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ABSTRACT Primary aldosteronism is characterized by aldosterone secretion that is independent of renin and angiotensin II and sodium

status. The deleterious effects of primary aldosteronism are mediated by excessive activation of the mineralocorticoid receptor that results in

the well-known consequences of volume expansion, hypertension, hypokalemia, and metabolic alkalosis, but it also increases the risk for

cardiovascular and kidney disease, as well as death. For decades, the approaches to defining, diagnosing, and treating primary aldosteronism

have been relatively constant and generally focused on detecting and treating the more severe presentations of the disease. However,

emerging evidence suggests that the prevalence of primary aldosteronism is much greater than previously recognized, and that milder and

nonclassical forms of renin-independent aldosterone secretion that impart heightened cardiovascular risk may be common. Public health

efforts to prevent aldosterone-mediated end-organ disease will require improved capabilities to diagnose all forms of primary aldosteronism

while optimizing the treatment approaches such that the excess risk for cardiovascular and kidney disease is adequately mitigated. In this

review, we present a physiologic approach to considering the diagnosis, pathogenesis, and treatment of primary aldosteronism. We review

evidence suggesting that primary aldosteronism manifests across a wide spectrum of severity, ranging from mild to overt, that correlates

with cardiovascular risk. Furthermore, we review emerging evidence from genetic studies that begin to provide a theoretical explanation for

the pathogenesis of primary aldosteronism and a link to its phenotypic severity spectrum and prevalence. Finally, we review human studies

that provide insights into the optimal approach toward the treatment of primary aldosteronism. (Endocrine Reviews 39: 1057 – 1088, 2018)

A Brief History of Aldosterone and
Primary Aldosteronism

T homas Addison published his seminal obser-
vations in  in Disease of the Supra-Renal

Capsules (), in which he described a series of patients

who almost universally died following a prolonged and

progressive illness characterized by fatigue, circulatory

collapse, and hyperpigmentation:

“The patient, in most of the cases I have
seen, has been observed gradually to

fall off in general health; he becomes

languid and weak, indisposed to either

bodily or mental exertion, the pulse

small and feeble, or perhaps somewhat
large, but excessively soft and com-

pressible … and there is occasionally
actual vomiting, which in one instance
was both urgent and distressing; and it

is by no means uncommon for the
patient to manifest indications of dis-

turbed cerebral circulation. Notwith-
standing these unequivocal signs of
feeble circulation, anaemia, and gen-

eral prostration, neither the most dil-
igent inquiry, nor the most careful

physical examination, tends to throw
the slightest gleam of light upon the
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precise nature of the patient’s malady ...

but with a more or less manifestation of
the symptoms already enumerated, we
discover the most remarkable, and, so
far as I know, characteristic discolor-
ation taking place in the skin.”

Although many of Addison’s patients likely had
more than one autoimmune endocrine disorder, the

likely fatal condition was primary adrenal insufficiency,

now termed Addison disease. Undoubtedly, most of the

observations he noted were due to the deficiencies of

glucocorticoid (cortisol) and mineralocorticoid (aldo-

sterone and cortisol); however, for much of the next

century, the major breakthroughs in research focused

on improving the understanding and characterization

of glucocorticoid chemistry and biology. It was in the

s and s that assays on adrenocortical extracts

provided more convincing evidence of unexplained

mineralocorticoid activity that was attributed to a

hormone called “electrocortin” (, ). In , Grundy,

Simpson, and Tait () reported that the mineralocor-

ticoid activity of beef adrenal extract was due to a

compound that was not cortisone. This finding was

questioned by many researchers in the field, who

postulated that cortisol and cortisone may account for

all mammalian mineralocorticoid activity (). Ulti-

mately, Simpson, Tait, and Bush () reported the de-

tection of a highly potent adrenocortical salt-retaining

hormone in both adrenal extracts and venous blood of

dogs and monkeys that was distinct from previously

described glucocorticoids and displayed mineralocor-

ticoid activity. Within a few years, these findings were

confirmed, the structure of electrocortin as the -

aldehyde of corticosterone was determined and termed

“aldosterone” (), and aldosterone was recognized as a

vital adrenocortical mineralocorticoid.

In , Jerome Conn first noted a syndrome
with periodic muscular weakness, tetany, paresthesias,
hypokalemia, hypernatremia, alkalosis, and hyper-
tension without Cushing syndrome, with markedly
elevated urinary aldosterone (, ). These findings
were reported in  as a new clinical syndrome of
“primary aldosteronism” (), and by the end of that
year, at least  similar cases were recognized ().
Importantly, the concept of primary vs secondary
aldosteronism was rapidly recognized. Secondary al-
dosteronism was recognized as a physiologic or nor-
mal increase in aldosterone in response to “changes in
extracellular fluid volume,” “tissue electrolyte con-
centrations,” and “renal dynamics” that was triggered
by an increase in renin and generation of angiotensin
II and, to a lesser degree, by an increase in ACTH
administration (, ). In contrast, primary aldoste-
ronism was characterized as inappropriate aldosterone
secretion and mineralocorticoid activity, as well as
volume expansion despite the suppression (or lack
of detection) of renin and angiotensin II (). Within
 years of the original description of primary aldo-
steronism, it had become clear that surgical resection
of aldosterone-producing adenomas could cure the
aldosterone excess, improve blood pressure, and result
in an increase in renin from a suppressed state to a
detectable level ().

By , primary aldosteronism was still recog-
nized as a “rare cause of hypertension,” with reported
incidence rates of .% to .% within the hyper-
tensive population, and these rates were considered to
be overestimates (). However, it is notable that
Jerome Conn, based on his own clinical and research
experiences, postulated that primary aldosteronism
need not be recognized as only a severe phenotype of
hypertension with hypokalemia, but rather that it may
originate much earlier, among normotensive patients
with normokalemia (–); therefore, he prophetically

ESSENTIAL POINTS

· Primary aldosteronism is characterized by aldosterone secretion that is independent of renin and angiotensin II and

sodium status

· The deleterious effects of primary aldosteronism are mediated by excessive activation of the mineralocorticoid receptor,

which results in volume expansion, hypertension, hypokalemia, and metabolic alkalosis and also increases the risk for

cardiovascular and kidney disease and death

· Primary aldosteronism may manifest across a wide spectrum of severity, ranging from mild to overt, that correlates with

cardiovascular risk

· Emerging evidence suggests that the prevalence of primary aldosteronism is much greater than previously recognized, and

that milder and nonclassic forms of renin-independent aldosterone secretion that impart heightened cardiovascular risk

may be common

· Genetic and basic studies have suggested potential explanations for the pathogenesis of primary aldosteronism and

theoretical links to its phenotypic severity spectrum and prevalence

· Simply normalizing blood pressure in primary aldosteronism may not be sufficient to optimally reduce incident

cardiovascular and kidney disease; rather, efforts to neutralize the effects of pathologic aldosterone–mineralocorticoid

receptor interactions may be necessary
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postulated (as will become evident later in this review)
that the prevalence of primary aldosteronism could
be quite high, and that many milder/subclinical or
nonclassical cases may have gone unrecognized. Ul-
timately, as it is still today, the shifting definitions and
diagnostic criteria for the primary aldosteronism
syndrome dictate its prevalence and relevance. In this
regard, the s and s marked an era of dramatic
progress in hypertension research, including the rec-
ognition of a highly prevalent phenotype of essential
hypertension with a low or suppressed renin, without
supranormal aldosterone levels (thereby steering di-
agnosticians away from the primary aldosteronism
diagnosis), that displayed features suggestive of a
mild mineralocorticoid excess syndrome (–).
This period of research into the “low-renin hy-
pertension” phenotype marks the beginning of a
long line of provocative and illuminating research
that has helped to characterize the prevalence of
autonomous and renin-independent aldosteron-
ism that appears to exist across an expanded se-
verity spectrum reflecting the shades of primary
aldosteronism.

Approach in This Review Article

This review takes a unique approach at comprehen-
sively discussing primary aldosteronism, from overt
manifestations of the phenotype to milder and non-
classical or subclinical forms of the disease. This review
is framed by a triad of seemingly simple questions that
have complicated, and at times, unresolved answers:

What is primary aldosteronism?

First, we review the normal physiology of aldosterone
regulation to juxtapose the nature of the pathophys-
iology that characterizes primary aldosteronism and
how it may be detected at its most nascent manifes-
tations. The ability to detect subtle dysregulation in
aldosterone physiology may enable the recognition of
an expanded severity spectrum of autonomous al-
dosteronism, of which we currently only detect a small
proportion in the clinical setting. Since the initial
description by Conn, we now understand that primary
aldosteronism is not rare; rather, it may be a common
contributor to the pathogenesis of hypertension and
cardiovascular disease. However, currently accepted
diagnostic criteria for primary aldosteronism are not
used as frequently as they should, and, moreover,
diagnostic methodologies to detect milder forms of
primary aldosteronism, when the disease is early in its
course, are not well established. The subsections in this
section include:

. Normal aldosterone physiology
. The pathophysiology of primary aldosteronism
. Cardiometabolic consequences of primary aldo-
steronism in humans

. The prevalence and severity spectrum of primary
aldosteronism in hypertension

. The prevalence and severity spectrum of a pri-
mary aldosteronism phenotype in normotension

. The current and future approaches to diagnosing
primary aldosteronism

What causes primary aldosteronism?

Our understanding of the pathogenesis of primary
aldosteronism has undergone a renaissance in the
last decade. This section only briefly reviews the
genetic advances that have reshaped our knowl-
edge of the pathogenesis of primary aldosteronism
because this topic has been comprehensively
reviewed in several recent publications (–).
Furthermore, we review how observations from
adrenal histopathology are reshaping our percep-
tion of the pathogenesis and progression of primary
aldosteronism. The subsections in this section
include:

. Introduction to the genetic and molecular
pathogenesis of primary aldosteronism

. Genetics of familial primary hyperaldosteronism
. Genetics of sporadic primary aldosteronism
. Epigenetics of primary aldosteronism
. Morphologies of primary aldosteronism and
aldosterone-producing cell clusters

. A proposed model for primary aldosteronism
pathogenesis and epidemiology

How should primary aldosteronism be treated?

For decades, the answer to this question seemed
straightforward: surgery, when possible, to remove a
unilateral source of aldosterone excess, or lifelong
mineralocorticoid receptor (MR) antagonist therapy to
block aldosterone when surgery was not possible or
when there was a bilateral source of aldosterone excess.
Recently, however, it has become clearer that medical
therapy with MR antagonists may not adequately
mitigate the excessive risk for developing adverse
cardiovascular, renal, and mortality outcomes. Herein,
we review this evidence and propose modified treat-
ment approaches for abrogating cardiovascular risk in
primary aldosteronism. The subsections in this section
include:

. Dietary sodium restriction
. Medical vs surgical therapy for primary
aldosteronism

. Optimizing therapy using available evidence

Some topics are not thoroughly addressed in this
review, including updates in localization and im-
aging modalities for primary aldosteronism, as well
as the utility and efficacy of adrenal venous sam-
pling. Although these are important topics that
have been thoroughly reviewed recently (–),
with the goal of focusing on the updates in diagnosis,
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pathogenesis, and treatment, they are not discussed
herein.

What Is Primary Aldosteronism?

Normal aldosterone physiology

Understanding the physiologic regulation of the renin–
angiotensin–aldosterone system is essential to rec-
ognize how the pathophysiology of primary aldosteronism
deviates from normal regulation and contributes to
disease.

The renin–angiotensin–aldosterone system is a
crucial regulator of intravascular volume in terrestrial
animals that evolved in a milieu of scarce dietary
sodium. The postulated evolution of aldosterone and
the MR suggest an intimate connection to the tran-
sition from oceanic to land-based life. Phylogenetic
and sequence analysis studies suggest that long before
the development of aldosterone as a mineralocorti-
coid, oceanic vertebrates likely expressed a single
ancestral steroid receptor that gradually evolved into
specific receptors: the MR, glucocorticoid receptor,
progesterone receptor, estrogen receptor, and andro-
gen receptor (–). Prior to the evolutionary
development of aldosterone, cortisol served as a
nonspecific ligand for the MR (). The lungfish, a
primitive freshwater fish species (–), is one of the
first creatures known to synthesize aldosterone. In-
terestingly, the lungfish has both gills and a mature set
of lungs, imparting it the ability to breathe underwater
and breathe air (, ). Thus, an overarching hy-
pothesis is that to transition from an oceanic world to a
terrestrial world that is scarce in dietary sodium, an
organism must develop the capability to maintain and
protect its intravascular volume and osmolality. In this
regard, the emergence of aldosterone, the MR, and
b-hydroxysteroid dehydrogenase type  (bHSD)
(which functions as a gatekeeper to facilitate a specific
high-affinity relationship between the MR and aldo-
sterone, rather than cortisol) played a crucial role in the
evolution of terrestrial mammals.

