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Introduction
Primary aldosteronism (PA) was first described by J. W. Conn in 
1955 [1]. Since then it has been considered as the most common 
and mostly treatable cause of endocrine hypertension [2]. PA is 
caused by autonomous aldosterone production from the adrenal 
glands, independently of the renin-angiotensin system (RAS), 
mainly by an adrenal adenoma or bilateral adrenocortical hyper-
plasia [3, 4]. Aldosterone exerts its predominant genomic actions 
in the epithelial cells of the distal convoluted tubules of the kidney 
[5], after binding the cytoplasmic/nuclear mineralocorticoid recep-
tor (MR), causing retention of sodium and water. Through this 
mechanism, as well as by activating the sympathetic nervous sys-
tem directly, aldosterone excess causes hypertension. In addition, 
aldosterone excess itself in the context of excess sodium, promotes 
chronic tissue inflammation, causing fibrosis in vital organs, such 

as blood vessels, heart and kidney, and leading to cardiac arrhyth-
mias, myocardial infarction, stroke, and renal failure [6–14].

The current standard practice for the diagnosis of PA is to initial-
ly apply a screening test, using the calculation of basal aldoster-
one-to-renin ratio (ARR), followed by a diagnostic test to confirm 
or exclude autonomous aldosterone secretion, such as the oral so-
dium loading test, saline infusion test (SIT), fludrocortisone sup-
pression test (FST), or captopril challenge test [15]. Using current 
methodology, the estimated prevalence of PA ranges from 4.6 to 
16.6 % [16–21]. However, recent studies from our department, 
using the modified saline loading diagnostic tests FDST (fludrocor-
tisone-dexamethasone suppression test) or D-SIT (post dexameth-
asone saline infusion test), have shown that the prevalence of PA 
in unselected patients with presumed idiopathic hypertension is 
approximately 30 % [22, 23]. This discrepancy from earlier studies 
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Abstr ACt

Primary hyperaldosteronism (PA) is a well-known cause of hy-
pertension although its exact prevalence amongst patients 
with apparent essential hypertension has been a matter of 
debate. A number of recent studies have suggested that mild 
forms of PA may be relatively common taking into considera-
tion factors that were previously either overestimated or ig-
nored when developing diagnostic tests of PA and when apply-
ing these tests into normotensive individuals. The performance 
characteristics and diagnostic accuracy of such tests are sub-
stantially increased when the adrenocorticotrophin effect, in-
appropriate potassium levels and their application in carefully 
selected normotensive individuals are considered. In the pres-
ent review, we critically analyze these issues and provide evi-
dence that several, particularly mild, forms of PA can be effec-
tively identified exhibiting potentially important clinical 
implications.
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is due to the use of different diagnostic methods, the selection cri-
teria of the study population and the severity of hypertension of 
the patients included in different studies [16–19]. Furthermore, in 
daily practice besides the different assay methods used there also 
exists a wide range of different cut-offs of ARR, leading to the de-
mand of Endocrine Society Guideline for ‘individual’ values for PAC, 
renin concentration/PRA, and ARR of laboratories. Despite this gen-
eral consideration, the real underlying reasons for such a large dis-
crepancy regarding the prevalence of PA have never been searched 
in a systematic way and remain unclear. This long-lasting challenge 
led us to an extensive scrutiny of the international literature. To our 
surprise, there were at least five different factors leading to a sig-
nificant underestimation of PA prevalence in hypertension, which 
were either ignored or underestimated.

Unaccounted Adrenocorticotrophin (ACTH) 
Effect on Aldosterone Secretion
It is generally accepted that the main regulators of aldosterone se-
cretion are the RAS and serum potassium levels, whereas ACTH is 
thought to exert a relatively minor effect. However, in a recent 
study we identified a group of hypertensive patients with apparent 
essential hypertension without PA (FDST-negative) that exhibited 
an exaggerated acute aldosterone response to ultra-low ACTH 
(0.03 μg) stimulation or a treadmill test, three times higher com-
pared to a group of normotensive controls, whereas cortisol re-
sponse did not differ between the two groups [24]. Similar results 
have been reported in previous studies, where the effect of graded 
intensities treadmill exercise (corresponding to 50, 70, and 90 % of 
maximum oxygen uptake, VO2max) on aldosterone secretion was 
examined [25, 26]. A significant aldosterone response was ob-
served even with mild exercise (50 % VO2max), while the maximum 
response was observed with moderate exercise (70 % VO2max). In 
contrast, cortisol levels remained unchanged at mild exercise, while 
the maximum response was observed with severe exercise (90 % 
VO2max). These results suggest that the adrenal cortex is more ready 
to secrete aldosterone acutely than cortisol in response to ACTH 
during physical stress.

