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Primary aldosteronism (PA) is a common cause of
hypertension. Compared to patients with essen-
tial hypertension, untreated PA is associated with
a two- to fourfold greater risk of cardiovascular
disease, renal failure, and death. PA is caused
by increased secretion of aldosterone from one
adrenal gland in 30% of the patients and both
adrenal glands in 70%. Patients with unilateral PA
can be cured by adrenalectomy, whereas patients
with bilateral PA should be treated with mineralo-
corticoid receptor antagonists. With these disease-
specific treatments, the long-term prognosis is gen-
erally favorable. A major challenge in the man-
agement of patients with PA is, however, subtype
differentiation, that is, to determine whether the
disease is unilateral or bilateral. Adrenal imaging
using CT or MRI misclassifies more than one third
of patients, and clinical variables—including blood

pressure, aldosterone, and renin concentrations—
provide limited guidance, underscoring the need
for more accurate diagnostic approaches. Adrenal
vein sampling is currently considered the gold
standard for this purpose, but it is a technically
challenging procedure performed only in special-
ized centers. After adrenalectomy for unilateral PA,
histopathological assessment and subtyping are
crucial for determining postoperative prognosis.
This process is complex and relies on detailed func-
tional analyses that are not always straightforward
to interpret. Therefore, new approaches for sub-
typing PA are required. In this review, we summa-
rize recent advances in the management of patients
with PA, with particular focus on the limitations of
current approaches to subtype differentiation and
the emerging roles of novel techniques, including
positron emission tomography, steroidomics, pro-
teomics, and transcriptomics.

Keywords: adrenal venous sampling, Conn syn-
drome, positron emission tomography, proteomics,
steroidomics, transcriptomics

Introduction

Evolutionarily, aldosterone appeared about 350
million years ago, when the first amphibians
crawled from the saltwater to begin life on dry land,
necessitating a system for fine-tuning salt and
water homeostasis. Detrimental effects of patho-
logically increased aldosterone secretion were first

From the Think Tank meeting: Primary aldosteronism, an emerg-
ing disease—Improving management and long-term outcomes

described by Dr. Jerome W. Conn in 1955 in a
young woman with hypertension and hypokalemia,
which was relieved after surgical removal of a 4-
cm adrenal adenoma [1]. The syndrome—named
primary aldosteronism (PA)—is characterized by
hypertension, autonomous adrenal aldosterone
secretion, and suppressed renin [2].

For decades, PA was considered a rare condition
affecting less than 0.5% of patients with hyper-
tension and was only considered in patients with
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spontaneous hypokalemia [2]. More recent studies
have established that the prevalence of PA varies
from 4% in mild hypertension to 20% in treatment-
resistant hypertension, and that only about 30% of
all patients present with hypokalemia [3-7].

The diagnosis of PA is usually made in the ages
of 20-60 years [2]. Symptoms other than hyper-
tension are scarce but may include fatigue, mus-
cle weakness, cramps, headache, palpitations,
and polyuria, especially in cases with severe
hypokalemia.

Patients with PA have an increased overall mor-
tality, largely due to death from cardiovascular
disease [8]. This increased risk cannot solely be
attributed to hypertension per se because patients
with PA have a two to four times higher risk
of cardiovascular disease—including stroke, coro-
nary artery disease, atrial fibrillation, and left ven-
tricular hypertrophy—and renal failure compared
to patients with essential hypertension [9, 10]. This
excess risk may partly be due to deleterious effects
of aldosterone, such as promotion of inflamma-
tion, fibrosis, oxidative stress, endothelial dysfunc-
tion, and cardiac remodeling [11]. Other associated
health consequences include increased frequency
of fractures and reduced psychological well-being
and quality of life [12, 13].

