion, har en
Okad risk att drabbas av hjértkérlsjukdom och att do i fortid. Om sé var fallet ville
vi ocksé undersdka om risken kunde kopplas till graden av kortisoloverproduktion.

Projektet dr ett av de storsta i sitt slag, ca 4 000 patienter och kontrollpersoner fran
Skane ingick i studierna. Resultaten visar att ungefér hélften av alla patienter med
en godartad binjuretumdr har en mild 6verproduktion av kortisol. Resultaten visar
ocksa att kortisoloverproduktion ar kopplat till en 6kad risk att do i fortid, framfor
allt till foljd av hjértkarlsjukdom. Riskdkning ses dock bara hos patienterna med de
hogsta kortisolnivéerna, vilka utgdr en femtedel av patienterna. Riskokningen ér
jdmforbar med den som till exempel rokning eller diabetes medfor.

Resultaten ger vrden mojlighet att identifiera och rikta sina insatser till de patienter
som behover den mest. Vi foresldr att patienterna med Okad risk skall erbjudas
uppfoljning, livsstilsradgivning och behandling av kéinda riskfaktorer for
hjartkérlsjukdom som hogt blodtryck, diabetes och hoga kolesterolvérden.
Resultaten innebédr ocksd att ett lugnande besked kan ges till majoriteten av
patienterna med godartade binjuretumdrer. Detta tror vi kommer minska onoddiga
undersokningar, uppfoljning och inte minst oro hos denna patientgrupp.

Framtida forskning bor undersoka vilken specifik behandlingsstrategi som kan
minska sjukdomsriskerna for patienter med godartade binjuretumérer och mild
kortisoloverproduktion

13
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Introduction

The adrenal glands are essential to human life. Since the Italian anatomist Eustachi
first described the adrenals in the 16™ century much has been learned about their
function, but a lot still awaits to be elucidated. The adrenals are endocrine glands
producing several hormones with numerous effects. The focus of this thesis revolves
around the adrenal hormone cortisol.

Cortisol

Cortisol is a steroid hormone produced in the adrenal cortex, regulated by the
pituitary through adrenocorticotropic hormone (ACTH). ACTH in turn is under the
influence of corticotropin releasing hormone (CRH) produced by hypothalamic
neurons. The interaction between these organs constitutes the hypothalamic-
pituitary-adrenal (HPA) axis. Cortisol is essential for maintaining homeostasis in
humans. Its release from the adrenal cortex is varying, though continuous,
depending in part on different stimuli or “stressors”. Fever and trauma are examples
of such stimuli leading to an increase in cortisol. However, cortisol release is not
only regulated by external stressors but is also under central regulation. Cortisol
release has a pronounced circadian rthythm with the highest levels during the early
morning hours.(1) In fact, the HPA-axis also has an ultradian rhythm with a pulsatile
release of ACTH and cortisol, this oscillating activity seems to play a role in keeping
the HPA-axis responsive.(2) An important part of the HPA-axis is its built-in
downregulation that follows increased activity in response to stressors. The HPA-
axis is a classic example of a negative feedback loop, with cortisol inhibiting the
release of ACTH and CRH (Figure 1).(3) This negative feedback is essential for
protecting the organism from the harmful effects of prolonged exposure to HPA-
axis activation.(4)

Cortisol acts through binding to the intracellular glucocorticoid and
mineralocorticoid receptors, which are present throughout the tissues of the body.
The effects of receptor activation by cortisol are both rapid and slow. Rapid effects
are mediated through nongenomic mechanisms, and slow effects by the activated
receptor acting as a transcription factor. The latter resulting either in transcriptional
activation and downstream protein synthesis, or transcriptional repression by for
example inhibition of other transcription factors.(5, 6) Cortisol has a myriad of

17



effects in the human body, which is no surprise knowing that the glucocorticoid
responsive genes comprise up to 20% of the genome. The most apparent effects of
cortisol are easiest described by studying conditions with lack of cortisol and
cortisol excess respectively. In the mid 19™ century Thomas Addison described
patients with a constellation of symptoms consisting of weight loss, fatigue,
weakness, orthostatic hypotension, and salt craving.

HPA Axis

Stress | —— > ’x

¥ Hypothalamus
®
°

Anterior
pituitary

Adrenal gland

Kidney

®

Metabolic
effects

Figure 1 HPA-axis
Reprinted from: Hiller-Sturmhéfel and Bartke. Alcohol Research and Health 1998;22(3):153.(7)

Post-mortem revealed destruction of the adrenal cortex caused by tuberculosis. The
described symptoms were in large caused by a lack of cortisol due to primary
adrenal insufficiency. The condition was later named Addison’s disease. Globally
infections are still the most common cause but in the industrialised parts of the world
autoimmune origin is dominating.(8) It is likely that many of the patients studied by
Addison died due to what is now called an “Addisonian crisis”, which is a situation
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where the demand for cortisol is increased, typically due to a sudden stressor such
as an infection. In a person with adrenal insufficiency this can result in a potentially
lethal situation due to circulatory collapse. Cortisol has a key role in blood pressure
control and in its absence the effect of vasopressors (catecholamines) on the smooth
muscle in blood vessels is diminished, and the endothelial dilatation through nitric
oxide is increased.(9, 10)

Harvey Cushing described the effects of cortisol excess in 1932. Cushing
characterized a series of patients with cortisol excess caused by an ACTH-producing
pituitary tumour, now termed Cushing’s disease.(11) Endogenous cortisol excess
can also be caused by a primary adrenal tumour or ectopic ACTH production as part
of a paraneoplastic phenomenon. These conditions are often referred to as Cushing’s
syndrome and ectopic Cushing’s syndrome. However, the most prevalent cause of
Cushing’s syndrome is exogenous in the form of glucocorticoid treatment.
Symptoms and clinical findings in a person with cortisol excess do not differ
depending on the cause. Classical findings and symptoms include central obesity,
muscle wasting of arms and legs, easy bruising, purple striae, muscle weakness,
hypertension, hyperglycaemia, depression, menstrual cycle disturbance,
osteoporosis, and a decreased libido (Figure 2).(12)

Neuropsychiatric

disorders Cardiac disease

Arterial
atherosclerosis
and vascular
disease

Osteoporosis
(spine) and
vertebral
fractures

Liver steatosis Infertility and sexuval dysfunction

Osteoporosis

(femoral neck) Visceral obesity

Myopathy Infections

¢\
¢ \

(St

Figure 2 Main comorbidities and clinical complications associated with mortality in patients with
Cushing’s syndrome

Reprinted from: Pivonello, R., et al., Complications of Cushing's syndrome: state of the art. Lancet
Diabetes Endocrinol, 2016. 4(7): p. 614, with permission from Elsevier.(12)

Cardiovascular disease is the leading cause of the increased mortality and morbidity
in persons with Cushing’s syndrome. Through which mechanisms cortisol excess
causes the cardiovascular disease is not fully understood but key components are
cortisol induced hypertension, endothelial dysfunction, atherosclerosis, and
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myocardial hypertrophy.(13-15) Cushing’s syndrome can lead to an especially
severe form of metabolic syndrome, contributing to the observed morbidity and
mortality.(16, 17) Removing the tumour responsible for the cortisol excess leads to
normalized cortisol levels and a reduction in the morbidity/mortality risk. There is,
however, a residual increase in risk even in patients who are in remission after being
successfully treated for Cushing’s syndrome.(16, 18-20) This indicates that some of
the damage caused by the cortisol excess is long-standing or might be irreversible.

