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The adrenal glands

The adrenal glands are endocrine organs situated in the retroperitoneum just above 
the kidneys (Figure 1). They consist of two histologically distinct parts, each with 
its own specific function. The outer layer, the adrenal cortex, is embryologically 
derived from the mesoderm and is able to synthesize and secrete steroid hormones. 
The inner part of the adrenal gland, i.e. the adrenal medulla, originates from the 
neural crest and consists of chromaffin cells which have the capacity to produce 
catecholamines, namely epinephrine, norepinephrine and dopamine.

Figure 1: Anatomy of the adrenal glands.

By courtesy of Encyclopaedia Britannica, Inc., copyright 2010; used with permission
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Steroidogenesis

The adrenal cortex consists of three histological distinguishable zones. A distinct 
class of steroid hormones is synthesized in each zone, i.e. mineralocorticoids, 
glucocorticoids and sex steroids in the zona glomerulosa, zona fasciculata and 
zona reticularis, respectively. Biosynthesis of these hormones is a complex but 
extensively studied process in which cholesterol, the building brick of steroid 
hormones, is converted through a series of specific enzymatic steps into active 
hormones (Figure 2) (1,2).

 
Secreted steroid hormones exert their function in 

various target tissues and are involved in many physiological processes such as the 
regulation of fluid and electrolyte balance, intermediate metabolism and, immune 
and stress responses (3).

Figure 2: Schematic representation of steroidogenesis.

Figure from: Krone et al. J Steroid biochem Mol Biol 2010.

Steroidogenesis can be comprehensively evaluated using urinary steroid profiling 
(4,5).

 
This chromatography-based technique, in which a wide variety of steroid 

hormone metabolites are measured in a 24 hour urinary sample, has been in use 

1
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and continuously improved since the 1960s. The clinical application of urinary 
steroid profiling is mainly to detect disorders that disturb steroidogenesis such as 
inborn steroid biosynthetic enzyme deficiencies, licorice- induced hypertension 
and hirsutism (5,7).

 
Notably, recent studies suggest that urinary steroid profiling is 

able to discriminate between benign and malignant adrenal cortical tumors (8,9).

Whilst urinary steroid profiling measures the output of steroidogenesis, the input 
of steroidogenesis, which can be conceptualized as cellular influx of cholesterol 
into the steroidogenic cell and subsequent trafficking to the mitochondria for 
further processing, is understood mostly from inferential evidence (10).

 
Circulating 

lipoproteins are believed to be a major source of cholesterol for steroidogenesis 
(11-13).

 
This is mainly supported by the attenuated adrenal function in both 

humans and rodents with genetically determined abnormalities in lipoprotein 
synthesis or receptor mediated metabolism (14,15).

 
The extent to which low density 

lipoproteins (LDL) and high density lipoproteins (HDL), lipoproteins that carry most 
of the cholesterol in the blood, contribute to steroidogenesis has been a matter 
of debate.

Diagnostic strategies in adrenal tumors

Tumors originating from the adrenal gland have a wide variety of etiologies 
including benign and malignant disorders originating from either the adrenal 
cortex or adrenal medulla (16,17). In addition, extra-adrenal malignant tumors can 
metastasize to the adrenal glands. Both adenomas and adrenocortical carcinomas 
can autonomously produce excessive amounts of one or more classes of steroid 
hormones. For example, overproduction of cortisol results in Cushing’s syndrome 
and overproduction of aldosterone in primary aldosteronism. Tumors originating 
from the adrenal medulla are called pheochromocytomas and have the capacity 
to synthesize excessive amounts of catecholamines (18). Hormonal hypersecretion 
as well as adrenocortical carcinoma is associated with significant morbidity and 
mortality and these diagnoses should not be missed as most patients benefit from 
swift treatment, usually by surgical resection of the adrenal tumor (19-22). In case 
of a non-producing benign adrenal tumor follow-up is usually instituted.

A significant proportion of adrenal tumors is detected incidentally during imaging 
procedures performed for reasons not related to evaluation of the adrenal gland. 
These serendipitously discovered tumors are called adrenal incidentalomas. 
Radiological studies report a prevalence of 3-10% of adrenal incidentalomas with 
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the highest rates among the elderly (23,24). Guidelines on the management of 
adrenal incidentalomas recommend to evaluate whether hormonal hypersecretion 
is present by performing biochemical tests and if the adrenal incidentaloma is 
benign or malignant using imaging techniques (Figure 3) (16,17).

The biochemical analysis encompasses a 1 mg dexamethasone overnight 
suppression test to rule out autonomous cortisol production, assessment of the 
plasma aldosterone-renin ratio to evaluate primary aldosteronism (in hypertensive 
patients only), and measurement of plasma or urinary metanephrines (the 
O-methylated metabolites of catecholamines) to rule out pheochromocytoma.