The recognition of PA as the most common cause
of secondary hypertension has increased its detec-
tion, but in relation to its prevalence and serious
health consequences, PA remains largely under-
diagnosed and undertreated [5, 14, 15]. Recent
reports suggest very low screening rates even in
high-risk groups such as those with resistant
hypertension (1%-2%) and patients with severe
hypokalemia (~4%) [16, 17]. To mitigate the health
risks associated with PA, current guidelines advo-
cate screening in all or most patients with hyper-
tension and, in uncertain cases, confirm the diag-
nosis by an aldosterone suppression test [5]. In
patients with confirmed PA, further investigation
is recommended to establish whether the source
of the hyperaldosteronism is bilateral or unilat-
eral, the latter enabling the patient to be surgi-
cally cured by unilateral adrenalectomy. Patients
not eligible for surgical treatment should be
treated medically with a mineralocorticoid recep-
tor antagonist (MRA)—that is, spironolactone or
eplerenone—in a dose sufficient to block MR fully
[5]. Newer agents—such as the nonsteroidal MRA
finerenone and the aldosterone synthase inhibitor

baxdrostat—are also being tested for the treatment
of PA [18, 19].

In recent years, the perception of PA has shifted
from a very rare endocrine disease, with a
dichotomous origin of unilateral adenoma or
bilateral “hyperplasia”, to a progressive disease
with a spectrum of severity and several sub-
types/etiologies, requiring novel diagnostic and
therapeutic approaches. In a JIM Think Tank
meeting in Gothenburg, Sweden, in April 2025,
several aspects and tools for our current under-
standing of PA were discussed, and paths ahead
were planned. This review aims to summarize the
key points of the meeting.

The importance of disease-specific treatment

Patients with unilateral PA can be cured by surgi-
cal removal of the affected gland, that is, unilateral
laparoscopic adrenalectomy [5]. Patients with bilat-
eral PA, patients who are not willing to undergo
surgical treatment, and patients who are not con-
sidered surgical candidates due to advanced age
or significant comorbidities should be treated with
MRA [5]. By applying these disease-specific treat-
ments, the long-term outcome is generally favor-
able.

Recent meta-analyses consistently favor surgical
management over MRA [20-24]. Compared with
MRA, surgical treatment appears to offer supe-
rior blood pressure control, a reduced need for
antihypertensive medications, a lower incidence
of major adverse cardiovascular events (MACE)—
including heart failure, arrhythmias, and stroke—
a lower incidence of progression to chronic kidney
disease, and decreased all-cause mortality [20-24].
Furthermore, adrenalectomy has been shown to
achieve greater regression of left ventricular mass
than MRA, despite comparable blood pressure con-
trol [25]. This underscores the importance of reli-
able methods to identify patients with unilateral
disease who may be cured by surgery.

The importance of adequate MRA dosing and nor-
malization of renin has gained increasing recogni-
tion. A pivotal study of 602 patients with PA treated
with MRA, compared with a large cohort of patients
with essential hypertension, demonstrated that the
risk of incident cardiovascular events and mortal-
ity was higher in patients with PA, despite com-
parable blood pressure control [26]. However, the
increased risk was only present in patients who
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still had suppressed plasma renin activity, sug-
gesting that adequately dosed MRA therapy and
normalization of renin may be as effective as
adrenalectomy. In fact, adequate MRA dosing has
been shown to be comparable to adrenalectomy
in improving blood pressure and urinary albu-
min excretion [27], preventing atrial fibrillation
[28], reducing left ventricular hypertrophy [29],
and improving arterial stiffness [30]. Furthermore,
patients who are not treated with MRA or are
receiving low doses have an increased mortality
rate [8]. Unfortunately, undertreatment remains
common among medically managed patients with
PA, with up to 50% not receiving adequate MRA
doses even in specialized centers [15]. Meta-
analyses comparing adrenalectomy and MRA must
therefore be interpreted with this in mind.