Adrenal incidentalomas

Adrenal tumours are common in the adult population, the prevalence increases with
age, and they are more frequently found in women.(21) Adrenal tumours causing
overt hormone excess, as for example the catecholamine-producing
pheochromocytoma, a cortisol-producing adenoma causing Cushing’s syndrome, or
an adrenal carcinoma, often producing both cortisol and androgens, are rare. Most
adrenal tumours do not give rise to clinical signs of hormone excess and are of
benign origin in the form of an adenoma. Because of this, the exact prevalence is
difficult to assess. From the 1950s and 60s, when most deceased in Sweden
underwent post-mortem, studies based on autopsy results in persons without signs
of adrenal disease while alive, reported a prevalence of adrenal tumours ranging
between 2 and 9%. Studies from the time also found an association between
hypertension and adrenal adenomas even after excluding aldosterone-producing
adenomas.(22, 23) In more contemporary materials based on imaging studies, the
prevalence is reported to be approximately 5%.(24-26) With the increasing use of
imaging studies, a growing number of adrenal tumours are now being diagnosed
while the patient is still alive. The most common situation is a patient undergoing a
radiological study for other reasons than suspected adrenal disease and the adrenal
tumour being a secondary finding. An adrenal tumour found this way is called
adrenal incidentaloma.

Cortical adrenal tumours can be part of inherited conditions caused by germline
mutations, such as multiple endocrine neoplasia type-1, primary pigmented nodular
adrenocortical disease, and familial form of primary bilateral macronodular adrenal
hyperplasia, but the vast majority of cortical adrenal tumours are sporadic.(27-29)
The molecular pathogenesis of foremost tumours causing overt hormone excess
have begun to be elucidated in recent years. As an example, a mutation in the
PRKACA gene, encoding a catalytic subunit of protein kinase A, can be identified
in up to 70% of adrenal adenomas causing Cushing’s syndrome.(30, 31) These
mutations are not seen in adrenal adenomas without overt cortisol excess, which
might explain why a patient with an adrenal incidentaloma without Cushing’s
syndrome at presentation rarely progresses to overt disease.(27, 32) The gene most
frequently reported to be associated with adrenal adenomas not causing overt
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hormone excess involves the Wnt/B-Catenin pathway. A mutation involving this
gene can be identified in approximately 50% of tumours.(33, 34) Our understanding
of the pathogenesis of adrenal adenomas is still scarce. However, the development
within the field of genetics will hopefully lead to enhanced knowledge surrounding
tumour development, and steroidogenesis in patients with adrenal adenomas in the
coming years.

Autonomous cortisol secretion

In the western world, computer tomography entered clinical medicine during the
1980s and 90s, and clinically silent adrenal tumours were being diagnosed in
increasing amounts. As mentioned before, these tumours are called adrenal
incidentalomas. Recommendations on the work-up of patients with adrenal
incidentalomas were developed to identify the rare cases of malignancies and overt
hormone secretion. During this period, case reports started to appear describing
patients with adrenal incidentalomas, without clinical signs of cortisol excess but
who showed biochemical signs of hypercortisolism or developed adrenal failure
after unilateral adrenalectomy, indicating that the adenoma had been producing
cortisol.(35-38) The condition was called subclinical Cushing’s syndrome, and soon
it became evident that it was associated with hypertension, diabetes mellitus,
hyperlipidaemia, obesity, and osteoporosis.(39-42)

The reported prevalence of the condition has varied extensively, ranging between
20% and 45% in patients with adrenal incidentalomas, probably partly due to
differing diagnostic criteria.(21, 43) Which diagnostic test and cut-off to use have
been debated extensively. Most commonly one or more of the tests used in the work-
up for suspected Cushing’s syndrome have been proposed; 1-mg dexamethasone
suppression test (DST), 24-h urine free cortisol, salivary cortisol at midnight, and
basal ACTH.

As it became evident that patients with an adrenal incidentaloma and this subtle
hypercortisolism very seldom progressed to a clinical Cushing’s syndrome, a new
name for the condition was introduced in the most recent guidelines on the topic,
published by the European Society of Endocrinology in 2016. The term proposed
was autonomous cortisol secretion (ACS). The guidelines state that the principal
diagnostic test should be the DST. It tests the integrity of the HPA-axis. In an intact
HPA-axis intake of the synthetic glucocorticoid dexamethasone leads to suppression
of ACTH and CRH through negative feedback, with the effect that endogen cortisol
secretion from the adrenal cortex is diminished. (Figure 1) Guidelines state that a
plasma cortisol level <50 nmol/L after DST (cortisolpst) excludes ACS, while a
cortisolpst level between 50 and 137 nmol/L indicates “possible ACS”, and a value
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>138 nmol/L indicates ACS. If, and in that case, which confirmatory test to be used
is discussed in the guidelines but no recommendation is made.(21)

The DST was developed as a first-line screening test for Cushing’s disease, and the
cut-of value 50 nmol/L was selected to provide high sensitivity. Thus, the false
positive rate can be significant.(44, 45) In the case of Cushing’s disease/syndrome
DST is supplemented with other tests such as salivary cortisol at midnight and 24-h
urine free cortisol, which provide a solid arsenal in detecting true positive cases.(45,
46) However, this does not seem to be true in ACS. The circadian rhythm of cortisol
secretion seems to be less affected in many patients with ACS than in the case of
Cushing’s syndrome, explaining the limited role of salivary cortisol at midnight.(47,
48) 24-h urine free cortisol evaluate total cortisol secretion during 24 hours. One
might suspect that a tumour with autonomous cortisol secretion, even one not giving
rise to clinical symptoms as in the case of ACS, would result in elevated urine
cortisol levels. However, elevated levels of urine free cortisol are seldom seen in
patients with ACS. This is due to several possible explanations, including the fact
that the majority of cortisol in plasma is bound to corticosteroid-binding globulin
and albumin. As a result, cortisol production must exceed the binding capacity of
these proteins before it can result in elevated urine free cortisol levels.(49) In
addition, the majority of cortisol is secreted in the urine as different metabolites,
which means that increased excretion of these metabolites typically precedes that of
free cortisol in states of hypercortisolism.(50, 51) A test often proposed, probably
due to its simplicity, is a low basal ACTH level. The rationale is that a tumour
producing cortisol would lead to a suppression of ACTH through negative feedback.
While this often is the case in Cushing’s syndrome, the diagnostic accuracy of basal
ACTH for ACS is low.(51, 52) This could be due to the inability of some ACTH
assays to detect low levels, the ultradian rhythm of ACTH secretion, and possibly
increased cortisol response to ACTH.(53-55) As of now, DST is the cornerstones in
the diagnostic work-up for ACS when it comes to biochemical tests.