Figure 3: Flowchart of the management of patients with an adrenal incidentaloma.

HU: Hounsfield Units, DST: Dexamethasone Suppression Test.

A diagnostic test with a high overall diagnostic accuracy to discriminate between a 
benign and malignant adrenal lesion is currently lacking. Therefore risk assessment 
is performed based on CT-phenotype. Unenhanced CT-scanning is primarily used 
to classify the tumor as either benign or of uncertain etiology (17).

 
The attenuation 

value, measured on an unenhanced CT-scan, reflects the X-ray intensity relative to 
water and is able to differentiate between various tissues in the body (25). Adrenal 

1
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tumors with an unenhanced attenuation ≤10 Hounsfield Units (HU) are usually 
considered benign adenomas. Adrenal tumors with an attenuation value >10 HU 
cannot be classified as benign with certainty. A recent meta- analysis demonstrated 
that the 10 HU threshold has a sensitivity and specificity of 100% (95% CI: 91-100%) 
and 72% (95% CI: 60-82%), respectively (26). However, these numbers are based 
on only two studies with a total sample size of 41 cases.

In general, the adrenal incidentaloma population is characterized by a low 
prevalence of clinically relevant disease. Eventually, more than 70% of patients 
is diagnosed with a benign, non-functioning adenoma (17).

 
Establishing this 

diagnoses requires repeated diagnostic testing with suboptimal diagnostic 
accuracy leading to a significant impact on healthcare resources, a high patient 
burden including potential anxiety. Remarkably there is still a lack of large high-
quality prospective studies in this field and, therefore, the evidence based strength 
of most recommendations in the most recent guideline issued by the European 
Society of Endocrinology/European Network for the Study of Adrenal Tumors 
is either graded as low or very low (17).

 
This implies that the optimal diagnostic 

strategy is still under debate. Improvement of diagnostic strategies should be 
considered very relevant, particularly in view of the vast number of potential 
patients due to the ever increasing application of imaging techniques (27).

Pheochromocytoma, sympathetic paraganglioma 
and hemodynamic instability

Pheochromocytomas, by definition originating from the adrenal medulla, 
have a histopathologically and functional counterpart that originates from the 
extra-adrenal sympathetic paraganglia. These sympathetic paragangliomas 
are mainly located paravertebral in the thorax, abdomen and pelvic region. 
Pheochromocytomas and sympathetic paragangliomas (PPGL) are considered to 
represent the same biological entity. PPGL have the capacity to produce excessive 
amounts of catecholamines (28).

In normal physiology, norepinephrine acts as a postsynaptic neurotransmitter 
of the sympathetic nervous system by activating α-adrenergic receptors located 
directly on the target tissue. Upon sympathetic stimulation both norepinephrine 
and epinephrine are also released from the adrenal medulla into the circulation 
where they exert their effect through stimulation of α- and β-adrenergic receptors. 
Importantly, the interaction between catecholamines and their receptors plays a 
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major role in the regulation of vascular tone and cardiac function (29).

Continuous or paroxysmal hypersecretion of catecholamines by PPGL is associated 
with severe cardiovascular morbidity and increased mortality (19,30).

 
Surgical 

resection of the tumor offers the only curative treatment. However, surgery is 
considered a potentially hazardous procedure in these patient since many factors, 
such as anesthetic drugs, tracheal intubation or tumor manipulation, are known 
to evoke a sudden increase in catecholamine secretion (29).

 
This can result in 

hemodynamic instability characterized by large variations in blood pressure 
and heart rate which seriously enhance the risk of cardiovascular complications. 
Treatment prior to PPGL resection with an α-adrenergic receptor blocker that 
inhibits the α-receptor mediated vasoconstrictive effects of catecholamines has 
been part of routine medical care for decades and it is believed pretreatment has 
contributed significantly to the improvement of patient outcome (31).

 
Two frequently 

prescribed drugs for this purpose are phenoxybenzamine, a nonselective and 
noncompetitive α1- and α2- adrenergic receptor blocker, and doxazosin a selective 
and competitive α1-adrenergic receptor blocker. Previous studies comparing 
these drugs have yielded contradictory results regarding the duration and the 
magnitude of blood pressure deviation outside a certain target range as primary 
outcome measure (32-35). However, all studies thus far are seriously biased by a 
retrospective design, unstandardized pretreatment protocol and the lack of a 
standardized intraoperative management protocol to control hemodynamic 
fluctuations. The latter is an important factor to consider since anesthesiologists 
actively influence hemodynamic variables by the administration of vasoactive drugs 
and intravenous fluids. Moreover, it has been shown that deviation of blood pressure 
and heart rate from normal levels as well as the amount of vasoactive drugs that 
is administered intraoperatively to correct these deviations are associated with 
adverse postoperative outcome (31,36,37). Therefore, both hemodynamic deviations 
as well as corrective interventions should be considered as relevant markers of 
hemodynamic instability. A clinical tool to quantify the degree of hemodynamic 
instability by incorporating both factors is currently unavailable.