Aldosterone secretion is regulated by three dom-
inant actors: angiotensin II, extracellular hyperkalemia,
and ACTH (). A decrease in intravascular volume
and glomerular filtration is sensed by a reduction in
the delivery of sodium and chloride to the macula
densa, and it results in an adaptive tubuloglomerular
feedback and the release of renin by juxtaglomerular
cells. Renin catalyzes the cleavage of angiotensinogen
to angiotensin I, which is further modified by an-
giotensin converting enzyme to angiotensin II. An-
giotensin II is an important peptide for blood pressure
and volume homeostasis because it induces a number
of vital actions: () vasoconstriction to maintain
arterial pressure; () marked increases in sodium
reabsorption in the proximal convoluted tubule
(which is paired with isotonic water reabsorption),

loop of Henle, and distal convoluted tubule, such that
the majority of filtered sodium (and water) is reab-
sorbed prior to the distal nephron, resulting in de-
creased delivery of sodium to the distal nephron; ()
stimulation of vasopressin release, which in turn
functions as an arterial vasopressor and via endocrine-
renal mechanisms increases water reabsorption in the
distal nephron; and () stimulation of adrenal aldo-
sterone synthesis and secretion. Therefore, the “sec-
ondary” hyperaldosteronism induced by intravascular
volume contraction is a physiologic and “renin-
dependent aldosteronism” that serves to isotonically
expand intravascular volume and maintain blood
pressure homeostasis [Fig. (a)].

The interaction of aldosterone with the MR in the
principal cell of the distal nephron (or aldosterone-
sensitive distal nephron) results in an increase in
luminal epithelial sodium channels (ENaCs) and
consequent increased reabsorption of sodium ().
The negative intraluminal potential induced by Na+

ion reabsorption is neutralized by the excretion of
potassium via renal outer medullary potassium channels
(ROMKs) or hydrogen ions from a-intercalated cells.
However, the physiologic actions of angiotensin II
mitigate the potassium excretion by minimizing the
amount of sodium delivered to the principal cell, by
decreasing ROMK-mediated potassium secretion, and
by dephosphorylating the MR in a-intercalated cells
to promote hydrogen, rather than potassium, secretion
(–) [Fig. (a)]. Therefore, the net effect of physi-
ologic renin-dependent aldosteronism in the setting of
intravascular volume depletion is maximal sodium
reabsorption and volume expansion, while minimizing
urinary potassium excretion: a sensible and appropriate
solution to hypovolemia without inducing unnecessary
hypokalemia.

There are other ligands for the MR, perhaps none
as dominant as cortisol. Cortisol is a mineralocorticoid
that can bind and activate the renal MR with similar
potency to aldosterone and circulates in nearly
-fold the concentration of aldosterone. However,
the coexpression of bHSD with the renal MR
ensures that the vast majority of this cortisol is con-
verted to the inactive cortisone [Fig. (a)]. Finally, it is
important to remember that there are other aldoste-
rone secretagogues. Extracellular hyperkalemia and
ACTH can stimulate the secretion of aldosterone
independently of angiotensin II () and are discussed
further below.

Because the aldosterone response to hyperkalemia
is independent of renin and angiotensin II, it
represents a physiologic and renin-independent
hyperaldosteronism [Fig. (b)]. In states of volume
expansion, when renin and angiotensin II are sup-
pressed, increased extracellular potassium can still
directly stimulate secretion of aldosterone from zona
glomerulosa cells (). In the absence of angiotensin II,
proximal tubular sodium reabsorption and volume
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Figure 1. (a) Normal and physiologic renin-dependent aldosteronism secondary to intravascular volume depletion. In the setting of hypovolemia

and renal hypoperfusion, juxtaglomerular cells secrete renin, which initiates the activation of the renin–angiotensin–aldosterone system. The

generationof angiotensin II is crucial because it serves as a vasoconstrictor tomaintain bloodpressure andplays an important role in counteracting the

volume depletion. Angiotensin II increases sodium reabsorption in the proximal convoluted tubule, loop of Henle, and distal convoluted tubule such

that the delivery of sodium to the distal nephron is decreased. Angiotensin II stimulates the secretion of aldosterone from zona glomerulosa cells,

which then activates the MR in principal cells. MR activation in principal cells results in ENaC-mediated sodium reabsorption and, to maintain

electroneutrality in the urinary lumen, the excretion of potassium and hydrogen ions. Potassium excretion is minimized by limiting distal sodium

delivery and by the direct antagonist actions of angiotensin II in the principal cell. In this manner, the net effect of this physiological renin-dependent

aldosteronism is to maximize sodium reabsorption (and water is reabsorbed isotonically) to expand circulating volume while minimizing potassium

excretion. Importantly, note that ACTH is also an independent secretagogue of aldosterone and stimulates the secretion of cortisol, a potent

mineralocorticoid that is metabolized to the inactive cortisone by 11bHSD2. (b) Normal physiologic renin-independent aldosteronism secondary to

extracellular hyperkalemia (presuming a state of replete intravascular volume status). Extracellular hyperkalemia is an independent secretagogue of

aldosterone secretion. High extracellular potassium concentrations result in depolarization of zona glomerulosa cells and consequent secretion of

aldosterone, which activates the MR and stimulates ENaC-mediated sodium reabsorption in the principal cell. This process is paired with potassium

ion excretion. In the setting of volume expansion, angiotensin II is suppressed and proximal tubular sodium reabsorption is decreased. Thus, the

delivery of sodium to the distal nephron increases and permits the excretion of more potassium. The net effect is an increased excretion of urinary

potassium while minimizing the reabsorption of sodium. AngII, angiotensin II. [© 2018 Illustration ENDOCRINE SOCIETY]

© 2018 Illustration ENDOCRINE SOCIETY
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expansion are diminished and the delivery of so-
dium to the aldosterone-sensitive distal nephron is
increased. At the principal cells, potassium is excreted
via ROMK in response to aldosterone–MR in-
teractions until the potassium stimulus for aldosterone
secretion is neutralized [Fig. (b)], a sensible physio-
logic solution to excreting a large dietary potassium
load without unnecessarily expanding circulating
volume ().

The difference in potassium handling between
the renin-dependent aldosteronism in hypovolemia
and the renin-independent aldosteronism in hyper-
kalemia is often referred to as the “aldosterone
paradox” and is largely explained by the changes in
the delivery of sodium to the distal nephron (, ).
In settings of volume depletion, renin- and angio-
tensin II–dependent hyperaldosteronism results in
maximal volume expansion, decreased distal sodium
delivery, and minimal potassium excretion. In con-
trast, in settings of volume expansion and hyper-
kalemia, renin- and angiotensin II–independent
hyperaldosteronism results in decreased proximal
tubular sodium reabsorption and volume expansion,
increased distal delivery of sodium, and maximal
potassium excretion. Thus, different forms of phys-
iologic hyperaldosteronism serve to address specific
physiologic perturbations (Table ).

Of course, in reality, volume depletion and in-
creased potassium balance need not be distinct states,
rather, there is a constant flux in volume and po-
tassium status, and the combined and integrated
physiological pathways ensure a state of homeostasis.
To exemplify the nature of aldosterone physiology
and its intimate relationship to dietary sodium and
potassium intake in humans, we can look to what has
been learned from native populations in Papua New
Guinea and the Yanomami tribe of the Amazon,
when compared with humans living in modern in-
dustrialized societies (–). The Yanomami are an
indigenous population living in the tropical rain-
forests of Brazil and Venezuela who were studied in
the s and found to be naive to the influences of
dietary sodium in industrialized societies. Impor-
tantly, the Yanomami lived a hunter–gatherer life-
style and consumed minute amounts of dietary
sodium; therefore, their physiology at the time
characterized an example to understand the native
aldosterone physiology of terrestrial mammals,
particularly humans (). The -hour urinary so-
dium excretion of the Yanomami in  was merely
 mmol (); in contrast, the estimated -hour
urinary sodium excretion of the average healthy
normotensive American free of cardiovascular dis-
ease in the year  was ~ mmol () [Fig. (a)].

Table 1. Physiologic and Pathophysiologic Forms of Hyperaldosteronism

Cause

Physiologic or

Pathophysiologic

Renin–Angiotensin–

Aldosterone System

Phenotypes Net Effects Comments

Intravascular volume

depletion

Physiologic Renin- and angiotensin

II–dependent

hyperaldosteronism

• Increased sodium reabsorption

and volume expansion

Homeostatic to maintain

plasma volume and

blood pressure
• Minimization of urinary

potassium excretion

Extracellular

hyperkalemia

Physiologic Renin- and angiotensin

II–independent

hyperaldosteronism

• Increased urinary potassium

excretion

Highly dependent on

volume status and

distal sodium delivery
• Minimization of sodium

reabsorption and volume

expansion

ACTH stimulation Physiologic Renin- and angiotensin

II–independent

hyperaldosteronism

• Depends on volume status,

duration, and amplitude of

ACTH stimulation

Often considered to be a

milder contribution

to aldosterone secretion

compared with angiotensin

II and potassium stimuli

Primary aldosteronism Pathophysiologic Renin- and angiotensin

II–independent

hyperaldosteronism

• Vicious cycle of increased

sodium reabsorption

and volume expansion

Contributes to increased

risk for hypertension,

cardiovascular disease,

kidney disease, and death
• Increased glomerular filtration

and distal delivery of sodium

• Increased urinary potassium

and hydrogen ion excretion
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Conversely, the Yanomami consumed much more
dietary potassium than did humans living in in-
dustrialized societies (, , ) [Fig. (b)]. There-
fore, the chronic physiology of the Yanomami (and
presumptively most wild terrestrial mammals) was
perfectly designed to maximally stimulate aldoste-
rone secretion to cope with scarce dietary sodium
intake, consequent intravascular volume depletion,
and superimposed high dietary potassium intake.
Indeed, the mean plasma renin activity in the
Yanomami was markedly elevated at  ng/mL/h
with a corresponding elevated -hour urinary al-
dosterone excretion rate . mg (); this is in
stark contrast to modern American and European

populations where renin and aldosterone are rela-
tively low, owing to chronic high dietary sodium
intake and a state of replete or expanded in-
travascular volume (, ) [Fig. (c) and (d)].
Despite this chronic (and likely lifelong) state of
“hyperaldosteronism,” the Yanomami are reported to
not develop hypertension or age-related increases in
blood pressure (). In fact, their mean blood
pressure is remarkably lower than normotensive
healthy Americans who consume a sodium-rich diet
() [Fig. (e)].

This latter point highlights that all hyper-
aldosteronism is not the same; physiological hyper-
aldosteronism is adaptive and necessary to maintain

Figure 2. Comparison of sodium and potassium balance, as well as renin and aldosterone activity, between populations from

industrialized societies with high dietary sodium intake vs the Yanomami tribe with low dietary sodium intake. (a) Twenty-four–hour

urinary sodium excretion. (b) Twenty-four–hour urinary potassium excretion. (c) Plasma renin activity. (d) Twenty-four–hour urinary

aldosterone excretion. (e) Systolic blood pressure. The yellow bars represent data from the Yanomami in the Amazon of Brazil and

Venezuela [data extracted from Oliver et al. (40)]. The purple bars represent participants from studies in the United States and Europe

that evaluated population level electrolyte balance and renin–angiotensin–aldosterone system parameters [data extracted from Brown

et al. (41), Sun et al. (43), and Jin et al. (44)]. [© 2018 Illustration ENDOCRINE SOCIETY]
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blood pressure and potassium homeostasis, whereas
hyperaldosteronism in the setting of volume ex-
pansion and sodium sufficiency/excess is pathologic
to cardiovascular and kidney tissues, a point that is
underscored in the subsequent section of this review
(Table ).

Although it took centuries for us to realize this
paradox of hyperaldosteronism and normal physi-
ology, nature recognized the vital importance of
physiologic hyperaldosteronism much earlier. The
Brazilian pit viper, Bothrops jararaca, inhabits the same
geography as the Yanomami and contains in its
venom a toxin that is a primordial angiotensin-
converting enzyme inhibitor. The fact that B. jararaca
evolved to express this predatory advantage, allowing it
to exploit a vital hormonal regulator of blood pressure
to kill its prey, led to the pharmacologic discovery
and development of angiotensin-converting enzyme
inhibitors (, ).

The pathophysiology of primary aldosteronism

The pathophysiology of primary aldosteronism is best
understood in the context of the aforementioned
normal aldosterone physiology. For practical reasons,
primary aldosteronism is often defined by diagnostic
thresholds, specific laboratory criteria, and bio-
chemical cutoffs. However, in its simplest form, pri-
mary aldosteronism can be considered to be any
deviation from normal physiology whereby aldoste-
rone is secreted autonomously or independent of its

dominant regulators, and in a manner that is in-
appropriate to the status of volume balance.