The interest and debate regarding ACS grew stronger as three independent studies
in the early 2000s showed an association between ACS and increased mortality risk
in patients with adrenal incidentalomas. All three studies defined ACS as cortisolpst
>50 nmol/L in a patient without clinical signs of Cushing’s syndrome, and mortality
was compared with patients with cortisolpst <50 nmol/L.(56-58) The studies were
small and the number of events low, limiting inference regarding clinical
implications. The discussion following these studies concerned whether ACS was
an independent risk factor and if so, at what level ACS becomes clinically
relevant.(59, 60)

ACS is not a binary condition. Cortisol hypersecretion in ACS ranges from mildly
elevated to levels close to those seen in Cushing’s syndrome, to which there is no
clear-cut line. The available evidence suggests that the risk associated with ACS
increases with more pronounced ACS, defined by the cortisolpst value.(21, 61)
Some studies even indicate that non-functional adrenal adenomas (NFAA), defined
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as cortisolpst <50 nmol/L, might be associated with increased cardiovascular
risk.(62, 63)

The reason for this thesis

Patients with adrenal incidentalomas are common in clinical practice. We see
several patients per week at our outpatient endocrine clinic at Skéne University
Hospital, and ACS is the most common endocrine disruption in these patients.
Against the backdrop of the growing evidence suggesting an association between
ACS and increased morbidity, and even mortality, the project of which this thesis is
a part, was initiated. The project’s overarching aim was to compile a database,
containing data on patients with adrenal incidentalomas, large enough to study if
ACS is an independent risk factor for morbidity and mortality, and if so, at what
level of ACS this risk becomes clinically relevant to the affected patients.
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Aims

Paper I: Low basal ACTH has been proposed as a marker for ACS in patients with
adrenal incidentalomas. However, studies have indicated that ACTH is of limited
value in the diagnostics. Our objective was to study low basal ACTH as a marker
for ACS and investigate possible reasons behind its limited diagnostic value.

Paper II: Smoking has not previously been studied in patients with adrenal
incidentalomas. Our aim was to study the prevalence of smoking, and its relation to
ACS, in a large group of patients with adrenal incidentalomas.

Paper III: Studies have indicated that ACS is associated with increased mortality
compared with NFAA. Our objective was to investigate if ACS is an independent
risk factor for increased mortality, and if so, study mortality risk at different,
predefined, levels of ACS.

Paper IV: Indirect evidence suggest that NFAA might be associated with increased
cardiovascular risk. Since previous studies on mortality in patients with adrenal
incidentalomas, with and without ACS, have used the NFAA group as reference,
they provide no insight into whether NFAA is a clinically relevant risk factor. Our
objective was to study mortality in patients with NFAA or ACS compared with
matched controls.
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Material and methods

Study setting and population

In Sweden’s southern healthcare district regional guidelines recommending all
patients with an adrenal incidentaloma to be referred to their regional hospital-based
endocrine clinic for evaluation have been in place since Jan 1%, 2005. In this thesis
the study populations of all included studies consist of consecutively included adult
patients who were evaluated at the endocrine department at Helsingborg Hospital or
Skane University Hospital between January 1%, 2005, and September 15% 2015, due
to a previously unknown adrenal incidentaloma. Sweden has a universal healthcare
system and the two study sites were the only available healthcare providers for
patients living in the catchment areas of the hospitals who needed specialised
endocrine care.

Patients had at least one visit to the outpatient endocrine clinic for clinical
evaluation. They underwent DST, 1-mg of dexamethasone was taken at 11 PM, and
fasting plasma cortisol was collected at 8 AM the following day. Patients were also
screened for pheochromocytoma and primary aldosteronism. Imaging was done
with computer tomography or magnetic resonance imaging and tumour size was
defined as maximal axial diameter. If the adrenal incidentaloma could not be
deemed a lipid-rich adenoma on initial imaging, at least one repeat imaging study
with computer tomography was performed after six months.

All studies employed a shared set of exclusion criteria, which included
incidentaloma <10 mm, metastatic malignancy, non-adenoma lesion (such as
myelolipoma, haemorrhage or cyst), pheochromocytoma, primary aldosteronism,
clinical Cushing’s syndrome, oral corticoid treatment, medication affecting
dexamethasone metabolism, and lack of DST.

Study design and endpoints

Paper 1

We did a retrospective cohort study including a control group. Patients evaluated
for unilateral adrenal incidentalomas at the endocrine department at Helsingborg
Hospital were eligible for inclusion. In addition to shared exclusion criteria, patients
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with body mass index <19.0 kg/m?, age >75 years, treatment with inhalation
steroids, and estimated glomerular filtration rate <60 ml/min/1.73 m* were
excluded. Basal ACTH and cortisolpst were measured at baseline and at a 2-year
follow-up. 100 healthy blood donors constituted the control group, in whom one
basal ACTH was measured. ACTH <2.0 pmol/L was defined as low, and ACS was
defined as cortisolpst =50 nmol/L. Endpoints were the relationship between low
ACTH and ACS at baseline and 2-year follow-up, and prevalence of low ACTH in
patients, with and without ACS, compared with controls.

Paper 11

Paper Il was a cross-sectional study. Patients evaluated for an adrenal incidentaloma
at any of the two study sites during the inclusion period were eligible for inclusion.
In addition to shared exclusion criteria, patients treated with inhalation steroids or
systemic oestrogen were excluded. Current smokers were defined as daily smokers.
Data regarding duration, dose, or former smoking were not available. Endpoints
were the association between smoking and ACS, adenoma size, and bilateral
adenomas.

Paper 111

A retrospective cohort study was executed. Patients evaluated for an adrenal
incidentaloma at any of the two study sites during the inclusion period were eligible
for inclusion. In addition to shared exclusion criteria, patients treated with inhalation
steroids or systemic oestrogen were excluded. Patients were grouped according to
predefined levels of cortisolpst, <50, 50-82, 83-137, and >138 nmol/L. Patients with
cortisolpst <50 nmol/L were the reference group.

The primary endpoint was all-cause mortality. Secondary endpoints were cause-
specific mortality (cardiovascular, cancer, infection, or other causes), and major
cardiovascular adverse event (MACE), a composite of cardiovascular mortality,
non-fatal myocardial infarction, non-fatal stroke, hospital admission due to heart
failure, and coronary intervention in the form of percutaneous coronary intervention
or coronary by-pass graft). Low ACTH (<2.0 pmol/L) was analysed as a predictor
for all-cause mortality. The study period for the mortality endpoints was from
inclusion until December 31%, 2018. For MACE the study period ended December
31%,2017.