Aims and outline of the thesis

The aim of the present thesis is to improve diagnostic strategies that intend to 
differentiate clinically relevant adrenal tumors from those without clinical consequence 
and to optimize preoperative treatment for controlling intraoperative hemodynamic 
instability in patients with a pheochromocytoma or sympathetic paraganglioma.

1
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Steroidogenesis is likely to be disrupted in adrenocortical carcinomas due to 
dedifferentiation. Retrospective studies suggested that urinary steroid profiling 
is able to detect disrupted steroidogenesis and might therefore be used to 
discriminate between benign and malignant adrenal lesions (8,9).

 
Factors such 

age and sex are also known to influence steroidogenesis and might confound the 
diagnostic accuracy. In Chapter 2 we described the validation of urinary steroid 
profiling using a novel gas chromatography with tandem mass spectrometry 
detection method (GC-MS/MS). Additionally, the influence of age, sex and oral 
contraceptive use on steroid profiling was determined and reference intervals 
were defined to enhance diagnostic accuracy. Previous studies suggested that 
steroidogenesis is altered in subjects with genetically determined low plasma 
HDL-C but the results of different studies are contradictory (13,38).

 
However, 

little is known about the relationship between circulating lipoproteins and 
steroidogenesis in the general population. These observations prompted us 
to explore the relationship between total glucocorticoid production using a 
GC-MS/MS method and plasma HDL-C in a cross-section study involving 240 
healthy subjects from the general population as described in Chapter 3. We 
hypothesized that total glucocorticoid production would be decreased in subjects 
with low HDL-C levels. In Chapter 4 we presented the measurements of circulating 
lipoprotein concentrations in blood samples taken from the adrenal vein and 
inferior vena cava during adrenal venous sampling procedures in patients with 
primary aldosteronism. We hypothesized that uptake of circulating lipoproteins 
in the adrenal gland could be estimated using this model.

Reliable information on the incidence of various etiologies is needed for 
optimization of diagnostic strategies in adrenal tumors. The sensitivity of 
biochemical and imaging techniques to detect PPGL has improved substantially 
and this is likely to affect the detection rate of these tumors (39-41).

 
In Chapter 5 

we investigated the annual incidence of pheochromocytoma and sympathetic 
paraganglioma in the Netherlands between 1995 and 2015. Additionally we 
assessed trends in incidence by comparing our results with historical numbers 
derived from a systematic review of the literature. Further improvement of 
diagnostic strategies to distinguish between clinically relevant adrenal tumors 
from those without clinical consequence can be achieved by incorporating new 
diagnostic modalities, such as urinary steroid profiling, or by extending the 
application of already performed diagnostic tests. For example, small-sized studies 
have suggested that pheochromocytomas are characterized by an attenuation 
value >10 HU on unenhanced CT-scanning and that biochemical testing might 
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thus be obviated in patients with an attenuation value ≤10 HU. Therefore, in 
Chapter 6 we examined the diagnostic accuracy of unenhanced CT scanning 
to exclude a pheochromocytoma in case of adrenal tumor. Data were collected 
retrospectively in several Dutch centers and included central revision of all CT-
scans. In Chapter 7 we conducted a meta-analysis on the same topic to confirm 
the diagnostic accuracy of unenhanced CT-scanning in an unprecedented large 
number of pheochromocytomas. Additionally, we performed a cost evaluation of 
a newly proposed diagnostic strategy in which biochemical testing to rule out a 
pheochromocytoma would only be performed in patients harboring an adrenal 
incidentaloma with an unenhanced attenuation value >10 HU.

Preoperative treatment of patients with PPGL is routinely instituted to prevent 
cardiovascular complications. To accomplish this aim clinicians strive to maintain a 
stable perioperative hemodynamic course. Evaluation of hemodynamic instability 
as a reliable outcome measure requires complex integration of many factors that 
are considered to represent a part of the hemodynamic instability spectrum. 
Currently, a tool for comprehensive assessment of hemodynamic instability 
is lacking. In Chapter 8 we described the development and validation of a 
scoring method that rates the degree of hemodynamic instability. This so called 
hemodynamic instability score (HI-score) incorporates hemodynamic variables as 
well as applied interventions to correct hemodynamic variables. We conducted the 
very first randomized controlled trial that compares the efficacy of preoperative 
treatment with two commonly used α-adrenergic receptor blockers in patients 
with PPGL. The result are described in Chapter 9.

1
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