As discussed later in this review, the initial insult in
primary aldosteronism is the development of one or
multiple foci of autonomous aldosterone secretion in
either one or both adrenal glands. Thus, the secretion
of aldosterone is independent of renin and angiotensin
II, and often in the face of hypokalemia, which should
otherwise suppress aldosterone secretion. In fact, renin
and angiotensin II are either appropriately suppressed
or undetectable (Fig. ). In the absence of angiotensin
II, proximal tubular sodium reabsorption is di-
minished and, instead, a high flow of urine and sodium
is delivered to the aldosterone-sensitive distal nephron.
In the context of this increased distal sodium delivery,
hyperaldosteronism and aldosterone–MR interactions
in the principal cell induce increased ENaC–mediated
sodium reabsorption, and, in exchange, to maintain
urinary lumen electroneutrality, the excretion of po-
tassium and hydrogen ions (Fig. ). Increased sodium
reabsorption is paired with water reabsorption that
results in isotonic volume expansion, which increases
glomerular hyperfiltration, and induces a vicious and
self-propagating cycle of distal sodium delivery and
reabsorption, and further volume expansion. Any
impairment in vascular compliance and/or the renal
handling of this excess volume and sodium will
manifest as an increase in arterial blood pressure and,
ultimately, hypertension. In stark contrast to the
physiologic hyperaldosteronism in volume depletion,

© 2018 Illustration ENDOCRINE SOCIETY
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Summary: pathophysiologic renin-independent aldosteronism in primary aldosteronism
•           Distal Na+ delivery
•           Na+ reabsorption/volume expansion/blood pressure (vicious cycle)
•           K+ and H+ excretion
•           Cardiovascular and kidney disease

MR

Urine/luminal
side

Blood/basolateral
side

Increased distal Na+ delivery

Figure 3. Pathophysiologic renin-independent aldosteronism in primary aldosteronism. The primary problem is that one or both adrenal

glands contain foci of autonomous aldosterone secretion. There is increased stimulation of the MR in principal cells, despite the fact that

circulating volume is expanded and renin and angiotensin II are suppressed. This results in increased and inappropriate sodium reabsorption

aswell as a vicious cycle of further volume expansion and greater distal delivery of sodium. Because potassium and hydrogen ion excretion are

pairedwith sodium reabsorption in the principal cell, these processes are also increased. The net effect is volume expansion, increases in blood

pressure, hypokalemia, and metabolic alkalosis. AngII, angiotensin II. [© 2018 Illustration ENDOCRINE SOCIETY]
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where urinary potassium excretion is minimized, the
pathophysiology of primary aldosteronism is charac-
terized by the suppression of angiotensin II and, thus,
enhanced excretion of potassium and hydrogen in the
distal nephron resulting in hypokalemia and metabolic
alkalosis (, ) (Fig. ).

This last point has important health implications.
The renin-dependent hyperaldosteronism in the set-
ting of intravascular volume depletion is physiologic
and necessary for blood pressure homeostasis and
survival. In contrast, the renin-independent hyper-
aldosteronism and MR activation in primary aldo-
steronism occurs in the setting of intravascular volume
expansion and sodium excess, and consequently
contributes to cardiovascular disease, atrial fibrillation,
renal disease, diabetes, and death. Similarly, when
intravascular volume depletion or renal hypoperfusion
is perceived in states of total body hypervolemia (such
as in heart failure and renal artery stenosis), the re-
sultant renin-dependent hyperaldosteronism and MR
activation is pathologic (). In fact, the same absolute
circulating aldosterone concentration in each of these
settings might impart entirely different effects. This
paradox again underscores why all hyperaldosteronism
is not the same. A high aldosterone level is physiologic
in the setting of hypovolemia, whereas the same high
aldosterone level may be pathologic in the setting of
volume expansion or total body volume overload. The
precise nature of this paradox is not fully resolved, yet
the experimental evidence discussed next adds support
for this phenomenon.

Animal studies have observed that the adminis-
tration of a high-sodium diet to rats increases blood
pressure while suppressing aldosterone. When these
rats were simultaneously treated with a continuous
infusion of angiotensin II and N-nitro-L-arginine
methyl ester (an inhibitor of nitric oxide synthase),
they experienced a rise in aldosterone, marked in-
creases in blood pressure, and myocardial necrosis and
fibrosis (, ). This myocardial pathology was me-
diated by aldosterone–MR interactions, as both sur-
gical adrenalectomy and treatment with eplerenone
could mitigate the severity of myocardial fibrosis and
necrosis (, ). Most remarkably, when these rats
were sodium restricted to induce volume contraction
and a physiologic renin-dependent aldosteronism,
infusion of angiotensin II and N-nitro-L-arginine
methyl ester still dramatically increased blood pressure
and further raised aldosterone; however, little to no
myocardial disease was induced (). Similarly, in-
duction of cardiac fibrosis by infusion of aldosterone
into uninephrectomized rats occurs when the animals
consume a high-sodium diet, but not when dietary
sodium intake is restricted (). Thus, aldosterone-
mediated MR activation is pathologic and induces
cardiovascular injury, independent of blood pres-
sure, only in the context of volume expansion and
high dietary sodium intake. The exact mechanism

accounting for this dichotomy is not clear; however, in
the presence of a high sodium intake, cardiac and
vascular fibrosis is regulated by activation of the MR
in multiple cell types, including macrophages, car-
diomyocytes, vascular endothelial cells, and vascular
smooth muscle cells (). Thus, another growing line
of evidence suggests that activation of the MR in
vascular endothelial and smooth muscle cells can
induce a direct pathogenic effect that may result in
vascular fibrosis and stiffness (–). One older
hypothesis implicates endogenous ouabain-like factors
that are secreted by adrenocortical cells and act to
inhibit Na+/K+-ATPase activity in vascular endothe-
lium and cardiac myocytes to induce cardiovascular
injury (–). However, the validity of this theory has
been debated because of controversies regarding the
ability to detect and measure endogenous ouabain or
its synthetic pathways (–).

Finally, it is worth mentioning that even though
ACTH is often considered to be a lesser stimulant
of aldosterone when compared with angiotensin II
and hyperkalemia, it may play an important role in
the regulation of aldosterone secretion in primary
aldosteronism. Studies have shown that aldosterone-
producing adenomas (APAs) can overexpress mela-
nocortin type  receptors, and patients with primary
aldosteronism can display a diurnal variation in al-
dosterone secretion and a hyperresponsiveness to
exogenous ACTH administration (). Furthermore,
nearly one-third of hypertensives without primary
aldosteronism exhibit an exaggerated aldosterone se-
cretory response to exogenous ACTH administration
(). Therefore, even in states of renin- and angio-
tensin II–independent aldosteronism, aldosterone
secretion may not be entirely “autonomous,” as it may
still be influenced by ACTH and potentially other
secretagogues (, ).

Cardiometabolic consequences of primary

aldosteronism in humans

The number of human observational studies sug-
gesting an association between primary aldosteronism
and risk for heart disease (coronary artery disease, left
ventricular hypertrophy, heart failure), atrial fibrilla-
tion, stroke, kidney disease, metabolic syndrome/
diabetes, and skeletal disease has steadily grown. Al-
though evidence linking primary aldosteronism and
cognitive function has not been investigated as
thoroughly, the MR is implicated as an important
factor in memory and cognition (–). Given the
large number of studies, it is not feasible to discuss
each one individually here, rather, an overarching
summary of the findings is provided. Most of the
human studies that have educated us on the car-
diometabolic consequences of primary aldosteronism
were retrospective cross-sectional or retrospective
cohort studies, often with blood pressure–matched
essential hypertensive patients as comparators, and in
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fewer instances, prospective cohort studies. Collec-
tively, these studies have shown that when compared
with essential hypertension, primary aldosteronism is
associated with a higher risk for coronary artery dis-
ease (–), atrial fibrillation that is lone or in context
of other heart disease (–, –), stroke (–,
), left ventricular hypertrophy and/or heart failure
(, , , , , ), metabolic syndrome and/or
diabetes (, , –), kidney disease (decline
in glomerular filtration rate and/or albuminuria)
(–), and decreased bone density and fracture
(–). Furthermore, primary aldosteronism in-
creases the risk of death when compared with
similar essential hypertensives, even after initiation
of medical treatment to control blood pressure and
block the MR (, ).

Since our understanding of the risk associated with
primary aldosteronism stems from multiple observa-
tional studies with unique study designs, variable
durations of follow-up, and variable degrees of
matching with comparable populations without pri-
mary aldosteronism, Monticone et al. () attempted
to provide a unifying assessment of cardiometabolic
risk by conducting a systematic review and meta-
analysis of available data. From a total of  aggre-
gated studies including  patients with primary
aldosteronism and  patients with essential hy-
pertension and a median duration of . years from
the initial diagnosis of hypertension, they reported
summative odds ratios for those with untreated pri-
mary aldosteronism when compared with patients
with essential hypertension for stroke (OR, .; %
CI, . to .), coronary artery disease (OR, .;
% CI, . to .), atrial fibrillation (OR, .; %
CI, . to .), heart failure (OR, .; % CI, .
to .), left ventricular hypertrophy (OR, .; %
CI, . to .), diabetes (OR, .; % CI, . to
.), and metabolic syndrome (OR, .; % CI, .
to .).

Thus, it is now clear that primary aldosteronism,
independent of the influences of blood pressure, is
associated with a much higher risk for cardiometabolic,
renal, and mortality outcomes when compared with
essential hypertension. This excess risk is presumptively
attributed to the effect of MR activation by aldosterone
in the setting of volume expansion. Because targeted
treatments to block or eliminate the source of auton-
omous aldosterone secretion exist, the public health
emphasis should be on increasing the early recognition
and treatment of primary aldosteronism. However, to
implement, or improve, such a strategy, a better un-
derstanding of how to detect primary aldosteronism
early in its course, before it has caused cardiometabolic
disease, is critical.

The prevalence and severity spectrum of primary

aldosteronism in hypertension

How common is primary aldosteronism? The answer
to this question depends on which population is being
referred to and how primary aldosteronism is defined
and detected. The most commonly used and con-
sensus opinion recommendation for screening of
primary aldosteronism is use of the aldosterone-to-
renin ratio (ARR) (). The ARR has been used for
decades and has been shown to be superior to the
isolated reliance on potassium or aldosterone or renin
alone (–). However, there are a number of
limitations with using the ARR. Even after controlling
known confounders of the ARR such as posture, di-
etary sodium intake, time of day, timing of the
menstrual cycle, and influence of antihypertensive
medications, the issue of how to interpret the results of
the ARR are debated (). In the absence of a his-
topathological gold standard for diagnosing primary
aldosteronism, the default diagnostic gold standard is a
substantial improvement in blood pressure following
targeted therapy. As a result, the diagnostic cutoffs for
the ARR vary by practice and geographical location,

Table 2. Criteria and Interpretations of Biochemical Screening Results for Primary Aldosteronism

Criteria

ARR, ng/dL

per ng/mL/h

Serum

Aldosterone,

ng/dL

Plasma Renin

Activity, ng/mL/h Comments

Most conservative $40 $20 #0.50 Highest risk of missing

mild-to-moderate severity

cases (i.e., more false-negatives)

Conservative and most

widely accepted

$30 $15 #1.0 Some risk of false-negatives

More permissive but

less widely accepted

$20 or $25 $9–10 #1.0 Some risk of false-positives

Most permissive $20 $6 #0.50 Highest risk of positive screens

that are not true cases

(i.e., more false-positives)
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and there are no prospective clinical trials that have
validated specific ARR thresholds over others (, ).
Debate exists regarding which threshold of the ARR is
the most sensitive and specific, cost-effective, and,
furthermore, which absolute values of aldosterone and
renin within the ARR are most indicative of primary
aldosteronism () (Table ).

The most widely accepted international consen-
sus for a positive screen for primary aldosteronism is
an ARR . ng/dL per ng/mL/h in the context of a
suppressed renin and an aldosterone concentra-
tion . ng/dL (, ); however, studies have
shown that in the context of an elevated ARR, less
conservative thresholds for a suppressed renin ac-
tivity, ,. ng/mL/h (), and plasma aldoste-
rone levels, . ng/dL (, ) or . ng/dL (,
), can improve the detection of milder forms of
primary aldosteronism. Because one objective of a
screening test is traditionally to be as close to %
sensitive as possible, as to not miss any true cases, the
use of less conservative screening criteria seems
desirable. Of course, while the use of more permissive
screening criteria will increase the detection of true
primary aldosteronism cases, it will also increase the
number of false-positives (decreased specificity),
resulting in increased cost, labor, time, and risk to the
patient. Conversely, the use of more conservative
screening criteria may limit the risk of false-positive
case detection at the expense of missing true cases
(decreased sensitivity) and detecting treatable disease
(Table ).

To compound the limitations of the ARR test is the
issue of how and when primary aldosteronism should
be suspected and in which populations to conduct
screening for the disease. The recommendations by
major endocrine societies (, ) have typically
suggested that screening for primary aldosteronism
should occur in patients who have one or more of the
following indications:

. Severe hypertension, defined as one of the
following:

• Sustained blood pressure ./ mm Hg,
confirmed on separate days;

• Blood pressure ./ mm Hg on three
antihypertensive medications, including a
diuretic;

• Blood pressure ,/ mm Hg requiring
four or more antihypertensive medications.

. Hypertension with spontaneous or diuretic-
induced hypokalemia;

. Hypertension with an adrenal mass;
. Hypertension with sleep apnea;
. Hypertension and a family history of early onset
hypertension or stroke at a young age (, years
of age);

. Hypertension with a first-degree relative who has
primary aldosteronism.