Paper 1V

A retrospective matched cohort study was implemented. Patients evaluated for an
adrenal incidentaloma at any of the two study sites during the inclusion period were
eligible for inclusion. In addition to shared exclusion criteria, patients with systemic
oestrogen treatment were excluded. Patients were grouped according to the same
levels of cortisolpsr as in paper III. Cortisolpst <50 nmol/L was defined as NFAA.
Control subjects from the general population were recruited with the help of
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Statistics Sweden (SCB). Controls were individually matched to each patient for
age, sex, and residency in a 3:1 ratio. Outcomes were compared between patient
groups and their respective controls. The primary endpoint was all-cause mortality,
and the secondary was cause-specific mortality (cardiovascular, cancer, infection,
or other causes). The study period ended December 31%, 2018.

Data collection

Patient data were collected by the authors (A.K, H.O, and O.L) from the electronic
medical records. Imaging studies were assessed by the clinical radiologist and
confirmed by two authors (A.K and H.O). Out-of-range values were examined, and
database lock was performed before outcome data from external sources were
obtained.

Outcome data

Data on all-cause and cause-specific mortality were obtained from the National
Board of Health and Welfare Cause of Death Register. Data on the other
components of MACE were obtained from the National Board of Health and
Welfare National Inpatient Register.

Assays

Plasma cortisol was analysed using the same assay during the inclusion period, a 1-
step competitive immunoassay (Roche Diagnostics). Reference range 171-536
nmol/L, coefficient of variation 2.1% at 94.9 nmol/L, and detection limit 0.5
nmol/L.

ACTH was measured using two different 2-step immunometric sandwich assays:
Cobas, Roche Diagnostics, reference range 1.6-13.9 pmol/L, coefficient of variation
5.4% at 1.1 pmol/L, and detection limit 0.23 pmol/ L, and Nichols Institute
Diagnostics, reference range 2.0-10.0 pmol/L, coefficient of variation 9% at 8.0
pmol/L, and detection limit 2.0 pmol/L. The Cobas assay was used in all patients
included in Paper I.
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Statistical analysis

Paper 1

Patients were divided into four groups based on ACTH </>2 pmol/L, and cortisolpst
</= 50 nmol/L. Measured hormone levels and anthropometrics were non-normally
distributed. The Chi-squared and Mann-Whitney tests were used when analysing
categorical and continuous data respectively. Hormone values were In-transformed
when used in regression models. The correlation between ACTH and cortisol,
cortisolpst, and adenoma size was analysed with simple linear regression.
Multivariable linear regression, adjusted for sex, was used to analyse differences in
ACTH between patient groups and controls. A two-tailed P-value <0.05 was
considered statistically significant. Continuous data are presented with medians and
ranges. We used IBM SPSS Statistics for Windows, version 22.0 (Armonk, NY:
IBM Corp), for the statistical analysis.

Paper 11

Patients were grouped according to smoking status (yes/no). In between group
analyses of categorical data were done using the Chi-squared test, and for
continuous data the Mann-Whitney test was used. The prevalence of cortisolpst >50
nmol/L in smokers vs. non-smokers and unilateral vs. bilateral adenomas was
studied using multivariable logistic regression adjusted for age. Multivariable
logistic regression was also used in analysing the prevalence of cortisolpst =50
nmol/L and ACTH <2.0 pmol/L in smokers vs. non-smokers with unliteral adrenal
adenomas, adjusted for sex, age, BMI, adenoma size, and in the case of low ACTH
also for In-cortisolpst. A two-tailed P-value <0.05 was considered statistically
significant. Continuous data are presented with medians and ranges. IBM SPSS
Statistics for Windows, version 25.0 (Armonk, NY: IBM Corp), was used for the
statistical analysis.

Paper 111

Multivariable Cox regression was used to calculate hazard ratios (HR) and 95% CI
for the primary endpoint, all-cause mortality, between patient groups. Two models
were used, one adjusted for sex, age, previous cardiovascular disease, smoking, and
reduced kidney function (eGFR <60 ml/min). In the second model outcomes were
additionally adjusted for diabetes mellitus and medical history of cancer. The
reference category was patients with cortisolpst <50 nmol/L. The proportional
hazards assumption was tested with Schoenfeld residuals. Interaction analysis was
performed by adding a 2-way interaction term to the Cox model. Sensitivity analysis
was performed for the primary endpoint using E-values.(64)
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The secondary endpoints, cause-specific mortality and MACE, were analysed using
the Fine and Grey multivariable regression, which accounted for competing
risks.(65)

The functional form of the association between cortisolpst and relative risk of all-
cause mortality was assessed using restricted cubic splines. A 2-tailed P-value <0.05
was considered statistically significant. Missing values for ACTH were addressed
with multiple imputation. Continuous data are presented with medians and
interquartile ranges (IQR).

SAS software, version 9.4 (SAS Institute, Cary NC) was used for the statistical
analysis, excluding E-value calculation which was done using a web-based
calculator.(66)

Paper 1V

Unadjusted cumulative all-cause mortality between patients and controls was
visualized with Kaplan-Meier plots, and differences were tested with the log rank
test. Multivariable Cox regression, adjusted for sex and age, was used to calculate
HR and 95% CI between patient groups and their controls. Interaction analysis was
performed by expanding the model with a 3-way full factorial term. The
proportional hazards assumption was tested with Schoenfeld residuals.

Secondary endpoints were analysed with the Fine and Gray multivariable
regression.

Continuous data are presented with medians and IQR.

Statistical analysis was performed using Stata Statistical Software: Release 17
(StataCorp. 2021. College Station, TX)

Ethics

All studies were approved by the regional ethical review board in Lund, Sweden.
Studies constituting Papers III and IV were also registered at ClinicalTrials.gov
(NCT03919734).
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Main results

Paper I

Of 375 eligible patients, 198 were included in the study, and 177 were excluded by
the exclusion criteria. The median age was 62.8 years (range, 24.7-74.2), and 54%
were women. The median age in controls, 100 healthy blood donors, was 45 years
(19-70), and 52% were male.

53 (27%) patients had cortisolpst =50 nmol/L, and ACTH was <2.0 pmol/L in 56
(28%) patients.

ACTH was significantly lower in patients with cortisolpst <50 nmol/L (n=145)
compared with controls (p<0.001). ACTH <2.0 pmol/L was present in 19% of
patients with cortisolpst <50 nmol/L, and in 4% of controls (p<0.001). (Figure 3)

53% of patients with cortisolpst>50 nmol/L had ACTH <2.0 pmol/L. (Figure 4)

ACTH correlated negatively to adenoma size in patients with cortisolpst <50
nmol/L (p=0.002)

Patients were divided into four groups based on cortisolpst </>50 nmol/L, and
ACTH </= 2.0 pmol/L at inclusion. Follow-up data after two years were available
in 106 patients. Differences between groups regarding ACTH and cortisolpst were
still statistically significant at follow-up.