An important recent advancement in the man-
agement of patients with PA is the establishment
of standardized criteria for evaluating treatment
outcomes. Surgical outcomes are nowadays eval-
uated using the Primary Aldosteronism Surgical
Outcome (PASO) criteria [31]. These criteria assess
both clinical variables (blood pressure and antihy-
pertensive medication use) and biochemical vari-
ables (aldosterone-to-renin ratio). Similarly, the
success of medical treatment can now be eval-
uated using the Primary Aldosteronism Medical
Outcomes (PAMO) criteria [15]. Clinical outcomes
are also based on blood pressure and medica-
tion use, whereas biochemical outcomes include
correction of hypokalemia and normalization of
plasma renin activity or renin concentration. In
both PASO and PAMO, the results are catego-
rized as absent, partial, or complete success 6-12
months after adrenalectomy or after initiation of
targeted medical therapy.

Genetic alterations in primary aldosteronism
Familial forms of PA

Germline genetic alterations cause inherited forms
of PA and include familial hyperaldosteronism (FH)
Type I-IV and the PA, seizures, and neurologi-
cal abnormalities (PASNA) syndrome [32-36]. The
prevalence of FH is low, representing only 1%-5%
of all PA [37].

FH I is caused by fusion of the 5 segment of
the 118-hydroxylase gene and the coding region
of aldosterone synthase (CYPI1B2) [38]. Conse-
quently, CYP11B2 becomes ectopically expressed
in zona fasciculata cells, and aldosterone pro-

duction is erroneously regulated by ACTH. FH
II is caused by variants in CLCN2 [34], leading
to increased depolarization and calcium influx,
which, in turn, increase proliferation and expres-
sion of CYP11B2 ([34]. FH Ill—first described
in a family with early onset of severe PA and
hybrid steroid production [39]—is caused by
germline variants in the KCNJ5 gene, encoding
an inwardly rectifying potassium channel (GIRK4)
[40], also causing increased depolarization and
increased intracellular calcium, leading to pro-
liferation of zona glomerulosa cells and aldos-
terone production. Similarly, FH IV and PASNA
syndrome are caused by variants in voltage-gated
calcium channels—CACNAI1H [35] and CACNA1D
[36], respectively—that regulate calcium influx in
glomerulosa cells. Thus, most familial forms of
PA—except for FH I—are caused by pathological
gene variants in ion flux regulators, ultimately
increasing aldosterone output and tumor forma-
tion through calcium signaling.

Somatic gene variants in PA

Over the past few years, two major advances have
significantly improved our understanding of spo-
radic PA. The first was the application of next-
generation sequencing to aldosterone-producing
adenomas, which revealed recurrent somatic vari-
ants in the KCNJ5 gene (encoding GIRK4) [40]. In
zona glomerulosa cells, the physiological role of
GIRK4 is to suppress aldosterone production by
facilitating Kt efflux [41]. GIRK4 contains a highly
conserved TXGYGFR motif that forms the chan-
nel’s selectivity filter [42]. Most KCNJS5 variants dis-
rupt this filter, resulting in the loss of K* selec-
tivity and membrane depolarization, which trigger
proliferation and increased aldosterone secretion
(Fig. 1) [40]. Notably, KCNJ5-altered tumors typi-
cally display a more severe phenotype, are associ-
ated with higher rates of surgical cure, and occur
more frequently in women [43]. In addition, these
tumors lack expression of zona glomerulosa mark-
ers such as nephronectin [44], suggesting either
that the gene variant arises in a cell that subse-
quently acquires a fasciculata-like phenotype or
that it originates directly within zona fasciculata
cells.

Following the discovery of KCNJS5 variants, subse-
quent sequencing projects revealed that additional
variants in ion channels/regulators also contribute
to PA. These included CACNA1D [36, 45|, ATP1A1
[45, 46], ATP2B3 [46], CACNAIH [35], CLCN2
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Fig. 1 Somatic mutations in primary aldosteronism (PA). Schematic illustration depicting different somatic variants and
their consequence in aldosterone-producing tumors. Somatic mutations in KCNJ5, ATP1A1, ATP2B3, MCOLN3, CLCN2, and
SLC30A1 alter ion transport, resulting in membrane depolarization and elevated calcium concentrations, increasing aldos-
terone synthesis. Calcium influx is deregulated by activating variants in voltage-gated calcium channels, CACNA1D and
CACNAI1H. CTNNBI mutations activate the WNT pathway, increasing CYP11B2 expression and cell proliferation. CADM1
mutations disrupt cell-cell communication through gap junctions, increasing aldosterone production.