By restricting the impetus to search for primary al-
dosteronism to patients who have relatively severe and
resistant hypertension, these indications relegate the de-
tection of primary aldosteronism to cases that are likely to
be long-standing and may have already incurred years of
untreated aldosterone- and MR-mediated cardiovascular
injury. Specifically, as discussed in “The pathophysiology
of primary aldosteronism” and “Cardiometabolic
consequences of primary aldosteronism in humans”
above, aldosterone-mediated cardiovascular injury
can develop independent of blood pressure. The
current recommended indications to screen for
primary aldosteronism place higher emphasis on
detecting “overt primary aldosteronism,” a syn-
drome of relatively severe hypertension and/or
hypokalemia that portends high cardiovascular
risk and is usually attributed to an aldosterone-
producing adenoma or bilateral adrenal hyperplasia
(Fig. A).

However, it is now evident that overt primary
aldosteronism can be detected even below the clinical
thresholds for screening that are commonly recom-
mended. For example, Monticone et al. () system-
atically screened nearly  consecutive referrals to a
hypertension center in Italy for primary aldosteronism
using the relatively conservative and strict binary
criteria of an ARR. ng/dL per ng/mL/h in addition
to an aldosterone level. ng/dL. The % of patients
who had a positive screening result underwent a
confirmatory aldosterone suppression test with either
an intravenous saline suppression test or captopril
challenge; % of their total population had a confirmed
diagnosis of primary aldosteronism. Perhaps more
impressive than the total prevalence of disease was the
observed distribution of primary aldosteronism.
Among patients who had a clear indication to be
screened for primary aldosteronism (an untreated
blood pressure of ./ or  to / to
 mm Hg), the prevalence of disease was very high,
% to % (). These patients can be considered to
have overt primary aldosteronism: they had severe
hypertension warranting a screen for primary al-
dosteronism and in this context % to % were
confirmed to have the disease. More surprising
was the fact that % of patients with an untreated
blood pressure of  to / to  mm Hg
were also confirmed to have primary aldosteronism.
These patients can be considered to have “un-
recognized, yet biochemically overt primary aldo-
steronism.” Despite having a confirmed diagnosis of
primary aldosteronism, these patients generally did
not meet the current clinical indications to be
screened for the disease, and therefore, in the absence
of a systematic research investigation as was con-
ducted by Monticone et al., these patients would not
have been diagnosed with primary aldosteronism
(Fig. B). It is worth considering that this %
prevalence of unrecognized, yet biochemically overt
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primary aldosteronism was observed while using
fixed and firm screening and confirmatory diag-
nostic criteria; allowing slightly more flexible and
permissive criteria may have increased this preva-
lence (Tables  and ).

Importantly, the findings by Monticone et al. are
not in isolation. More than a decade earlier, Mosso
et al. () reported similar findings from Chile. Using
an ARR . ng/dL per ng/dL/h and fludrocortisone
suppression testing on  consecutive participants,

Figure 4. The severity spectrum of primary aldosteronism. (A) Overt primary aldosteronism. The Endocrine Society clinical practice

guidelines recommend screening for primary aldosteronism using the aldosterone-to-renin ratio in severe or resistant hypertension.

This practice of screening for a high aldosterone-to-renin ratio (.20 to 30 ng/dL per ng/dL per hour in conventional units or.750 to

830 pmol/L per mg/L per hour in SI units) is highly sensitive for detecting patients with severe hypertensive primary aldosteronism, that

is, those with an obvious clinical syndrome of excessive MR activation (hypertension and/or hypokalemia) who are confirmed to have

biochemically overt primary aldosteronism and likely to have an APA or bilateral adrenal hyperplasia as the cause of their disease. These

cases of overt primary aldosteronism have the highest risk for incident cardiovascular disease. (B) Unrecognized, yet biochemically overt

primary aldosteronism. Using confirmatory testing thresholds recommended by the Endocrine Society (see Table 3), human studies

have demonstrated that a substantial portion of normotensive and mild-to-moderate hypertensive persons, populations for whom

primary aldosteronism screening is not routinely recommended, have unrecognized, yet biochemically overt primary aldosteronism.

(C) Subclinical or nonclassical primary aldosteronism. Even below the Endocrine Society recommended thresholds of what is currently

considered biochemical confirmation of primary aldosteronism, a continuum of renin-independent aldosterone secretion can be

detected among healthy normotensive and moderately hypertensive persons, in whom no obvious clinical syndrome of MR

overactivation is apparent. These persons have subtle biochemical evidence of renin-independent aldosteronism (renin suppression

with inappropriately “normal” or high aldosterone levels) and higher risk for developing hypertension. This phenotype may best be

described as subclinical or nonclassical primary aldosteronism (41). The hypothesized pathologic corollaries remain theoretical and are

discussed in “What Causes Primary Aldosteronism?” One theory suggests that the newly described finding of APCCs may represent an

aldosterone-secretory abnormality wherein a subset may then acquire neoplastic alterations to transform into APAs or bilateral adrenal

hyperplasia. An alternative theory suggests that nonfunctional adrenocortical neoplasia may acquire secretory somatic alterations to

become APAs or bilateral adrenal hyperplasia. A combination of both or neither theories may also be possible. BAH, bilateral adrenal

hyperplasia; PA, primary aldosteronism. Adapted with permission from Brown JM, Robinson-Cohen C, Luque-Fernandez,MA, et al. The

spectrum of subclinical primary aldosteronism and incident hypertension: A cohort study. Ann Intern Med. 2017;167(9):630–641. http://

annals.org/aim/article-abstract/2657166/spectrum-subclinical-primary-aldosteronism-incident-hypertension-cohort-study ©American

College of Physicians. [© 2018 Illustration Presentation ENDOCRINE SOCIETY]
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they too reported that the prevalence of primary al-
dosteronism was %. Again, the distribution of disease
was % among the most hypertensive individuals,
and % to % in those with milder hypertension, thus
affirming the concept that a substantial proportion of
mild-to-moderate hypertensives, who do not meet the
current indications to undergo screening for primary
aldosteronism, do in fact have unrecognized, yet
biochemically overt primary aldosteronism according
to well-accepted confirmatory criteria. Similarly, Rossi
et al. () reported an overall prevalence of primary
aldosteronism of .% in a cohort of patients eval-
uated at an Italian referral center; however, they also
noted that the prevalence ranged from ~% in those
with stage I hypertension to .% in those with stage
III hypertension. Finally, in a Japanese cohort with
hypertension, screening and confirmatory testing
revealed an overall primary aldosteronism prevalence
of .% (). Thus, the prevalence of primary aldo-
steronism is highly dependent on the population being

targeted by screening, the specific diagnostic criteria
used to define a positive screen, and the mode of
confirmation. As a testament to this variability and
lack of standardization, the prevalence rates of primary
aldosteronism have been reported to range from .%
to .% in mild-to-moderate hypertension (, ,
),.% in moderate-to-severe hypertension (),
and $% in resistant hypertension and/or sleep
apnea (–).

We strongly suggest that it is important to avoid
excessive focus on specific prevalence statistics, be-
cause without a diagnostic histopathologic gold stan-
dard the somewhat arbitrary and varying criteria for
positive screening and confirmatory testing can lead to
wide prevalence ranges. Even though a large body of
literature has investigated the prevalence of primary
aldosteronism in resistant hypertension, the methods
and criteria used can dramatically alter the preva-
lence estimates. For example, the PATHWAY- study
was a randomized intervention study that investigated

Table 3. Interpretations of Biochemical Dynamic Confirmation Results for Primary Aldosteronism

Test Brief Methodology

Most Conservative

Positive Interpretation

More Permissive

Positive Interpretation

Oral sodium suppression • Increase dietary sodium

to .200 mmol/d for 3-4 d

Twenty-four–hour urinary

aldosterone excretion

rate .12–14 mg

Twenty-four–hour urinary

aldosterone excretion

rate .10 mg
• Measure 24-h urine sodium,

creatinine, and aldosterone

excretion rate on day 3 or 4

Supine intravenous saline suppression • Following 1 h of supine rest,

infuse 2 L of normal saline

during 4 h

Postinfusion aldosterone level

.10 ng/dL

Postinfusion aldosterone

level .5 ng/dL

• Measure PRA and serum

aldosterone before and after

infusion

Fludrocortisone suppression • Administer 0.10 mg of

fludrocortisone every 6 h for

4 d, while maintaining

normal serum potassium and

high dietary sodium intake

Seated aldosterone .6 ng/dL

with PRA ,1.0 ng/mL/h

• Measure PRA and serum

aldosterone while seated

on morning of day 4

• Dexamethasone suppression

can also be performed to

minimize confounding by ACTH

Captopril challenge • Administer 25 mg of oral captopril

after 1 h of seated posture

• Less than 30% suppression of

aldosterone from baseline

while PRA remains suppressed (97)

• ARR postcaptopril

.20 ng/dL per ng/mL/h

• Measure PRA, serum aldosterone,

and ARR before and 1 h and 2 h

after captopril in seated position

alternatively

• ARR postcaptopril .30 ng/dL

per ng/mL/h (108)

Interpretations are based on the Endocrine Society guidelines (97).

Abbreviation: PRA, plasma renin activity.
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which antihypertensive would be the most effective for
patients with resistant hypertension already treated
with three antihypertensives (). The investigators
focused on resistant hypertensives in whom secondary
hypertension, including primary aldosteronism, had
been excluded by expert hypertension centers using
conventional criteria. After a randomized crossover
intervention that included  weeks of treatment with
doxazosin (a-antagonist), bisoprolol (b-antagonist),
spironolactone (MR antagonist), and placebo, the
most effective fourth antihypertensive agent was spi-
ronolactone (). Importantly, the greatest blood
pressure lowering effect by spironolactone was seen
when renin was the most suppressed. In a subsequent
substudy of the original PATHWAY- participants,
aldosterone levels were measured and a trial of ami-
loride was assessed (). The results showed that
spironolactone exerted the greatest blood pressure
lowering effect in resistant hypertension when re-
nin was suppressed and aldosterone and the ARR
levels were the highest, and furthermore, that ami-
loride (an ENaC inhibitor) could exert a similar effect
to spironolactone (). Thus, the overall results of
the PATHWAY- studies raised the possibility that
a substantial proportion of resistant hypertension
may not be “essential hypertension” but rather may be
enriched for autonomous and renin-independent al-
dosterone secretion that falls below our current di-
agnostic standards for primary aldosteronism. The
role of other potential MR agonists (such as cortisol
and deoxycorticosterone) and factors that could
result in a low-renin hypertension or increased
MR signaling (–) were not reported in the
PATHWAY- studies, but they may have also played a
role.

Several important questions about the role of al-
dosterone in resistant hypertension arise from this
study. When did the renin-independent aldosterone
secretion begin? Could it have contributed to the
development of worsening and resistant hypertension?
What cutoffs of the ARR in resistant hypertension
indicate a condition that would benefit from an MR
antagonist? Is the suppression of renin in hypertension
sufficient to consider using an MR antagonist or
amiloride? Could identification and treatment (with
an MR antagonist or amiloride) of this nonclassical
phenotype of primary aldosteronism have averted
years of severe hypertension?

The answers to the questions may lie in how ex-
pansive the detectable spectrum of primary aldoste-
ronism is and how well we can assess the parallel
chronology of its nature with blood pressure trajec-
tories. For example, overt primary aldosteronism can be
detected in mild-to-moderate hypertension. Baudrand
et al. () evaluated the prevalence of primary al-
dosteronism in mild-to-moderate hypertensives
(blood pressure range,  to / to  mm Hg)
who had a plasma renin activity ,. ng/mL/h using

more permissive screening thresholds, ARR. ng/dL
per ng/mL/h, and an aldosterone level of at
least . ng/dL, but with subsequent employment of
standard and conservative thresholds for a confir-
matory oral sodium suppression test, where the
-hour urine aldosterone excretion rate was mea-
sured following oral sodium loading (Table ). By
focusing on a population with low-renin hypertension,
and by relaxing the screening thresholds to minimize
the chances of missing true cases, they observed a
primary aldosteronism prevalence of % (). Thus,
despite having seemingly unimpressive plasma aldo-
sterone levels in a single cross-sectional measurement,
many of these participants had nonsuppressible in-
tegrated -hour urinary aldosterone excretion rates,
an important distinction that may be explained by the
fact that plasma aldosterone is extracted by the kidneys
and metabolized and excreted into the urine in a
remarkably rapid and stable equilibrium (). This
study underscores two important points: the preva-
lence of a disease can be modulated by the risk of the
population that is being tested and by how strictly the
screening and confirmatory criteria are interpreted and
evaluated. These points are particularly relevant for a
disease such as primary aldosteronism, where a uni-
versal diagnostic gold standard to calibrate diagnostic
testing is lacking.