33



25
B Patients
207 [] Controls
c
g 157
e
10—
. i
0—
1A S 5
.9‘20.0;&(9 %oy 3, YQ‘?& .Q% %o 0)-@ 'Q‘?& %o, % Zs
o
ACTH (pmol/l

Figure 3 Distribution of ACTH in 145 patients with cortisolpost <50 nmol/L and 100 control subjects
ACTH was lower in patients than in controls (p<0.001).(67)
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Figure 4 Cortisolpstin relation to ACTH in 198 patients with adrenal adenomas

ACTH was <2.0 pmol/L in 53% of patients with cortisolost 250 nmol/L, and in 19% of patients with
cortisolpst <50 nmol/L.Cortisolonpst = cortisolpst.(67)
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Paper 11

1594 patients were enrolled in the study, 550 were excluded based on the exclusion
criteria, leaving 1044 patients in the final analysis. The median age was 64.8 years
and 59% were women.

35% of patients were smokers. Smokers were younger, had lower BMI, larger
unilateral adrenal adenomas, more often bilateral adrenal adenomas, lower ACTH,
and higher cortisolpst than non-smokers. However, smokers had a lower prevalence
of hypertension (treatment), diabetes mellitus, and treatment for dyslipidaemia than
non-smokers. (Table 1)

Smokers had a higher prevalence of cortisolpst >50 nmol/L. In patients with
unilateral adrenal adenomas, smoker’s adjusted odds ratio of having cortisolpst >50
nmol/L was 1.68 (CI, 1.21-2.33).

In the patient cohort, smoking was more prevalent in both men and women of all
age groups when compared with the general population.(68)

Table 1 Patient characteristics and comparison between smokers and non-smokers
Continous data are presented with medians and range, and chategorical data as percentages. P-values
are derived from comparison of non-smokers vs. smokers. BMI: body mass index.

@ Available in 1021 patients.
® Available in 741 patients.

¢ Available in 761 patients.(69)

All patients Non-smokers Smokers p

Numbers 1044 674 370

Women, % 59 56 64 0.009
Age, years 64.8(24.4-88.7) 66.3(24.4-88.7) 61.5(24.7-88.2) <0.0001
BMI, kg/m?2 27.4(12.8-55.2)  28.1(12.8-50.4) 26.5(15.0-55.2)  <0.0001
Bilateral adrenal adenoma, % 16 12 22 0.0001
Unilaterall adenoma size, mm 20 (10-72) 19 (10-70) 22 (10-72) 0.0002
Cortisol, nmol/L ® 473 (131-1299) 473 (131-1299) 472 (157-1244) 0.81
ACTH, pmol/L ¢ 3.1(<0.23-26.0)  3.7(<0.23-26.0) 2.0(<0.23-11.0) <0.0001
Cortisolpst, nmol/L 46 (9-487) 43 (9-487) 53 (11-449) <0.0001
Cortisolpst 250, % 45 40 54 <0.0001
Hypertension (treatment), % 52 57 44 <0.0001
Diabetes mellitus, % 19 21 15 0.017
Dyslipidaemia (treatment), % 31 35 23 <0.0001
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Paper 111

During the inclusion period, 1593 consecutive patients who met the inclusion
criteria were enrolled, of which 545 were excluded according to the exclusion
criteria, leaving 1048 patients in the study. 58.5% of patients were women, and the
median age was 64.9 years (IQR, 54.4-69.6). 575 (54.9%) patients had cortisolpst
<50 nmol/L, and 473 (45.1%) >50 nmol/L. Patients with cortisolpst >50 nmol/L
were older, had a higher prevalence of hypertension (treatment), diabetes mellitus,
and cardiovascular disease, and were more often smokers than patients with
cortisolpst <50 nmol/L. (Table 2)

During a median follow-up period of 6.4 years, 170 patients died. Results for the
primary endpoint all-cause mortality showed that when compared with cortisolpst
<50 nmol/L, cortisolpst 50-82 was not associated with increased mortality (adjusted
HR 1.17 (CI, 79-1.73)), while a cortisolpst 83-137, or >138 nmol/L was associated
with significantly increased mortality, adjusted HR 2.33 (1.53-3.53), and 2.87 (1.74-
4.74) respectively. (Table 2)

Analysis of the secondary endpoint, cause-specific mortality, showed a significantly
increased risk of cardiovascular mortality in patients with cortisolpst >83 nmol/L
compared with cortisolpst <50 nmol/L, adjusted HR 2.33 (1.27-4.28). There were
no significant differences in mortality due to cancer, infections, or other causes.

Median follow-up for the composite endpoint MACE was 5.17 years, during which
151 patients had at least 1 MACE event. Patients with cortisolpst >138 nmol/L had
a significantly increased risk of MACE (adjusted HR 2.41 (1.45-4.02)), while there
were no significant differences in patients with cortisolpst 50-82, or 83-137 nmol/L
compared with patients with cortisolpst <50 nmol/L.

The functional form of the association between cortisolpst and adjusted risk of all-
cause mortality was analysed with restricted cubic splines. The result indicates that
the association is linear, at least up to a cortisolpst level of 200 nmol/L. (Figure 5)

HR for all-cause mortality was 1.02 (0.65-1.59) in patients with ACTH <2.0 pmol/L
compared with ACTH >2.0 pmol/L. HR adjusted for sex, age, previous
cardiovascular disease, smoking, reduced kidney function, and In-transformed
cortisolpsr.
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Table 2 Patient characteristics and mortality during follow-up

Continous data are presented with medians and IQR. Reference group (ref) in mortality analysis was
cortisolpst <50 nmol/L. Hazard ratios (HR) adjusted for age, sex, smoking, previous cardiovascular
disease, eGFR <60ml/min, medical history of cancer, and diabetes mellitus.

BMI: body mass index. eGFR: estimated glomerular filtration rate.

@ Available in the 4 patient groups in 558, 268, 118, and 81 patients, respectively.

® Available in the 4 patient groups in 410, 206, 88, and 58 patients, respectively. (70)

Cortisolpsrt Cortisolpst Cortisolpst Cortisolpsr
<50 50-82 83-137 2138
nmol/L nmol/L nmol/L nmol/L
Numbers 575 272 119 82
Women, % 56.0 62.9 64.7 52.4
Age, years 62.8 65.8 68.0 69.1
(54.4-69.6) (60.6-73.9) (60.7-75.1) (61.3-74.6)
BMI, kg/m?? 28.2 26.9 27.0 25.7
(25.3-32.0) (23.7-30.8) (23.6-30.7) (21.4-29.4)
Current smoker, % 29.6 38.6 48.7 48.8
Hypertension (treatment), % 447 58.8 67.2 69.5
Diabetes mellitus, % 16.5 221 22.7 171
Cardiovascular disease, % 17.0 23.2 27.7 26.8
eGFR <60 ml/min/1.73 m?, % 8.0 19.1 21.8 25.6
Medical history of cancer, % 16.0 17.6 22.7 25.6
ACTH <2.0 pmol/L, % ° 15.9 33.0 48.9 53.4
Mortality, % (n) 10.8 (62) 17.3 (47) 31.1(37) 29.3 (24)
HR (95% CI), all-cause mortality ref 117 2.33 2.87

(0.79-1.73)  (1.53-3.53)  (1.74-4.74)
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Figure 5 Functional form of the association between cortisolpst and relative risk of all-cause

mortality
Population median of cortisolpst in the cortsiolpst <50 nmol/L group (34 nmol/L) was set as relative risk

of one.(70)
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Paper IV

In this study, 1154 patients and 3462 controls were included. (Figure 6) Controls
were well-matched, median age was 65.1 years, and 59.5% were women in both the
patient and the control group.