In addition, many other in vivo and in vitro studies show that 
ACTH may induce a short-lasting acute and a long-lasting effect on 
aldosterone secretion [27]. There is evidence showing that the al-
dosterone response to chronic infusion of ACTH is directly related 
to the pattern of ACTH infusion [28]. Continuous i. v. ACTH infu-
sion leads to a sustained cortisol secretion, but a short-lasting al-
dosterone response, which declines to pre-stimulation levels by 48 h. 
In contrast, pulsatile infusion of ACTH, which resembles the nor-
mal pattern of ACTH secretion, led to a prolonged aldosterone re-
sponse, which was maintained up to 72 h. As a consequence, a 
major question is raised regarding the physiologic significance of 
this acute aldosterone response to ACTH stimulation. Although a 
clear answer is not available, there are reports showing that aldos-
terone via genomic MR-mediated and/or non-genomic MR-inde-
pendent action, may affect the function of many tissues and or-
gans. Thus, it may modify the expression of several genes of the 
cardiovascular system [29], which mediate different biochemical 
phenomena, enhances the activity of the sympathetic nervous sys-
tem [30] and stimulates the activity of H + -ATPase in the acid-sec-

retary intercalated cells of isolated outer medullary collecting ducts 
and epithelial Na +  channels (ENaC) in the rat kidney [31].

These data show that ACTH, even under very mild stressful con-
ditions, as these encountered during daily physical activities or psy-
chological events, is a significant natural stimulator of aldosterone 
secretion. Therefore, ACTH should be considered in the develop-
ment of any provocative test aiming to diagnose autonomous al-
dosterone secretion. Unfortunately, in all currently employed PA 
diagnostic tests, ACTH has been largely ignored, targeted to cause 
suppression (saline loading tests) or inhibition (captopril test) of 
the RAS, as it is considered as the main strong stimulator of aldos-
terone secretion. However, in our opinion, this represents a 
long-standing systematic error, granted that the fluctuating ACTH 
levels may shift the estimated aldosterone normal cut-offs by all 
these tests upwards, leading to under-estimation of PA prevalence 
in hypertension. This is supported by the results of recent studies, 
where we used either the FDST, where 2 mg of dexamethasone 
were given at mid-night of the 4th day of the test [22], or the post 
D-SIT, where the low dose dexamethasone suppression test was 
followed by 2 Lt normal saline infusion over 4 h [23]. In both cases, 
a much higher prevalence of PA in hypertension was observed (30 
and 24 %, respectively) compared to the published figures.

Basal ARR: A widely used screening test for 
PA with high sensitivity. An untested long-
standing hypothesis
The ARR was initially described by Hiramatsu et al. in 1981 [32] and 
since then has been the most widely recommended first line 
screening test for PA. The standard procedure recommended by 
the Endocrine Society Clinical Practice Guideline [15] is to initially 
utilize the ARR ratio as a screening test aiming to identify a sub-pop-
ulation of hypertensives with suspected AAS and then to perform 
a diagnostic test to confirm or exclude the diagnosis of PA. This 
practice should be ideal if we considered the ARR a test of very high 
sensitivity, which, however, has never been validated.

The only appropriate approach to evaluate the performance 
characteristics of the ARR screening test is to identify all the PA 
cases included in an unselected population of hypertensives using 
a highly sensitive diagnostic test applied to all participants of the 
study in advance, not after the use of ARR and, therefore, regard-
less of the results of ARR screening. Although, neither of the avail-
able confirmatory tests is considered as a ‘gold standard test’ to 
discriminate PA from essential hypertensive patients reliably, there 
is only a single study that has adopted this approach of using a com-
munity-based sample of 118 Caucasian hypertensive patients [33]. 
The estimated specificity of ARR was found to vary from 71 to 84 %, 
with a concomitant sensitivity ranging from 73 to 93 %, whereas 
the prevalence of PA was found to be 13 %. The major limitation of 
this study was that the diagnosis of PA was made by measuring only 
24-h urinary aldosterone excretion, whereas the control group was 
not tested for the presence of adrenal adenomas, while the ACTH 
effect on aldosterone secretion was not considered.