The prevalence and severity spectrum of the

primary aldosteronism phenotype

in normotension

The detection of unrecognized, yet biochemically overt
primary aldosteronism is not limited to hypertensives,
but it extends to individuals with normal blood
pressure as well (Fig. B). Markou et al. () indis-
criminately (regardless of baseline ARR) conducted
fludrocortisone-dexamethasone suppression testing
on  normotensive individuals in Greece and
demonstrated that % of their normotensive pop-
ulation had aldosterone secretion meeting the defi-
nition of confirmed primary aldosteronism. Similarly,
Baudrand et al. () indiscriminately conducted oral
sodium suppression tests on  normotensive in-
dividuals with low renin activity (,. ng/mL/h) in
the United States and observed a primary aldoste-
ronism prevalence of %. Importantly, normotensive
participants in both studies had ARR and serum
potassium values in the normal range, suggesting that
these participants not only lacked any indication to be
screened for primary aldosteronism, but even if they
had been screened with an ARR, it would not have
been interpreted as positive or have provoked further
confirmatory testing.

How can a normotensive individual have primary
aldosteronism? One potential explanation is that
healthy normotensive individuals have little to no
vascular disease or kidney disease; thus, their arterial
compliance can handle the excess volume and millions
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of healthy nephrons can excrete the excess sodium/
volume to prevent substantial increases in blood
pressure. However, it can then be presumed that
exposure to intravascular volume expansion in com-
bination with excess aldosterone–MR interactions
over time could induce reductions in arterial com-
pliance and age- or pressure-dependent reductions in
kidney function that could then gradually manifest as
increases in blood pressure and incident hypertension.
Indeed, Markou et al. () conducted a -year lon-
gitudinal assessment in their study and showed that
% of patients with normotensive primary aldoste-
ronism developed frank hypertension; in contrast, only
% of those without normotensive primary aldo-
steronism developed hypertension (OR, .; % CI,
. to .).

If less severe cases of primary aldosteronism can be
detected in mild-to-moderate hypertension and nor-
motension, how far does this severity spectrum of
primary aldosteronism extend? On the basis of logical
biological continuums, it can be hypothesized that this
severity spectrum could extend further, and that the
above-mentioned studies were limited in detecting
only primary aldosteronism cases that emerged by
employing currently accepted thresholds for confir-
matory tests (Table ) (). There are four well-known
dynamic confirmatory tests for primary aldosteronism,
and all employ a similar mantra: can aldosterone
secretion be suppressed? A fifth confirmatory test is
nondynamic and involves the observation that in the
setting of a very high aldosterone level (. ng/dL),
suppressed renin, and hypertension and hypokalemia,
the diagnosis is confirmed (). The method of al-
dosterone suppression in dynamic tests varies, that is,
oral sodium or intravenous saline or fludrocortisone
or captopril, each with its own pros and cons, and so
do the relatively arbitrary thresholds that define
when a confirmatory test is “positive” and when a test
is “negative.” Furthermore, the concordance (sensi-
tivity and specificity) between these confirmatory tests
can vary greatly (, ). Therefore, the diagnostic
thresholds of these confirmatory tests are not written
in stone, and milder autonomous aldosterone secre-
tion that fails to reach the currently accepted confir-
matory thresholds (Table ) may not always be entirely
“normal.”

Is there a clinically relevant phenotype of auton-
omous aldosterone secretion that exists even below the
current thresholds used to confirm primary aldoste-
ronism? If so, this phenotype of primary aldosteronism
might be referred to as “subclinical” (to imply that this
phenotype is mild enough that it falls below the
currently accepted diagnostic thresholds) or “non-
classical” (to imply that this phenotype is not recog-
nized by the classical syndrome of severe hypertension
and hypokalemia) (Fig. C). The idea that mild and
nonclassical forms of primary aldosteronism exist and
evade detection is not new. Jerome Conn suspected

that primary aldosteronism likely originated in nor-
mokalemic normotensives, prior to progressing to its
more overt manifestations of severe hypertension and
hypokalemia (–). Shortly thereafter, in the s
and s, low-renin hypertension was described as a
phenotype of hypertension, low renin, but without
overtly high aldosterone levels to qualify as primary
aldosteronism (, , , ). However, evidence
that low-renin hypertension could include a spectrum
of excess aldosterone and/or MR activation accrued.
Patients with low-renin hypertension were observed to
have low salivary sodium-to-potassium ratios and
notable blood pressure decrements when treated with
spironolactone or inhibitors of adrenal steroids (, ,
, ).

Adlin () reported an interesting study in 

wherein  healthy normotensive individuals were
evaluated after  days of dietary sodium restriction
(mean -hour urinary sodium balance of only
.mmol). These experimental conditions mimic the
dietary sodium status of the Yanomami, discussed
earlier in this review, whereby plasma renin activity
was maximally stimulated (). Subjects in Adlin’s
study had their maximally stimulated plasma renin
activity measured after  hours of ambulation where it
was observed that stimulated plasma renin activity was
inversely correlated with blood pressure (). Adlin
speculated from these results that some of these in-
dividuals may have subtle mineralocorticoid excess
manifesting as an inability to maximally stimulate
renin (“a more sensitive indicator of renin suppres-
sion”) and higher blood pressure within the normal
range (). Hundemer et al. () effectively repeated
this experiment on a much larger scale by studying 
normotensive and untreated mild hypertensive par-
ticipants without any known cardiovascular or renal
disease and without overt primary aldosteronism
(based on current confirmatory testing). Maximally
stimulated plasma renin activity was evaluated in the
standing position after  days of dietary sodium
restriction and the maximally stimulated renin values
were hypothesized to inversely correlate with au-
tonomous aldosterone secretion and MR activation.
Indeed, participants with the least ability to physi-
ologically increase renin (or most suppressed renin
activity) when sodium restricted had higher blood
pressure, greater salt sensitivity of blood pressure,
higher ARR, greater autonomous aldosterone se-
cretion in the context of an oral sodium suppression
test, lower renal plasma flow, and trends suggesting
greater urinary potassium excretion and lower serum
potassium within the normal range (). Impor-
tantly, none of these participants had primary aldoste-
ronism by conventional criteria, thereby demonstrating a
continuum of autonomous aldosterone secretion and
renin suppression that was associated with cardiovascular
and renal disease even below the current diagnostic
confirmatory thresholds.

“One of the major

transformative breakthroughs

in the last decade has been the

increase in our understanding

of the genetics of primary

aldosteronism.”
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Cross-sectional studies have repeatedly observed a
continuum of greater autonomous aldosterone se-
cretion that exists below the current definitions of
primary aldosteronism, and correlates with older age,
adverse cardiometabolic profiles, and potassium reg-
ulation suggestive of increased MR activation (, ,
–). The significance of these cross-sectional
findings is best appreciated in the context of longitu-
dinal cohort studies that included outcomes assessments.
In prospective studies of healthy normotensives from
the Framingham Offspring cohort, Vasan et al. ()
showed that higher aldosterone levels were associated
with greater increases in blood pressure and risk for
incident hypertension. In subsequent studies they
showed that the development of increases in blood
pressure among normotensives may have been
driven by participants with the lowest renin con-
centrations and highest aldosterone levels, in other
words, those with a phenotype of normotensive
renin-independent aldosteronism (). Similarly,
Brown et al. () reported that among untreated
normotensive and normokalemic participants from
the Multi-Ethnic Study of Atherosclerosis, those with
suppressed plasma renin activity (#. ng/mL/h)
had a significantly higher risk for developing incident
hypertension (. hypertension events per 

person-years) when compared with normotensives
with unsuppressed plasma renin activity (. to .
and $. ng/mL/h) (each with ~ hypertension
events per  person-years). Importantly, the risk
for increases in systolic blood pressure and incident
hypertension among normotensives with a sup-
pressed renin was progressively associated with
higher aldosterone levels, such that even higher al-
dosterone levels in the normal range were associated
with increased risk for incident hypertension when
renin was suppressed ().

These longitudinal studies have suggested that the
pathophysiology of primary aldosteronism may per-
haps be best defined as any inappropriate or dysre-
gulated secretion of aldosterone from its normal and
physiologic regulators, and that this pathology may
begin in seemingly healthy normotensives. Greater
degrees of renin-independent aldosterone secretion in
normotension are associated with a higher risk for
developing hypertension, and more severe renin-
independent aldosteronism in hypertensives may in-
crease the risk for developing resistant hypertension
and evident cardiovascular disease (Fig. ) (, ,
). The implications of this expanding spectrum of
primary aldosteronism are that our current diagnostic
definitions and practices may be suboptimal at
detecting mild and nonclassical forms of primary al-
dosteronism, and consequently, missing opportunities
to mitigate pathologic renin-independent aldosterone–
MR interactions that increase the risk for cardiovascular
disease. This was recently underscored by Dr. Funder
() who suggested that “the strict definition of primary

aldosteronism is no longer tenable” and that progress will
require that we “recognize the true prevalence of primary
aldosteronism to include dysregulated aldosterone se-
cretion and inappropriate aldosterone production.”

Importantly, no prospective study has robustly
evaluated whether a phenotype of renin-independent
aldosteronism in normotension progressively worsens
to become a more apparent phenotype of primary
aldosteronism in hypertension. Therefore, whether
these forms of inappropriate and dysregulated au-
tonomous aldosteronism represent a single contin-
uum, or multiple unique phenotypes that collectively
form a severity spectrum, is unknown. Prospective
studies are needed to better understand the longitu-
dinal natural history and progression of autonomous
aldosterone secretion to determine its origins and
prevalence.

Current and future approaches to diagnosing

primary aldosteronism

What interventions can be made to improve the earlier
detection of primary aldosteronism? First and fore-
most, greater public health awareness and outreach
efforts to encourage screening for primary aldoste-
ronism based on the current and classical indications
need to be made (, , ). The current clinical
practice guidelines recommend “classical indications”
to screen for primary aldosteronism using the ARR,
that is, when patients have severe hypertension and/or
hypokalemia, as well as hypertension with an adrenal
mass, sleep apnea, or suspicious family history (Fig. ).
In this context, a very high aldosterone (such
as . ng/dL) and a suppressed renin are highly
suggestive of overt primary aldosteronism. However,
future studies should prospectively evaluate the effi-
cacy and cost-effectiveness of expanding the screening
criteria to include nonclassical indications that could
capture a broader population of individuals who may
be enriched for primary aldosteronism, such as hy-
pertensives using three or more antihypertensives,
hypertensives with a low-renin phenotype, lone or
unexplained atrial fibrillation, and patients with un-
explained hypokalemia regardless of blood pressure
(Fig. ). Given that .. billion people worldwide are
estimated to have hypertension (, ), prospective
studies will be needed to assess the efficacy and cost-
effectiveness of expanded screening (). Missing
cases of primary aldosteronism carries a risk of in-
creased patient morbidity and excess costs related
to consequent cardiovascular disease. Alternatively,
overtesting for primary aldosteronism can carry a risk
of excessive costs and wasteful and unnecessary di-
agnostic testing.

Furthermore, we propose that to maximize de-
tection of true positives, screening criteria may be
relaxed. We suggest that patients with hypertension
and/or hypokalemia who have suppressed renin ac-
tivity in combination with aldosterone levels. ng/dL
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should be considered to have a positive screening test,
whereas those with lower aldosterone levels of  to
 ng/dL can also be considered to have a potentially
positive test result (Fig. ) (). Aldosterone levels can
vary substantially throughout the day, and therefore a
single value that falls below  ng/dL should not
necessarily exclude the possibility of primary aldo-
steronism (). The testing can be repeated and/or
confirmatory testing can be performed. The inability
to adequately suppress aldosterone on a dynamic
confirmatory test would validate the screening testing,
whereas the ability to markedly suppress aldosterone
with sodium/saline or fludrocortisone or captopril
could exclude primary aldosteronism and steer the

diagnosis toward low-renin essential hypertension
(Fig. ). Evidence of only marginal aldosterone sup-
pression below the conventional thresholds of rec-
ommended confirmatory testing (Table ) requires
careful clinical judgment, and may still be interpreted
as a mild or nonclassical form of autonomous aldo-
sterone secretion. These latter patients could undergo
localization studies, or be empirically treated with MR
antagonists, depending on the clinician’s confidence
and judgment, because the thresholds for confirmatory
tests are relatively arbitrary and there is likely a
continuum of primary aldosteronism that exists below
classical diagnostic thresholds (, , ). The use
of MR antagonists in low-renin hypertension and

Figure 5. Proposed modifications to the diagnostic approach to detect overt and milder forms of primary aldosteronism. Biochemical

screening for primary aldosteronism is generally pursued when classical indications are observed, as recommended by the Endocrine

Society (97). Consideration of expanded screening indications may increase the probability of detecting more cases of primary

aldosteronism. A positive screen for primary aldosteronism should suggest renin-independent aldosterone secretion, whereby

aldosterone levels are relatively high in the context of a suppressed renin. In the absence of overt evidence for renin-independent

aldosteronism on screening, confirmatory testing can be used to affirm the diagnosis (Table 3) (97). Failure or relative failure to suppress

aldosterone on dynamic testing may confirm the diagnosis, whereas marked suppression of aldosterone may instead suggest a diagnosis of low-

renin hypertension. The diagnosis of primary aldosteronism need not rely on binary thresholds, rather it may exist across a continuumof severity

wherebymild and nonclassical casesmay be detected aswell. Solid arrows indicate recommended decision pathways; dashed arrows indicate the

authors’ proposals to consider in the appropriate clinical context. BP, blood pressure. [© 2018 Illustration ENDOCRINE SOCIETY]
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resistant hypertension has been shown to be effica-
cious and may represent a targeted treatment that
mitigates aldosterone-MR–mediated cardiovascular
injury (, , , ). Alternatively, ENaC in-
hibitors may also be an effective alternative to MR
antagonists, particularly in resistant hypertension
().