The median follow-up was 6.3 years (IQR, 4.3-8.7) in patients, and 6.7 years (4.7-
9.1) in controls, during which 210 (18,2%) patients and 505 (14.6%) controls died.

There was no statistically significant difference in all-cause mortality between
patients with NFAA or cortisolpst 50-82 nmol/L and their controls, adjusted HR
1.13 (0.87-1.46) and 1.13 (0.85-1.51), respectively. In patients with cortisolpst 83-
137 or >138 nmol/L, mortality was increased compared with controls, HR 1.99
(1.38-2.88) and 4.09 (2.41-6.93) respectively. (Figure 7)

In the cortisolpst 50-82 nmol/L group, interaction analysis showed a significant
interaction between the age and patient variables and all-cause mortality. Subgroup-
analysis was performed, dividing patients with cortisolpst 50-82 nmol/L and their
controls into two groups, </> 65 years of age. Results showed a significantly
increased mortality risk in patients <65 years compared with controls, HR 2.33
(1.30-4.17), while no significant difference was seen in patients > 65 years
compared with controls (HR 0.92 (0.65-1.28).

Cardiovascular mortality was increased in patients with cortisolpst 83-137 and >138
nmol/L. compared with controls, HR 1.96 (1.10-3.49) and 4.28 (1.81-10.15)
respectively. In patients with cortisolpst >83 nmol/L cancer-associated mortality
was also increased compared with controls, HR 2.01 (1.12-3.62). (Table 3)
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Patients eligible for inclusion,

n=1593

Y

Excluded
« Adrenal incidentaloma <10 mm, n=97

* Metastatic malignancy, n=59
* Non-adenoma lesion, n=75
% Pheochromocytoma, n=31

—p{+ Primary aldosteronism, n=34

* Oral glucocorticoid treatment, n=56

* Clinical Cushing syndrome, n=9

* No 1-mg dexamethasone suppression test, n=46

* Medication affecting dexamethasone metabolism, n=15
* Systemic oestrogen treatment, n=17

Included patients, Matched controls (3:1),

n=1154 n=3462

v

Study subjects,

n=4616

Figure 6 Inclusion flow diagram (71)
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Table 3 Hazard ratios for all-cause mortality and cause-specific mortality
Hazard ratios (HR) and 95% CI for patient groups compared with controls. HR adjusted for sex and
age.(71)

All-cause Cardiovascular Cancer Infection Other

mortality mortality mortality mortality mortality

HR (95% CI)

NFAA 1.13

(Cortisolpst <50 (0.87-1.46)

nmol/L)

Cortisolpst 50-82 1.13

nmol/L (0.85-1.51)

Cortisolpst 83-137  1.99 1.96 1.83 1.03 1.59

nmol/l (1.38-2.88)  (1.10-3.49) (0.93-3.61)  (0.21-5.09) (0.78-3.27)
Cortisolpst 2138 4.09 4.28 2.83 1.26 2.02
nmol/L (2.41-6.93)  (1.81-10.15) (0.88-9.09)  (0.12-13.53) (0.87-4.68)
Cortisolpst <83 1.13

nmol/L (0.93-1.37)

Cortisolpst 283 2.48 2.51 2.01 1.08 1.73
nmol/L (1.84-3.35)  (1.56-4.04) (1.12-3.62)  (0.29-4.06) (1.00-2.99)
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Discussion

The principal findings of this thesis are that ACS is an independent risk factor for
increased mortality, primarily caused by cardiovascular disease, and that the
association between mortality risk and degree of ACS seems linear. It also provides
evidence that NFAA does not seem to pose a clinically relevant risk to the affected
patients. Smoking prevalence was higher in patients with adrenal incidentalomas
than in the general population. Smoking was associated with larger adrenal
adenomas, bilateral adenomas, and ACS, which gives rise to questions on the effect
of smoking on adrenal physiology. The finding of the previously not described
group of patients with low basal ACTH and normal DST provides a possible
explanation for the limited value of ACTH in diagnosing ACS. It also raises
questions on tumour physiology of adrenal adenomas, and the notion that cortisol
secretion in ACS is solely autonomous.

Role of ACTH

Low ACTH has been suggested to indicate ACS and was often included in older
diagnostic criteria.(72, 73) However, when using cortisolpsr as the primary test for
ACS, low ACTH has been found to have limited diagnostic value.(74, 75) Results
from Paper I corroborate this, with only approximately half of patients with
cortisolpst =250 nmol/L having low ACTH. DST is in no way a perfect test and one
could argue that a high rate of false positives might cause these results. However,
this risk was limited by the exclusion criteria containing common causes of false
positive DST, such as old age, low body mass index, and reduced renal function.(76-
79) Low ACTH showed no significant association with all-cause mortality in Paper
111, further underlining its limitations.

The most interesting finding in Paper I was that an unexpectedly large group of
patients with cortisolpst <50 nmol/L had low ACTH compared with controls. The
difference between patients and controls was still significant when using a lower
cortisolpst cut-off (<40 nmol/L), indicating that the high frequency of low ACTH
was not caused by discrete cortisol hypersecretion. In patients with cortisolpst <50
nmol/L and low ACTH, the cortiso/ACTH ratio was increased, and a negative
correlation was found between adenoma size and ACTH, which implies increased
responsiveness to ACTH and that the factor behind the low ACTH is associated
with the adrenal adenoma. The hypothesis of increased responsiveness to ACTH as
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a possible explanation for the high rate of low ACTH is supported by previous
findings. Adrenal adenomas have functional ACTH receptors in increasing numbers
related to the degree of hypercortisolism. The cortisol response to ACTH
stimulation test in patients with adrenal incidentalomas has been shown to have an
inverse relationship to basal ACTH, and patients with NFAA have a stronger
cortisol response to ACTH stimulation than controls.(63, 80-83) Results in Paper I
cannot prove that increased ACTH responsiveness is the cause behind the large
group of patients with low basal ACTH, and other unidentified factors are possible.
However, regardless of cause, our findings have clinical implications.