However, in a recently published study where the FDST, a diag-
nostic test with very high sensitivity and specificity, was performed 
in all hypertensives, rather than those identified by the ARR ratio, 
the number of hypertensives who had PA based on an elevated 
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basal ARR ratio was significantly lower than that identified by the 
FDST (43/324 vs. 94/324) [34]. The basal ARR ratio as a screening 
test had, at 67.5 pmol/mU, an estimated sensitivity of 35 % and 
specificity of 95 %, which were, respectively, much lower and much 
higher than previously appreciated [35]. The results of this study 
clearly showed that the use of basal ARR as a screening test is one 
of the major causes leading to significant underestimation of PA 
prevalence in hypertension, as it may recognize only the minority 
of PA patients, mainly those with more severe disease, leaving un-
diagnosed the milder cases. An impressive improvement in the per-
formance characteristics of the ARR ratio was observed when the 
FDST was used, as the estimated sensitivity and specificity of the 
post-FDST ARR ratio were 100 and 97.58 %, respectively [22, 36]. 
This suggests that suppression of the stimulatory effect of both 
ACTH and renin on aldosterone secretion is required to establish 
the appropriate cut-offs and identify with high sensitivity and spec-
ificity, cases of subclinical PA among hypertensives.

Normotensive Controls Recruitment
The recruitment of appropriate controls is essential and necessary 
to define reliable normal cut-offs for any diagnostic test. Unfortu-
nately, this does not seem to apply to the determination of the nor-
mal cut-offs of either the screening or the diagnostic tests for PA, 
as these cut-offs in all published studies have been obtained from 
apparently normal controls recruited using clinical criteria (normal 
blood pressure and serum potassium levels) alone, without imag-
ing studies of the adrenal glands. However, approximately 5–10 % 
of patients undergoing imaging of the abdomen for non-adrenal 
related diseases harbor incidentally detected, clinically inapparent 
adrenal masses [37]. The great majority of these masses are benign 
adrenal adenomas, which in a significant proportion exhibit auton-
omous aldosterone secretion [23, 36].

A recent study revealed that 7 out of 79 (8.8 %) normotensive 
individuals who served as controls had a single adrenal adenoma 
on abdominal computerized tomography (CT) [22], whereas four 
of them had also PA, as their post-FDST aldosterone levels were sig-
nificantly higher, ranging from 82 to 168 pmol/l, compared with 
the cut-off level of 74 pmol/l obtained from individuals with nor-
mal adrenal imaging [22]. In another recent study, where the pat-
tern of aldosterone secretion in patients with adrenal incidentalo-
mas with and without arterial hypertension was tested, we showed 
that 12 % of the patients with normal blood pressure exhibited sig-
nificant autonomous aldosterone secretion [36]. Furthermore, 
there are strong pieces of evidence suggesting that PA may also be 
present in pre-hypertension, in normotensive individuals without 
adrenal adenomas, which is extensively discussed in a recent re-
view [16]. However, it is worth to mention a recently published pro-
spective study, where 13 from 100 recruited normotensive con-
trols with normal adrenal imaging had PA by their post-FDST aldos-
terone levels and ARR, which ranged from 100 to 360 pmol/l and 
from 30 to 85 pmol/mU, respectively (▶Fig. 1), values much high-
er than those of 67 controls without PA, who remained normoten-
sive after a follow-up period of 7 years [38]. It was interesting that 
11 (85 %) of these 13 controls with PA developed hypertension com-
pared with only 20 of the 87 (23 %), who had normal aldosterone 
suppression to FDST (odds ratio: 18.42, 95 % confidence interval: 

3.76–90.10, p < 0.0001). Similar results were reported in recent 
studies by Baudrant et al. and Brown et al. where autonomous al-
dosterone secretion was detected in 14 and 11 % respectively of 
normotensive populations [39, 40]. These data suggest the adop-
tion of strict selection criteria for any control group used to define 
normal cut-offs for PA, by recruiting individuals with long-standing 
normal BP and normal adrenal imaging. Search of the literature re-
vealed that such criteria have never been adopted by any of the 
published studies so far. Thus, it is quite possible that the popula-
tions regarded as ‘normal controls’ in these studies may include 
normotensive PA participants with or without adrenal adenomas, 
who therefore may have shifted the aldosterone and ARR normal 
cut-offs upwards, leading finally to underestimation of the overall 
prevalence of PA in patients with hypertension.

A potential issue on using these tests could arise in populations 
with substantially low renin levels such as in certain Afro-American 
ethnicities. In such cases adequately selected controls may be  
need to define the range of upper normal limits that need to be 
considered.