As our understanding of the spectrum of pri-
mary aldosteronism expands, we will require better
diagnostic tools. Novel biomarkers of aldosterone
excess and MR activation, such as urinary exosomes
that reflect MR and ENaC activity (–) or highly
sensitive liquid chromatography–tandem mass spec-
troscopy steroid profiling (, ), may represent
new diagnostic tools that provide greater confidence in
detecting milder cases of primary aldosteronism.

What Causes Primary Aldosteronism?

Introduction to genetic and molecular

pathogenesis of primary aldosteronism

As reviewed previously, emerging evidence suggests
that the prevalence of autonomous aldosterone se-
cretion is relatively high. Given the known physiologic
role of aldosterone in human evolution, why and how
would autonomous and pathophysiological aldoste-
rone secretion develop? This section reviews the
current evidence that has illuminated our un-
derstanding of how primary aldosteronism may de-
velop, with an emphasis on recent discoveries. These
discoveries show that genetic alterations, and poten-
tially also ectopic and nonneoplastic expression of
aldosterone synthase, underlie primary aldosteronism,
and how these two findings might be related.

Genetics of familial primary hyperaldosteronism

One of the major transformative breakthroughs in the
last decade has been the increase in our understanding
of the genetics of primary aldosteronism. Although
inheritable forms of primary aldosteronism [familial
hyperaldosteronism (FH)] are extremely rare (), the
discovery and comprehension of familial forms of the
disease have transformed our understanding of al-
dosterone secretion in the more common and sporadic
forms of primary aldosteronism. This section only
briefly overviews the history of genetic discoveries to
allow contextualizing other findings discussed later;
the genetics of primary aldosteronism have been
comprehensively described in several recent reviews
(–).

FH-I, also known as glucocorticoid remediable
aldosteronism, was first described nearly  years
ago (). Patients classically present with early
onset primary aldosteronism and have a higher
incidence of stroke; however, the phenotype and
penetrance of FH-I are highly variable and can often
be difficult to detect (). The molecular cause of

FH-I is a chimeric gene whereby the promoter for
b-hydroxylase (CYPB) is translocated to the
coding region of aldosterone synthase (CYPB).
This fusion gene, and aldosterone synthase ex-
pression and aldosterone production, is therefore under
the regulation of ACTH and occurs in the zona fas-
ciculata with resultant production of -hydroxycortisol
and -oxocortisol. For this reason, glucocorti-
coids can be an effective therapy; the suppression of
ACTH secretion can diminish excessive aldosterone
secretion.

FH-II has been described for. years. FH-II has
traditionally been defined as an inheritable form of
primary aldosteronism whereby FH-I has been ex-
cluded. Early studies implicated an association be-
tween FH-II and a p chromosomal locus (,
); however, the molecular and genetic mechanisms
underlying FH-II have been largely unknown, until
recently. Studies, discussed below, suggest that we may
be able to reclassify some cases of FH-II as a result of
one, or possibly more, newly discovered genetic
alterations.

Recent discoveries have identified numerous
mechanisms that alter the cell membrane potential
and intracellular calcium concentration of zona glo-
merulosa cells to result in autonomous aldosterone
secretion (–). In general, membrane depolariza-
tion of zona glomerulosa cells leads to opening of
voltage-gated calcium channels, increasing intracel-
lular calcium concentrations. This calcium increase
stimulates calcium signaling leading to increased ex-
pression of steroidogenic genes and aldosterone
production. FH-III and FH-IV are the consequence of
germline mutations that affect this signaling process.
In , Lifton and colleagues () described a father
and his two daughters who each had early-onset
primary aldosteronism requiring bilateral adrenalec-
tomy for cure, and they had pathology revealing
massive hyperplasia of the zona fasciculata. A few years
later, using next-generation sequencing, they reported
that this family, and others with inheritable primary
aldosteronism (i.e., FH), had a germline mutation in
the KCNJ gene, which encodes the G-protein–
activated inward rectifier potassium channel  (GIRK)
(). The wild-type channel is responsible for an
outward potassium current that plays an important
role in maintaining the hyperpolarized membrane
potential of zona glomerulosa cells. In contrast, the
mutant channel permits an inward leak of sodium
ions, thereby raising the cell membrane potential
toward the depolarization threshold, increasing
opening of voltage-gated calcium channels and in-
tracellular calcium influx, and increasing aldosterone
production (–). This syndrome is now termed
FH-III, and although it is exceedingly rare, it has
shaped our understanding of how elements that
regulate cell membrane potential may modulate al-
dosterone secretion.
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Subsequently, FH-IV was identified from germline
gain-of-function mutations in the CACNAH gene, a
T-type voltage–gated calcium channel, that when
mutant, increases calcium influx and aldosterone
production (–). FH-IV results not only in a
syndrome of primary aldosteronism, but also neuro-
cognitive disorders, epilepsy, and autism (, ).
Similarly, in screening patients with early-onset pri-
mary aldosteronism, gain-of-function mutations were
discovered in the CACNAD gene, encoding an L-type
voltage–gated calcium channel that when mutant
results in increased calcium influx and aldosterone
production (). Germline CACNAD mutations
cause primary aldosteronism but also a phenotype of
cerebral palsy, seizures, and possibly autism spectrum
disorder (also referred to as PASNA, i.e., primary
aldosteronism with seizures and neurologic abnor-
malities) (, ). Most recently, germline gain-of-
function mutations in the CLCN gene were described,
which encodes an outward chloride channel in zona
glomerulosa cells (, ). Mutant CLCN increases
chloride efflux resulting in depolarization of the cell,
opening of voltage-gated calcium channels, and in-
creases in aldosterone production (, ). Notably,
these germline CLCN mutations were found among
patients and families with the presumptive diagnosis of
FH-II, whereby no known mechanism had been
previously attributed (); therefore, CLCN alter-
ations may represent at least one potential explanation
for the FH-II syndrome.

Genetics of sporadic primary aldosteronism

Although the aforementioned knowledge that elu-
cidated mechanisms for familial primary aldoste-
ronism have been groundbreaking, it is important to
note that these germline mutations are very rare
causes of primary aldosteronism. However, this
knowledge has been particularly instructive for un-
derstanding sporadic, or noninheritable, forms of
primary aldosteronism.

Numerous studies have now been performed ex-
amining tissue from surgically resected APAs. More
than half of all APAs harbor at least one somatic
mutation known to increase aldosterone production,
and in one recent study that utilized a CYPB
immunohistochemistry-guided approach, up to %
of APAs had a somatic mutation (). The most
frequent somatic alteration is gain-of-function mu-
tations in KCNJ, for which more than a dozen
pathogenic mutations have been described (–).
The exact frequency of somatic KCNJ mutations in
APAs varies by geography and is limited to the bias of
surgically resected specimens. They have been ob-
served in % to % of APAs in European and
American populations, and even higher in Asian
populations (, –), while also displaying a
higher prevalence in women (, , ). The high
prevalence of KCNJ mutations in sporadic primary

aldosteronism provides a common mechanism for the
disease (cell membrane depolarization) that may
provide insights for treatment. For example, a recent
study demonstrated that macrolide antibiotics could
selectively inhibit mutant GIRK and consequent
aldosterone production (). Furthermore, patients
with APAs that harbor KCNJ mutations tend to
present at young age with pronounced severity of
biochemical primary aldosteronism, and have been
observed to have substantial clinical improvement/
cure following adrenalectomy, including regression of
left-ventricular mass (, , –).

Following somatic KCNJ mutations, a broad
spectrum of somatic mutations in CACNAD are the
next most commonly detected in sporadic primary
aldosteronism with a prevalence of -% among
APAs (, ). Selective antagonists of voltage-gated
calcium channels are currently available and may
provide targeted therapy for primary aldosteronism
driven by CACNAD mutations (, ). In -%
of APAs, loss of function somatic mutations in
ATPA (encoding Na+/K+-ATPase ) and ATPB
(encoding Ca+-ATPase ) have been reported (,
, –); however, germline mutations in these
genes have not yet been observed in primary aldo-
steronism. Loss-of-function mutations in these ATPases
is postulated to result in zona glomerulosa cell mem-
brane depolarization and consequent increased calcium
influx and aldosterone production.

Importantly, although firm evidence has directly
implicated these aforementioned “channelopathies” in
increasing aldosterone production, evidence to sup-
port their role in the development of adrenal neoplasia
or APA has been inconsistent and inconclusive (,
, ). Finally, although the aforementioned studies
focused on unilateral APAs, one recent study of 
adrenal specimens from patients with bilateral primary
aldosteronism due to presumed hyperplasia demon-
strated the presence of pathogenic somatic mutations
in every specimen, and these mutations were almost
exclusively in CACNAD (). Larger studies will be
needed to validate this finding; however, this early
evidence implicates somatic mutations, and specifically
CACNAD mutations, in the pathogenesis of auton-
omous aldosterone secretion in bilateral primary
aldosteronism.

Epigenetics of primary aldosteronism

In parallel with the surge in genetic research in pri-
mary aldosteronism, there have been studies impli-
cating epigenetic factors that occur in APAs. Although
the field of epigenetics can comprise a vast array of
genetic modulators, the most consistent observations
have related to methylation of the CYPB gene.

When the renin–angiotensin–aldosterone system
is activated with conditions of sodium restric-
tion, hypomethylation and increased expression of
CYPB have been observed, whereas inhibition of

“Simply normalizing blood

pressure in primary

aldosteronism may not be

sufficient to optimally reduce

incident cardiovascular

events.”
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the angiotensin type  receptor results in hyper-
methylation and decreased expression of CYPB
(). The APA tissue from patients with primary
aldosteronism exhibits global CpG hypomethylation
compared with normal adrenal tissue, including
hypomethylation of the Purkinje cell protein  gene
(), which is associated with increased gene ex-
pression of CYPB (, ). Integrated analyses of
genome-wide methylation have demonstrated distinct
methylation patterns between APAs, nonfunctioning
adrenocortical tumors, and normal adrenal cortex
tissue (), where the pattern of CYPB hypo-
methylation associated with CYPB overexpression
in APAs is consistently observed. Continued research
into the role of epigenetic regulation in inducing
hyperaldosteronism and adrenal neoplasia is likely to
evolve in the future.

Morphologies of primary aldosteronism and

aldosterone-producing cell clusters

Another transformative breakthrough in the last de-
cade has been in relation to our understanding of the
phenotypic morphology of the adrenal glands in
primary aldosteronism. It is conventionally assumed
that primary aldosteronism is either caused by a
unilateral neoplastic process (adenoma, hyperplasia, or
carcinoma) or via a bilateral neoplastic process (ad-
enomas or hyperplasia). However, recent studies fo-
cused on the histopathology of adrenal specimens
from patients with and without primary aldosteronism
have provided evidence that may refine this view.

Aldosterone production occurs in zona glomer-
ulosa cells and requires expression of aldosterone
synthase (CYPB). The availability of highly specific
antibodies to CYPB to conduct immunohisto-
chemistry has enhanced our ability to visualize where
aldosterone expression may be occurring (–).
As expected, APAs have been shown to express
CYPB, thereby confirming the relationship of
adrenal neoplasia with the biochemical phenotype
of primary aldosteronism (). However, clusters of
CYPB-expressing cells have also been observed to
exist adjacent to APAs in regions without apparent
neoplasia (, ). These clusters have been termed
aldosterone-producing cell clusters (APCCs) and have
several features that suggest they represent nonneo-
plastic foci of autonomous aldosterone production.
The observation that APCCs can be visualized in
adrenal tissue adjacent to APAs suggests that
CYPB expression in these foci is independent of
renin and angiotensin II, which are physiologically
suppressed in patients with primary aldosteronism
(, ). Importantly, APCCs do not express
CYPB or CYPA, which are necessary for
cortisol production (, ). When isolated and
sequenced, more than a third of APCCs have been
found to harbor known aldosterone-driver muta-
tions in CACNAD and ATPA (, ), further

supporting APCCs as foci of autonomous aldosterone
secretion. An interesting observation has been that
APCCs are more frequently found to harbor CAC-
NAD mutations (in both adrenal glands of patients
with hypertension and normotension) rather than the
KCNJmutations that are most frequently observed in
APAs (, ). Moreover, APCCs extend from the
subcapsular area into the zona fasciculata, but they are
not overtly neoplastic in nature, as they can be de-
tected using CYPB immunohistochemistry in
morphologically normal adrenal glands without evi-
dent tumor or hyperplasia ().

A causal link between the histopathology of
APCCs and a biochemical phenotype of primary al-
dosteronism has not yet been confirmed. Because
APCCs have largely been identified from postmortem
adrenal tissue, they have mostly been described
without the benefit of correlative biochemical phe-
notyping of aldosterone physiology.