Clinical implications

Low ACTH is frequent even in patients with adrenal incidentalomas and normal
cortisolpst. This finding provides yet another explanation of the limited diagnostic
value of ACTH. If low ACTH is used as a diagnostic marker for ACS, it could lead
to both false positives and negatives. False positive in the case of a patient with low
ACTH and falsely elevated cortisolpst due to, for example, fast dexamethasone
metabolism. False negative in the case of a patient with ACS not resulting in a
suppression of the HPA-axis.

Repeat DST in some form is already recommended in patients with cortisolpst >50
nmol/L.(21) Based on findings in Paper I, patients with cortisolpst >50 nmol/L
should undergo simultaneous measurement of dexamethasone during repeat DST,
or if this assay is not available undergo a 48-h DST (0,5 mg dexamethasone four
times daily for 48 h) to ensure adequate suppression of the HPA-axis during DST,
reducing the rate of false positives.(84, 85) This is especially important in patients
with low basal ACTH.

While ACTH has a limited role in diagnosing ACS it is still important in evaluating
a patient with an adrenal incidentaloma, not least in the differential diagnostics of
Cushing’s disease. ACTH should be measured both before and after DST. In
patients with basal ACTH in the normal range, ACTH after DST can be used to
assess HPA-axis suppression during the test. A low ACTH after DST (<0,6 pmol/L)
indicate adequate HPA-axis suppression and makes the DST result reliable, after
considering other sources of error.(86)

Smoking

The prevalence of smoking was high in patients with adrenal incidentalomas. In
Paper II we observed that patients with adrenal incidentalomas were more often
smokers compared with the general population regardless of sex or age group.
Smoking was associated with larger adrenal adenomas, bilateral adenomas,
cortisolpst =50 nmol/L, and low ACTH. Inference regarding causality cannot be
made from a cross-sectional study, but the findings raise several interesting
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questions. The most obvious is if smoking is a risk factor for developing adrenal
adenomas. While smoking is a well-established risk factor for developing malignant
tumours there are no previously published data on a possible link to adrenal
adenomas. A few studies indicate that smoking is associated with benign tumours
in other organs, such as thyroid, colon, and parotid.(87-89) An effect of smoking on
the HPA-axis, is on the other hand, reported in numerous papers. Cortisol levels are
reported to be higher in smokers, often measured by repeated samples of saliva
cortisol during the day.(90, 91) Smoking, and more precise nicotine, leads to HPA-
axis activation through the hypothalamus, even if the exact mechanism is
unclear.(92) Additionally, evidence suggests that nicotine might have a direct
stimulatory effect on steroidogenesis in the adrenal cortex.(93) Some evidence also
suggests that smoking leads to activation of the sympathetic nervous system.(92,
94) The latter could be of importance since increased activity in the splanchnic
nerve, innervating the adrenal medulla, have been shown to increase ACTH
sensitivity in adrenocortical cells in rats.(95) If this is the case in humans, it could
explain the association between smoking and low ACTH observed in Paper II. It
might also partially explain the large group of patients with low ACTH and
cortisolpst <50 nmol/L identified in Paper I. However, it does not explain the
association between smoking and cortisolpst =50 nmol/L. Studies on DST in
smokers are few and results are conflicting.(96, 97) Neither is there evidence that
smoking affects dexamethasone metabolism.(84, 98) Taken together this might
signify that smoking is a risk factor for ACS by mechanisms yet to be revealed.

Mortality risk associated with ACS

Cortisol hypersecretion in ACS is continuous. Even though the association between
mortality risk and ACS had been indicated in previous studies, (56-58) questions
remained on at what magnitude ACS becomes clinically relevant.(59, 60, 99) In
Paper III we aimed to explore this question. In contrast to previous studies, we
analysed mortality at three different levels of ACS. Cortisolpst cut-off levels were
selected based on prior studies indicating cardiometabolic risk at these levels.(21,
41, 100) Results showed that patients with discrete ACS (cortisolpst 50-82 nmol/L)
did not have an increased mortality risk, while the risk was increased twofold in
patients with cortisolpst 83-137 nmol/L, and threefold in patients with cortisolpst
>138 nmol/L compared with patients with cortisolpst <50 nmol/L. Analysis of the
functional form of the association between cortisolpst and mortality risk revealed a
linear association, further strengthening the notion of a dose-dependent response.
The increased mortality risk seems to be driven by an increased risk of
cardiovascular disease. Patients with cortisolpst>83 nmol/L exhibited a higher risk
of cardiovascular mortality, and those with cortisolpst >138 nmol/L showed an
increased risk of major adverse cardiovascular events (MACE).
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All studies on mortality risk in patients with ACS have used patients with NFAA
(cortisolpst <50 nmol/L) as the reference group, thus providing limited information
regarding the potential risk associated with NFAA.(56-58, 70, 101) The question of
potential risks associated with NFAA has come into focus following studies giving
indirect evidence of increased cardiometabolic risk in patients with NFAA.(62)

Paper IV presents results of a matched cohort study designed to investigate this
question. Results showed no increase in mortality risk in patients with NFAA, nor
cortisolpst 50-82 nmol/L, compared with matched controls. While this does not
exclude that a difference exists, we deem the large number of included patients and
controls to provide sufficient power to detect a clinically relevant difference
between groups.(102-104) The many metabolic alterations reported in patients with
NFAA might still be associated with discrete cortisol hypersecretion given the
continuous nature of ACS. However, the results from Paper IV suggest that these
alterations do not entail a clinically relevant increase in mortality.(63, 105-108)

All-cause mortality, as well as cardiovascular and cancer-associated mortality, were
increased in patients with cortisolpst >83 nmol/L compared with controls. The
association between ACS and cancer-related mortality has been shown in one
previous study.(58) Several mechanisms could support this relationship. Systemic
glucocorticoid treatment has been linked to an increased risk of several cancers in
humans, possibly through an anti-apoptotic effect involving the glucocorticoid
receptor.(109-115) Alterations in endogenous cortisol regulation have been
associated with cancer-related mortality, tumour progression, and cancer relapse in
humans. However, whether these observations signify a causative role of cortisol
regulation in tumour progression in humans remains to be clarified.(116, 117)

Results of Paper IV also suggest that there might be an age-related disparity
regarding the risk associated with ACS. In the cortisolpst 50-82 nmol/L group,
patients <65 years of age had increased mortality risk, while no increase in risk was
observed in patients >65 years compared with controls. This may infer that ACS
cause more severe consequences in younger patients. The HPA-axis is subject to
changes related to aging; cortisol levels increase, the diurnal variability is decreased,
and the HPA-axis responsiveness is altered.(118) Hypothetically this could explain
a more severe phenotype of ACS in younger individuals. The signal of age-related
disparity partly supports previous findings of research in a large multicentre study,
suggesting that especially women under the age of 65 years with ACS are at
increased risk of excess mortality.(101) However, conclusions drawn from sub-
group analyses should be made with caution.