▶Fig. 1 Histograms of post-FDST aldosterone levels and ARR in 100 
normotensive controls with normal imaging of adrenal glands. 
Thirteen controls had both post-FDST aldosterone levels and ARR 
compatible with autonomous aldosterone secretion.
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Hypokalemia-induced Saline Loading Tests
It is well known that potassium is a natural regulator of aldosterone 
secretion, even under small changes of its serum levels within the 
normal range [41, 42], whereas hypokalemia is a strong inhibitor 
of aldosterone synthesis mainly by a direct action on adrenal cor-
tex [43]. It is, therefore, obvious that serum K +  levels can directly 
affect the diagnostic accuracy of any available screening or diag-
nostic test for PA. That is why, it is fundamental to recommend that 
the serum K +  levels must be kept strictly within the normal limits 
during these tests [4, 15]. This concerns in particular all diagnostic 
tests targeting suppression of RAS by saline loading (FST, FDST, SIT, 
D-SIT), during which a significant reduction in serum K +  levels is 
often observed, despite simultaneous oral potassium administra-
tion. Although it is well characterized, the effect of serum K +  on 
the diagnostic accuracy of saline loading tests has never been val-
idated, mainly because of the lack of alternative diagnostic tests 
for PA with high diagnostic accuracy to compare with. However, 
this has been validated in only a single recent study, where an over-
night, of high sensitivity and specificity, screening and diagnostic 
test for PA based on pharmaceutical blockade of ACTH and RAS 
with dexamethasone, captopril and valsartan (DCVT) [44], was 
compared with the FDST which, in contrast, is based on suppres-
sion of RAS by oral sodium loading. This study showed that the ef-
fect of FDST and DCVT on serum K +  levels was of particular impor-
tance. FDST induced a significant decrease in serum K +  levels in 
both essential hypertensive (EH) patients and PA patients. By con-
trast, DCVT induced a small but significant increase in serum K +  
levels, within the normal range, in EH patients, whereas the test did 
not affect serum K +  levels in patients with PA (▶Fig. 2). FDST failed 
to diagnose PA in four patients, who were considered to have the 
disease, as they presented with treatment-resistance hypertension 
under therapy with two to three antihypertensive drugs, sponta-
neous hypokalemia, suppressed renin levels and kaliuresis, while 
all of them normalized their blood pressure after administration of 
spironolactone or eplerenone. In contrast, DCVT diagnosed severe 

PA in all four patients. It is interesting that only these four patients 
among the tested hypertensives completed the FDST with signifi-
cant hypokalemia (K +  levels: 2.5–3.1 mEq/l) and, therefore, low 
potassium could be implicated for the FDST failure to diagnose PA 
in these four cases. These results show that hypokalemia may in-
duce severe blockade of aldosterone biosynthesis, affecting the 
sensitivity of saline loading tests.

Validation of diagnostic test for PA using 
aldosterone levels alone
The current method to evaluate the diagnostic tests of PA is based 
on the estimation of the post-test aldosterone levels alone, with-
out consideration of the concomitant renin levels. This is a 
long-standing erroneous choice granted that aldosterone secre-
tion is directly depended on serum renin levels. This concerns all 
the diagnostic tests for PA, but especially those based on extracel-
lular volume expansion-mediated RAS suppression by sodium load-
ing either intravenously (SIT) or orally (FST, FDST). In the case of 
SIT, sodium is administered i. v. as 0.9 % normal saline (2 liters over 
4 h) and, therefore, is expected to expand extracellular volume and 
suppress the post-SIT aldosterone levels. However, the crucial ques-
tion raised is whether the amount of infused normal saline is high 
enough to induce adequate expansion of extracellular volume suf-
ficient to achieve complete suppression of RAS. The only reliable 
answer to this question should be given by measuring serum renin, 
which, however, is not the current common practice for the evalu-
ation of diagnostic of PA tests. Therefore, by measuring the post-
test aldosterone levels alone we cannot be sure that SIT can achieve 
adequate RAS suppression either in normal populations used as 
controls to define the normal cut-offs or to hypertensive patients 
with suspected PA. Inadequate RAS suppression in controls may 
shift the estimated normal cut-offs of post-test aldosterone up-
wards affecting the sensitivity of the test, while in hypertensives it 

▶Fig. 2 FDST and DCVT effect on serum K +  levels in patients with PA. FDST induced a significant decrease, whereas DCVT did not have any effect in 
serum K +  levels in patients and PA.
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may cause falsely elevated post-test aldosterone levels affecting 
its specificity.