A proposed model for primary aldosteronism

pathogenesis and epidemiology

The pathogenesis of primary aldosteronism and APAs
remains unknown. However, the aforementioned
discoveries have resulted in the development of two
hypothetical models for the development of neoplastic
primary aldosteronism ().

Broadly speaking, one theory suggests that the
initial insult may be abnormal adrenocortical growth
(a “proliferative abnormality”) that is than super-
imposed with the acquisition of a somatic mutation in
an aldosterone-driver gene (a “secretory abnormality”)
(). In this regard, one can imagine that common
adrenocortical proliferative abnormalities would give
rise to nonfunctional adrenocortical adenomas, a well-
observed and common phenomenon, and that a
subset of these neoplastic lesions may then acquire
somatic mutations that also result in abnormal se-
cretion of aldosterone (and/or cortisol for the case of
cortisol-producing adenomas).

An alternative proposal suggests that the initial
insult may be a secretory abnormality resulting in
ectopic and nonphysiologic aldosterone secretion. In
this case, the suspected culprit may be the APCCs,
which often harbor mutations in aldosterone-driver
genes. These APCCs may display a phenotype of mild
and autonomous aldosterone secretion that may also
be vulnerable to acquiring further alterations that
permit transformation to neoplastic and more severe
autonomous aldosterone secretion (i.e., APA or bi-
lateral adrenal hyperplasia) (, –) (Fig. ).

It is possible that both theories, and perhaps others,
may be valid. In this regard, the heterogeneous multitude
of permutations that can combine nonneoplastic “se-
cretory alterations” (i.e., mutations in aldosterone-driver
genes and APCCs) with “proliferative/neoplastic alter-
ations” [i.e., alternations in the Wnt/b-catenin pathway
(–) and other potential progrowth alterations]
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may dictate the biochemical and clinical phenotype of
primary aldosteronism (, –, ).

This latter point has important implications for
public health. Postmortem studies suggest that APCCs
are relatively common (, ), and that nearly %
of normotensive individuals harbor APCCs ().
These findings may provide a histopathologic expla-
nation for the expansive spectrum of autonomous
aldosteronism that is described (Fig. ), and they
suggest that aldosterone-mediated hypertension may
be more common than perceived (, , ).
Furthermore, APCCs are observed to be more prev-
alent with older age (, , ). Postmortem
studies describe two notable adrenal histopathologic
changes that are observed with older age: () the
normal and contiguous expression of CYPB ap-
pears to decline, and () the number of APCCs appears
to be higher (, ). Collectively, these histo-
pathologic observations suggest that aging may be
associated with a blunted ability to physiologically
secrete aldosterone, as well as an increase in auton-
omous and pathophysiologic aldosterone secretion, as
has been suggested in prior human physiology studies
(, ). These observations from separate histo-
pathology and human physiology studies seem con-
cordant: foci of autonomous aldosterone secretion
(i.e., APCCs) may manifest clinically as a phenotype of
nonsuppressible aldosterone secretion in the face of a
sodium load, which under normal physiologic con-
ditions would result in suppression of endogenous
renin, angiotensin II, and thereby CYPB expres-
sion (, ). To what extent this phenotype of
autonomous aldosterone secretion contributes to age-
related hypertension is not clear; however, given the
global prevalence of hypertension and its rising in-
cidence trajectory, this emerging field of investigation
is relevant and potentially consequential.

How Should Primary Aldosteronism
Be Treated?

Given the adverse effects of pathologic aldosterone–
MR interactions on blood pressure, cardiometabolic
and kidney disease, and death, treatment to elimi-
nate or block aldosterone is recommended. The
aforementioned studies by Monticone et al. () and
those of others (, , ) that have used blood
pressure–matched essential hypertensives as com-
parators have shown that the excess risk for car-
diovascular disease in primary aldosteronism is
independent of the influence of blood pressure.
Therefore, simply normalizing blood pressure in
primary aldosteronism may not be sufficient to
optimally reduce incident cardiovascular events.
Rather efforts to neutralize the effects of patho-
logic aldosterone-mediated MR activation may be
necessary.

Dietary sodium restriction

Directly addressing blood pressure is paramount. As
many patients with primary aldosteronism have re-
sistant hypertension, the use of a multidrug regimen
including an MR antagonist is common and recom-
mended clinical practice (). As with essential
hypertension, dietary sodium restriction is to be
recommended in primary aldosteronism (). Di-
etary sodium restriction in primary aldosteronism is
effective at lowering blood pressure and may render
the effects of MR antagonists more effective (, ).
The effects of dietary sodium restriction can be
considered from a physiologic perspective. Marked
reductions of sodium intake can induce volume
contraction and further reduce the distal delivery of
sodium in the nephron, thereby decreasing sodium
reabsorption and excretion of potassium and hy-
drogen ions. The amount of dietary sodium re-
striction is often specified for essential hypertension.
For example, organizations such as the American
Heart Association () recommend consuming
, mmol of sodium a day, and for patients with
essential hypertension, , mmol of sodium a day.
Despite these recommendations, the average individual
in the United States still consumes . mmol of
sodium daily (, , ), highlighting the perva-
siveness of dietary sodium in everyday life and the
difficulty in translating recommendations to practice
and societal norms.

Whether these sodium restriction recommenda-
tions should be similar for patients with primary al-
dosteronism is less clear. In one study, among 

participants with a confirmed diagnosis of primary
aldosteronism, a sodium-restricted diet of , mmol
per day for nearly  week, which had to be prepared
and provided by professional clinical research center
dieticians, resulted in a substantial rise in renin
in .% of participants such that they had a nor-
malization of their aldosterone-to-renin ratio and
therefore a negative screen for primary aldosteronism
(). Thus, when there is marked dietary sodium
restriction in primary aldosteronism, it may limit distal
sodium delivery sufficiently to reverse volume ex-
pansion, substantially increase renin, normalize the
ARR, and reduce hypokalemia and potentially abro-
gate the pathological consequences of the disease
(). However, this degree of dietary sodium re-
striction is challenging to practically implement and
adhere to.

Medical vs surgical therapy for

primary aldosteronism

The Endocrine Society clinical practice guidelines
recommend laparoscopic adrenalectomy for patients
with unilateral primary aldosteronism, and lifelong
medical therapy with MR antagonists for patients who
have bilateral primary aldosteronism or who are
unwilling or unable to undergo surgery (). This

“Despite normalizations in

blood pressure and/or

potassium, the persistent

suppression of renin may serve

as a biomarker of sub-optimal

MR blockade.”
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general dogma has been prescribed for decades and
assumes that both surgical and medical treatments
may mitigate or reverse the cardiovascular disease
induced by aldosterone–MR interactions (–).
Notably, there have been no robust randomized
clinical trials to confirm this presumed efficacy of
treatments. However, growing evidence from cohort
studies suggests that removing the source of auton-
omous aldosterone secretion with surgery may result
in superior cardiovascular risk reduction (, , )
and quality of life (, ) when compared with
blocking the effect of aldosterone medically.

Surgical adrenalectomy has been shown to be
highly effective at curing aldosteronism and hypoka-
lemia, and either curing hypertension or substantially
decreasing its severity (, –). Studies evalu-
ating the comparative efficacy and/or disparities be-
tween medical and surgical therapy for primary
aldosteronism are always somewhat challenging be-
cause of inherent differences in these patient pop-
ulations that may influence future risk. Patients with
unilateral disease often present younger in age and
with more severe hypertension. In contrast, patients
with bilateral primary aldosteronism often present
older in age, with more insidious and possibly longer
duration of hypertension and aldosteronism, and are
more enriched with patients who are nonwhite.
Therefore, the most illuminating studies are those that
have attempted to account for these differences when
comparing and contrasting outcomes of efficacy.

For example, in a recent large cohort study of
 patients with primary aldosteronism treated with
MR antagonists (spironolactone and/or eplerenone)
and , age-matched patients with essential hy-
pertension with similar blood pressure and anti-
hypertensive medication use, the risk for incident
cardiovascular outcomes was substantially greater
among patients with medically treated primary al-
dosteronism (). Despite having similar longitudinal
blood pressure control to essential hypertensives, that
was on average ,/ mm Hg, primary aldoste-
ronism patients treated with MR antagonists had a
twofold higher adjusted risk for incident myocardial
infarction, heart failure hospitalization, or stroke,
with a relatively high composite -year adjusted
cumulative incidence of  excess events per 

people (). Furthermore, primary aldosteronism
patients treated with MR antagonists had a % higher
risk for incident atrial fibrillation, % higher risk for
incident diabetes, and % higher risk for incident
mortality. Importantly, the excess risk for these car-
diovascular events, as well as death and atrial fibril-
lation, was associated with renin activity: primary
aldosteronism patients treated with higher doses of
MR antagonists whose renin activity substan-
tially increased had no excess risk for these out-
comes, whereas primary aldosteronism patients
treated with lower doses of MR antagonists whose

renin activity remained suppressed/undetectable had a
nearly threefold excess risk for cardiovascular events
and atrial fibrillation and a % higher risk for
death when compared with age-matched and blood
pressure–similar essential hypertensives (, ) (Fig.
). In contrast, among  patients with unilateral
primary aldosteronism patients treated with curative
surgical adrenalectomy, the risk for incident cardio-
vascular events, atrial fibrillation, and death was no
different than that observed among age-matched and
blood pressure–similar essential hypertensives without
primary aldosteronism (Fig. ) (, ). Thus, lon-
gitudinal data do support MR blockade as a valuable
and effective therapy in primary aldosteronism;
however, its efficacy may depend on whether adequate
MR blockade is achieved. Despite normalizations in
blood pressure and/or potassium, the persistent
suppression of renin may serve as a biomarker of
suboptimal MR blockade, whereas a rise in renin with
MR antagonist therapy may reflect optimal blockade
of the MR (renal and extrarenal MR) that corresponds
with a lower risk for incident cardiovascular outcomes,
death, and atrial fibrillation, similar to that achieved
with surgical adrenalectomy to cure primary aldo-
steronism (, ) (Fig. ).

These findings are echoed in other cohort studies
that have shown that either adrenalectomy or more
intensive MR antagonist therapy can reduce the risk
for diabetes and death when compared with essential
hypertension (, ), and that adrenalectomy in
primary aldosteronism can mitigate the excess risk for
incident atrial fibrillation whereas medical treatment
with MR antagonists may not (, ). Cohort studies
have also shown that treatment of primary aldoste-
ronism with MR antagonists and surgery lowers
glomerular filtration rate as volume expansion and
glomerular hyperfiltration are mitigated (, ); in
fact, the higher the pretreatment aldosterone, the
greater the decline in postsurgical kidney function
(). However, patients treated with MR antagonists
have a much higher risk for incident chronic kidney
disease when compared with age- and glomerular
filtration rate–matched patients with essential hy-
pertension and those who underwent surgical adre-
nalectomy (). In fact, the age-related decline in
glomerular filtration rate has been observed to be
similar between essential hypertension patients and
surgically cured patients with primary aldosteronism,
whereas this decline is accelerated among primary
aldosteronism patients who were medically treated
with MR antagonists alone (). This underscores
another point: although aggressive MR antagonist
therapy in primary aldosteronism seems ideal, it is
often challenging to accomplish. Some patients, de-
spite intensive MR antagonist dosing, have difficult-to-
control blood pressure and suppressed renin activity.
Furthermore, declines in glomerular filtration rate
increase the risk for hyperkalemia when using MR
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antagonists, thereby potentially limiting the aggres-
siveness with which MR antagonists are dosed, and
potentially perpetuating a vicious cycle of inadequate
MR blockade and renal injury (). Finally, the
antiandrogenic effects of spironolactone may result in
side effects in men that limit maximal dosing.

Note that ENaC antagonists, such as amiloride
and triamterene, are also effective for blood pressure
and potassium control in primary aldosteronism (,
, ). This is not surprising given that the
pathophysiology of primary aldosteronism is medi-
ated through ENaCs (Fig. ). However, these agents
also may induce hyperkalemia when renal function is
impaired, and furthermore, they do not block the
MR; therefore, whether long-term use of ENaC in-
hibitors provides similar cardiovascular risk re-
ductions to MR antagonists, beyond blood pressure
control, is unknown.

Optimizing therapy using available evidence

The recent Primary Aldosteronism Surgical Outcome
study developed standardized outcome criteria to
grade the success of surgical treatment in primary
aldosteronism (). The standards set by this in-
ternational consensus provide an objective framework
and nomenclature to determine the clinical and
biochemical success of interventional therapy in pri-
mary aldosteronism. In general, complete clinical
cure after surgery was defined as a complete resolution
of hypertension and cessation of antihypertensive
medication use, whereas the progressive need for
antihypertensive medications or residual degrees of
hypertension suggests persistent clinical ramifications
of primary aldosteronism (). Biochemical cure was
inferred with normalization of potassium and the
aldosterone-to-renin ratio, whereas continued hypo-
kalemia and the lack of aldosterone suppression on
confirmatory testing postoperatively suggested per-
sistent biochemical primary aldosteronism (). This
distinction between clinical and biochemical im-
provement (or cure) is important to develop an
international nomenclature because even when bio-
chemical cure is achieved, most patients will continue
to have some degree of hypertension owing to the long
duration of antecedent high blood pressure and vas-
cular remodeling. For example, in the Primary Al-
dosteronism Surgical Outcome study, even though
% of surgically treated patients with primary aldo-
steronism achieved a complete biochemical cure, only
% of these patients had normal postoperative blood
pressures without the aid of an antihypertensive
medication (). These criterion have also been
used to show that patients with primary aldoste-
ronism who undergo surgery after reliance on only
computed tomography–based localization had a
lower likelihood of achieving biochemical cure than
when adrenal venous sampling-based localization
was employed ().