The study populations in Paper III and IV consisted of consecutively included
patients from two hospitals in southern Sweden. Sweden has a universal healthcare
system, and the study sites covered all inhabitants in the catchment areas of each
hospital. These factors minimize the risk of selection bias and render strong external
validity. Patients were grouped according to prespecified levels of cortisolpst, and
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cortisol was analysed using the same assay in all patients during the entire study
period. Due to the study design, there is a risk of unmeasured bias. However,
sensitivity analysis of the observed association between ACS and all-cause
mortality in Paper III showed that it is unlikely that an unmeasured confounder
would explain the findings. The primary outcome, all-cause mortality, was based on
data obtained from the Cause of Death Register, which is more than 99%
complete.(119) In Paper IV, controls were matched for residency, reducing the
potential influence of socioeconomic factors.(120) Taken together, we consider the
main results from Paper III and IV to have high internal validity.

The results from Paper III add to previous evidence of an association between ACS
and mortality risk and provide evidence that ACS is an independent linear risk factor
for mortality, the risk becoming clinically relevant at cortisolpst>83 nmol/L. Paper
IV shows that NFAA does not seem to pose a clinically relevant risk to the afflicted
patients and confirms that cortisolpst>83 nmol/L seems to be a relevant threshold.

Clinical implications

Patients with ACS should be regarded as having high cardiovascular risk. Until
specific treatment for ACS is available, patients should be offered lifestyle
intervention and pharmacological treatment of classical cardiovascular risk factors.
Intervention should be aimed at patients who benefit most, namely those with
cortisolpst>83 nmol/L and younger patients with cortisolpst 50-82 nmol/L. Patients
with NFAA should be given a reassuring message and do not need any follow-up.

However, data implies that patients with ACS probably have a residual increase in
risk even after optimal treatment of risk factors such as hypertension and diabetes
mellitus.(51) This residual risk can be suspected to be linked to specific cortisol
effects. The effect of cortisol excess on, for example, myocardial cells has shown to
be associated with more severe fibrosis and more pronounced hypertrophy in
patients with cortisol excess compared with blood pressure matched controls.(12)
This highlights the need for intervention studies specific to ACS. So far, studies on
adrenalectomy are few and conflicting, and specific pharmacological treatment,
while promising, is still in its infancy.(121-126) At present we are referred to
treatment of known risk factors, and it is not possible to make a general
recommendation on which patients might benefit from adrenalectomy. A
multidisciplinary team still needs to make recommendations for surgery on an
individual basis. However, the evidence of ACS being an independent linear risk
factor for increased mortality should be considered in the decision-making.
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Limitations

Paper I was a retrospective cohort study, a design accompanied by the risk of
unmeasured bias. As discussed, smoking might be such a factor and to better
elucidate this, controls matched for smoking habits would have been beneficial. The
study provides indirect evidence that increased responsiveness to ACTH might
explain the large group of patients with low ACTH and normal DST. This
hypothesis could have been tested by performing an ACTH stimulation test.

In up to 10% of the population, adequate levels of dexamethasone are not achieved
during the DST. This can be caused by, for example, rapid metabolism of
dexamethasone due to a polymorphism in the cytochrome P450 system or variable
gastrointestinal absorption, which can result in a false positive DST.(84, 85, 127,
128) This potential source of error was not checked for in Paper 1. This can be done
by simultaneous measurement of dexamethasone during DST. However, even after
considering this, an ACTH in the normal range does not let us exclude the presence
of ACS in a patient with cortisolpst >50 nmol/L.

The main limitation of Paper II is the lack of information on former smoking,
duration, and dose of smoking, which hampered the analysis of the association
between smoking and adrenal incidentalomas with and without ACS. As previously
mentioned, the cross-sectional design does not allow inference on causality, and the
observations in Paper II could be caused by case selection. Smoking is
accompanied by co-morbidity, and as a group, smokers probably undergo
radiological imaging more often than non-smokers, possibly leading to a higher
detection rate of adrenal incidentalomas in smokers. If ACS and smoking have
synergistic detrimental effects on co-morbid conditions their coexisting might also
lead to an increased detection rate in affected patients.

The diagnosis of ACS was based on results from one DST with the risk of a
proportion of patients with ACS being false positives. In Papers III and IV this
would lead to underestimating the risk associated with ACS. Length of follow-up
limits inference regarding risks associated with ACS beyond the scope of
approximately ten years. When interpreting results of the secondary endpoints in
Papers III and IV, one should be aware that the specific cause of death reported in
the Cause of Death Register and diagnosis in the Inpatient Register is inaccurate in
up to 20% of cases.(119, 129, 130)

Patients referred to the study sites were consecutively included but it is possible that
the frailest patients with adrenal incidentalomas were not referred, which would lead
to referral bias. Since controls were collected from the general population without
respect to comorbidities this might result in patients having a healthy entrant effect
in Paper IV. However, results from post hoc analysis, excluding patients and
controls with observation time shorter than 12 and 24 months, did not differ
significantly from the main results.
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Conclusion

This thesis provides evidence that ACS is a linear independent risk factor for
increased mortality, and the risk seems to become clinically relevant at cortisolpst
>83 nmol/L. On the other hand, the presence of an NFAA does not pose a relevant
risk. The DST is the only test to repeatedly demonstrate a significant correlation
between results and mortality risk that is of clinical value. Smoking seems more
prevalent in patients with adrenal adenomas and is associated with adenoma size,
bilateral adenomas, and ACS.

The clinical implications are that patients with ACS should be viewed as having
high cardiovascular risk and vigilance is recommended based on the signal of a
potential link between ACS and cancer. Follow-up and treatment of classical
cardiovascular risk factors are recommended, especially in patients with cortisolpst
>83 nmol/L and younger patients with ACS. Knowledge of the risks associated with
ACS should be considered when discussing surgical intervention. Patients with
NFAA can be given a reassuring message and is not to be put through follow-up.

Future perspective

Findings in the thesis raise new questions, such as a possible link between smoking
and both adrenal tumour genesis and ACTH responsiveness. An important question
for future research is whether ACS is involved in cancer genesis and progression.

The substantial body of evidence of ACS being a dose-dependent risk factor for
morbidity and mortality highlights the need for intervention studies. The most
pressing question for clinicians seeing patients with ACS is what treatment to offer.
As previously described, available studies on adrenalectomy offer little guidance.
Current guidelines advocate that adrenalectomy could be an option in patients with
ACS and co-morbidities that can be referred to hypercortisolism, such as diabetes
mellitus.(21) However, it is not certain that patients with ACS without co-
morbidities would not benefit from surgery. In Cushing’s syndrome, disease
duration is associated with overall mortality and morbidity risk, and early treatment
is recommended to decrease residual risk after remission.(12) If this is true also in
ACS is uncertain but further emphasises the pressing need for intervention studies.
I believe that international collaboration is required to complete a study on
adrenalectomy in patients with ACS, which would provide clinically relevant
outcome data within a reasonable time frame.
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