This was shown in a recent study, where both the SIT and D-SIT 
were used to define the prevalence of PA in patients with a single 
adrenal incidentaloma (SAI) [23]. In this study we found that both 
SIT and D-SIT failed to suppress renin levels in 19 (23 %) and 23 (27 %) 
(▶Fig. 3) out of 83 controls respectively, leading to unsuppressed 
aldosterone levels, while their port-SIT and post-D-SIT ARR was with-
in the normal limits (false positive results). Interestingly, their 24 h- 
urinary sodium was very low, ranging from 50–88 mmol/24 h, sug-
gesting that the latter is related to long-standing sodium intake  
restriction, as the consumption of salt has been implicated in the 
development of hypertension internationally. However, the unsup-
pressed aldosterone levels in a significant proportion of controls, 
by definition, shift its upper normal limit (UNL) upwards, affecting 
seriously the sensitivity of the tests. Using the mean + 2SD, the es-
timated post-SIT aldosterone UNL was 158.30 pmo/l, much higher 
compared to post-D-SIT aldosterone UNL, estimated at 66.67 pmol/l. 
Similar results were obtained with ARR, as the estimated post saline 

infusion UNL of ARR was 30.68 and 9.60 pmol/mU for SIT and D-SIT 
respectively. The impressive difference between the post-SIT and 
post-D-SIT aldosterone and ARR UNL should be ACTH related, as 
the D-SIT was performed under completely suppressed ACTH lev-
els, while the SIT with ACTH levels freely fluctuated, whereas the 
post saline infusion renin levels did not differ between the two tests 
(▶Fig. 3).

Interestingly, after applying each of these newly defined cut-
offs separately (the post-D-SIT aldosterone level or the post-D-SIT-
ARR ratio), 17 (20.48 %) patients with SAI exhibited an abnormali-
ty in only one of the two cut-offs. Ten (12.05 %) patients had ele-
vated post-D-SIT aldosterone levels and normal post-D-SIT ARR, 
whereas 7 (8.44 %) patients had an elevated post-D-SIT ARR ratio 
and normal post-D-SIT aldosterone levels. These patients would 
have erroneously been considered to have PA if either the post-SIT 
aldosterone levels or ARR alone were employed (false-positive re-
sults). The above results show clearly that neither post-SIT and 
post-D-SIT aldosterone nor ARR can be used separately as a relia-
ble index to validate the diagnostic saline loading tests of PA. Using 

▶Fig. 3 Post-SIT and post-D-SIT renin and ACTH levels in normotensive controls and hypertensive patients. C: Controls, P: Patients.
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the UNL of basal ARR (50.80 pmol/mU) and the post-SIT aldoster-
one levels (158.30 pmol/mU), which is the currently employed di-
agnostic procedure for PA, the estimated prevalence of PA was 
13.40 %, which was much lower compared to PA prevalence (29 %) 
estimated by simultaneous consideration of post-D-SIT UNL of al-
dosterone (66.70 pmol/l) and ARR (9.60 pmol/mU). Therefore, only 
patients who had both post-D-SIT aldosterone levels and post-D-
SIT ARR higher than the defined normal cut-offs were considered 
to have PA.

The above is particularly relevant to the outpatient performance 
of the oral sodium loading tests FST and FDST, as compliance of 
both controls and hypertensive patients with the recommended 
by the protocol daily sodium consumption is imperative. In a recent 
study, in which the FDST was used to estimate the prevalence of PA 
in an unselected hypertensive population [22, 34], the estimated 
specificity of post-FDST ARR and aldosterone levels was 96 % and 
61 %, respectively. This means that about 40 % of the hypertensive 
patients with EH had non-suppressed post-FDST aldosterone lev-
els (false positive results). This is because the oral saline loading 
failed to suppress the post-FDST renin levels, whereas another 4 % 
had falsely elevated post-FDST ARR, because of inappropriate low 
renin levels. Therefore, the simultaneous consideration of both 
post-FDST aldosterone and ARR is necessary for a reliable diagno-
sis of PA.

Summary
Despite major discoveries and scientific advances in endocrinolo-
gy, primary aldosteronism and its diagnosis remain challenging. 
Our diagnostic tools continue to improve, gradually decreasing the 
term “idiopathic” in front of the name of many nosologic entities. 
Hypertension is one of them. Our knowledge of physiology and 
pathophysiology expands, our diagnostic tools become more sen-
sitive and specific and we now are better able to diagnose, prevent 
and treat. The 5 caveats described above should not hinder our 
work with primary aldosteronism. We are certain, more will be dis-
covered and corrected as the bright future of our field unfolds and 
technology makes huge leaps particularly as a number of existing 
genetic alterations may identify different patients’ subgroups. As 
5th century BCE Herakleitos had suggested “If you do not search for 
the unexpected you are not going to find it”.
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