The accumulating data that patients more com-
monly benefit from eliminating the source of excess
aldosterone as compared with blocking the MR raise
the possibility that inadequate MR blockade leads to
continued exposure to aldosterone and thus contin-
ued (though attenuated) cardiometabolic injury. This
raises a question related to the medical management of
bilateral primary aldosteronism with lifelong MR
antagonist therapy: Should physicians consider uni-
lateral adrenalectomy to attenuate the aldosterone
exposure in selected patients with bilateral disease?
Robust studies to address this question do not exist.
Furthermore, the aforementioned studies implicating
the benefits of surgical therapy over medical therapy
should be considered “level ” evidence emerging from
cohort studies that are vulnerable to bias and con-
founding; there is no “level ” evidence emerging from
randomized, placebo-controlled, and blinded studies
in primary aldosteronism. Because such prospective
level  evidence does not seem to be on the horizon in
the near future, clinicians must use their judgment and
appraisal of the current cohort studies to appropriately
manage their patients and optimize cardiovascular risk
reduction.

We propose a modified approach toward the
treatment of primary aldosteronism as outlined in
Fig. . The classical approach is represented in red,
whereby unilateral primary aldosteronism is best
treated surgically and bilateral disease is treated with

Figure 6. Incident composite cardiovascular events in medically and surgically treated primary

aldosteronism when compared with essential hypertension. When compared with age-matched

and blood pressure–similar patients with essential hypertension, patients with primary aldosteronism

treated with MR antagonists had a nearly threefold higher risk for incident cardiovascular events

(myocardial infarction, stroke, heart failure hospitalization) when renin remained suppressed (82).

In contrast, patients with primary aldosteronism treated with MR antagonists such that their

renin increased, as well as patients with unilateral primary aldosteronism treated with surgical

adrenalectomy, had no significant difference in the risk for incident cardiovascular events when

compared with essential hypertension (82). Similar findings were observed with respect to the risk for

atrial fibrillation (236) and death (82). Dashed lines represent unadjusted cumulative incidence

curves; solid lines represent adjusted cumulative incidence curves. PRA, plasma renin activity.

Adapted with permission from Hundemer GL, Curhan GC, Yozamp N, et al. Cardiometabolic

outcomes and mortality in medically treated primary aldosteronism: a retrospective cohort study.

Lancet Diabetes Endocrinol 2018;6(1):51–59. [© 2018 Illustration Presentation ENDOCRINE SOCIETY]
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lifelong medical therapy; proposals to consider and
systematically evaluate in the future are represented in
blue. Currently, bilateral disease is diagnosed via ad-
renal venous sampling using varying criteria for lat-
eralization, or the lack thereof. However, adrenal
venous sampling results also provide quantified in-
formation on the relative degree of autonomous al-
dosterone secretion from each adrenal vein. The
presence of grossly asymmetric bilateral disease
presents a clinical challenge for which high-grade
clinical trial data do not exist; however, we suggest
that it may be useful to consider a combined medical/
surgical approach: unilateral adrenalectomy to at-
tenuate the severity of primary aldosteronism fol-
lowed by MR antagonist therapy. This combined
approach may be most appropriate in younger pa-
tients and those with established cardiovascular and
renal disease, or those at high risk for developing
these outcomes (Fig. ). Choosing this treatment
strategy assumes that there is long-term benefit in
attenuating the severity of primary aldosteronism
and thereby a greater possibility for clinical success
with lifelong MR antagonist therapy; however, this
approach has not been evaluated in prospective
clinical studies. When prescribing lifelong MR an-
tagonists, the objective is not only to normalize blood
pressure and potassium, but also to prevent incident
cardiovascular and metabolic diseases by blocking
pathologic MR activation, for which a rise in renin
may serve as a useful physiologic biomarker of
success (). The inability to adequately control

blood pressure or potassium, or the inability to
maximize MR antagonist dosing due to impaired
renal function (), again raises the option of
unilateral adrenalectomy to attenuate the severity of
disease coupled with long-term MR antagonist
therapy. The alternative option is a lifelong sentence
to inadequate MR antagonist therapy, which is al-
ready known to be associated with poorer outcomes
(Fig. ). Although this proposed model provides
therapeutic suggestions based on currently avail-
able data and extrapolations of data, ultimately,
prospective intervention studies are needed to as-
certain the efficacy of this approach for reducing
adverse cardiometabolic outcomes.

Perspectives: Important Questions for
the Future

Herein, we have reviewed some of the current
knowledge and ongoing trajectories of thought in the
understanding of how the primary aldosteronism
phenotype can manifest, the newly understood mo-
lecular and genetic underpinnings of the disease,
and recent findings informing the treatment of pri-
mary aldosteronism. Furthermore, we have proposed
models to consider the pathogenesis, diagnosis, and
treatment strategies for primary aldosteronism that
should be systematically investigated in the future.
However, much more work is needed to refine these
concepts so that the care of patients can be optimized

Figure 7. Optimal medical treatment with MR antagonists in primary aldosteronism. The action of MR antagonists in the principal cell

results in decreased ENaC-mediated urinary sodium reabsorption, and consequently decreased volume expansion and potassium and

hydrogen ion excretion. If the effect of this action is sufficient, the contraction of the intravascular volume may result in a relative renal

hypoperfusion and increased secretion of renin by juxtaglomerular cells. Thus, the rise in renin, from suppressed to unsuppressed, may serve as

a biomarker of optimal MR antagonism in primary aldosteronism. AngII, angiotensin II. [© 2018 Illustration ENDOCRINE SOCIETY]
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and decision-making is based on the highest levels of
evidence. Here, we outline some important topics and
questions that will require dedicated focus in the near
future.

Diagnosis of primary aldosteronism

• How should primary aldosteronism be defined to
optimally detect cases of renin-independent al-
dosterone secretion that increase the risk for in-
cident cardiovascular and kidney disease? Given
recent studies suggesting milder (potentially also
referred to as nonclassical or subclinical) forms of
primary aldosteronism in resistant hypertension
(), mild-to-moderate hypertension (, ,
), and even normotension (, , ), the
paradigm of primary aldosteronism as synony-
mous with severe hypertension and hypokalemia
should be modified (). New efforts to build
consensus for defining and diagnosing primary
aldosteronism are needed.

• What new biomarkers can be used to detect pri-
mary aldosteronism? Beyond measuring renin and
aldosterone, recent evidence suggests that new
biomarkers, such as urinary exosomes (–)
and novel steroid metabolites (, –), may
change the way we test for the disease. Addi-
tionally, although plasma renin activity has been
used for decades, a trend toward replacing it with
renin concentration measurements is growing,
and a recalibration of diagnostic standards and
practices will be needed ().

• An increased effort to improve public health
awareness, especially at the primary care level, about
the high prevalence of primary aldosteronism and
its modifiable cardiovascular risk is necessary.

Pathogenesis of primary aldosteronism

• What are the genetic underpinnings of bilateral
primary aldosteronism? Although our understanding
of genetic alterations that drive aldosterone

Figure 8. Modified proposal toward the treatment of primary aldosteronism. The conventional approach to treating primary

aldosteronism dictates that surgical adrenalectomy is preferred when there is unilateral disease, and lifelong MR antagonist therapy is

preferred for bilateral disease. The pink boxes represent the conventional approach to treatment. The blue boxes represent the authors’

modified proposal toward treatment. Adrenal venous sampling provides results for lateralization, but it can also quantify the degree of

relative autonomous aldosterone secretion from each adrenal vein. For patients with known cardiovascular or renal disease and who

have grossly asymmetric bilateral primary aldosteronism, unilateral adrenalectomy to attenuate the severity of disease may be

considered. When lifelong MR antagonist therapy is employed, the objective is to normalize blood pressure and potassium, and when

possible, titrate the dose of the medication to achieve a rise in renin as a biomarker for sufficient MR blockade. When blood pressure or

potassium cannot be effectively normalized with MR antagonist therapy, or chronic kidney disease limits the aggressiveness with which

these medications can be used, unilateral adrenalectomy and/or additional antihypertensives could be considered. BP, blood pressure.

[© 2018 Illustration ENDOCRINE SOCIETY]
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secretion in surgically resected aldosterone-
producing adenomas has been transformative, a
parallel discovery in bilateral forms of primary
aldosteronism is much needed. The differences
and similarities between the different forms and
morphologies or primary aldosteronism may
dictate novel approaches to diagnosis, prognosis,
and potentially treatment.

• How common are APCCs and what triggers their
development? The preliminary studies suggesting
that these ectopic foci of aldosterone synthase
expression are common and are sources of au-
tonomous aldosterone secretion has informed
how we think about the pathogenesis of primary
aldosteronism (, , , , , ).
However, little is known about their pathogenesis
or risk factors for development, other than that
they may be more common with older age (,
). Furthermore, because APCCs were iden-
tified using postmortem specimens, parallel evi-
dence to support that they induce a biochemical
phenotype of autonomous aldosterone secretion
has not yet been established.

Treatment of primary aldosteronism

• There is a need for robust intervention studies (i.e.,
randomized clinical trials) focused on therapeutic
approaches in primary aldosteronism. The rec-
ommended targeted therapies have had little high-
grade evidence to support them, and the best
evidence to date stems from cohort studies.

• Is there a role for unilateral noncurative adre-
nalectomy in patients with bilateral primary al-
dosteronism? The conventional answer to this

question has been “no.” However, because recent
cohort studies have suggested that unilateral
adrenalectomy to eliminate the source of aldo-
sterone secretion may be more effective at pre-
venting adverse outcomes when compared with
lifelong MR antagonist medical therapy to block
the aldosterone excess (, , –, ), this
question becomes important to consider. Pro-
spective studies to evaluate whether unilateral
adrenalectomy in bilateral disease to attenuate the
severity of disease, or strategic MR antagonist
therapy to maximally block the adverse effects of
aldosterone, are needed.

• To what extent, and in what situations, can
empiric MR antagonist therapy (or treatment
with ENaC inhibitors) be initiated for patients
with new-onset and low-renin hypertension?
Given the large prevalence of the low-renin
hypertension phenotype, and the large scale at
which primary aldosteronism screening is not
being conducted, what is the cost-to-benefit
ratio of increasing the empiric usage of these
medications rather than insisting on primary
aldosteronism diagnostics? The findings of the
PATHWAY- study (, ) suggest that
empiric MR antagonist or ENaC inhibitor
therapy may be effective in those with low-renin
phenotypes (even when it is presumed that
secondary hypertension has been excluded).

• Finally, we await the evaluation of novel ther-
apies that might provide greater efficacy and
safety; for example, nonsteroidal MR antago-
nists () and therapies that target known
genetic mechanisms of aldosterone secretion
().
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Montero J, Huete A, Gederlini A, Fardella CE. Pri-

mary aldosteronism and hypertensive disease. Hy-

pertension. 2003;42(2):161–165.

107. Vaidya A, Malchoff CD, Auchus RJ; AACE Adrenal

Scientific Committee. An individualized approach

to the evaluation and management of primary

aldosteronism. Endocr Pract. 2017;23(6):680–689.

108. Rossi GP, Bernini G, Caliumi C, Desideri G, Fabris B,

Ferri C, Ganzaroli C, Giacchetti G, Letizia C,

Maccario M, Mallamaci F, Mannelli M, Mattarello

MJ, Moretti A, Palumbo G, Parenti G, Porteri E,

Semplicini A, Rizzoni D, Rossi E, Boscaro M, Pessina

AC, Mantero F; PAPY Study Investigators. A pro-

spective study of the prevalence of primary aldo-

steronism in 1,125 hypertensive patients. J Am Coll

Cardiol. 2006;48(11):2293–2300.

109. Omura M, Saito J, Yamaguchi K, Kakuta Y,

Nishikawa T. Prospective study on the prevalence of

secondary hypertension among hypertensive pa-

tients visiting a general outpatient clinic in Japan.

Hypertens Res. 2004;27(3):193–202.

110. Williams JS, Williams GH, Raji A, Jeunemaitre X,

Brown NJ, Hopkins PN, Conlin PR. Prevalence of

primary hyperaldosteronism in mild to moderate

hypertension without hypokalaemia. J Hum

Hypertens. 2006;20(2):129–136.

111. Rossi E, Regolisti G, Negro A, Sani C, Davoli S,

Perazzoli F. High prevalence of primary aldoste-

ronism using postcaptopril plasma aldosterone to

renin ratio as a screening test among Italian hy-

pertensives. Am J Hypertens. 2002;15(10 Pt 1):

896–902.
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