[34, 47], SLC30A1 [48], and MCOLNS3 [49] (Fig. 1).
Collectively, these variants cluster in hotspot areas
of the respective genes, leading to increased depo-
larization, elevated intracellular calcium, cell cycle
activation, and enhanced CYP11B2 expression,
ultimately resulting in PA [50]. In addition, about
5% of patients with PA carry variants in CTNNBI,
the gene encoding the WNT signaling protein -
catenin [51]. Rare variants in CADMI have also
been described [52]. Variants in this gene lead
to disrupted cell adhesion, increased expression
of CYP11B2, and altered expression of circadian
rhythm proteins [52].

Another advance in understanding the genetic
landscape of PA came with the development of the
CYP11B2 monoclonal antibody [53]. This inno-
vation revealed that many large adrenal nodules
previously presumed to drive aldosterone excess
were in fact nonfunctional. By applying CYP11B2
immunostaining to identify aldosterone-producing
cells and sequencing only CYP11B2-positive nod-
ules, the detection rate of somatic gene variants
increased from approximately 50% [44] to as high
as 95% [54-57] (Table 1). This improvement largely
reflected the identification of smaller aldosterone-
producing nodules, which more frequently carried

Table 1. Frequencies of somatic variants in unilateral
aldosterone-producing lesions.

Gene Frequency

mutation (%) References
KCNJS 49.5 [54-56, 58]
CACNA1D 18,8 [54-56, 58]
ATPIA1 11 [54-56, 58]
ATP2B3 7.3 [54-56, 58]
CTNNBI1 3.8 [51, 55, 56, 58]
CACNAI1H 4.5 [56, 57]
CLCN2 3 [56]
SLC30A1 2 48]
CADM1 1 [52]
MCOLNS3 1 [49]

Note: Four studies included sequencing based on
CYP11B2 expression [54-56, 58].

CACNAI1D, ATP1A1, or ATP2B3 variants [55, 58].
Moreover, the CYP11B2 antibody facilitated explo-
ration of bilateral PA, which had previously been
poorly characterized due to a focus on unilat-
eral disease. In 2018, Omata et al. demonstrated
abundant aldosterone-producing micronodules
in patients with bilateral PA, many harboring
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CACNAID variants [59]. Interestingly, subse-
quent studies showed that such CYP11B2-positive
micronodules also occur in normal adrenal glands
[60], increase with age, and share mutational
profiles similar to those in PA, although KCNJ5
variants remain uncommon [61].

The application of modern molecular techniques
has revealed a remarkable genetic landscape in
PA, with somatic variants identified in 95% of
aldosterone-producing tumors. These discoveries
have not only advanced our understanding of PA
pathophysiology but also provided broader insights
into normal zona glomerulosa function and the
role of ion homeostasis in cellular proliferation and
tumorigenesis. Looking ahead, continued elucida-
tion of the molecular pathways underlying aldos-
terone excess may pave the way for novel diagnos-
tic and therapeutic strategies.

Histopathological categorization

Morphological manifestations of PA range from
distinct solitary aldosterone-producing adenomas
and nodules to multiple micronodules and rarely
diffuse hyperplasia [62]. For decades, histological
classification relied mainly on conventional hema-
toxylin and eosin sections, but these approaches
failed to identify the functional sources of aldos-
terone excess. The introduction of functional
immunohistochemistry for aldosterone synthase
(CYP11B2) has been transformative, enabling
pathologists to distinguish steroidogenically active
lesions from morphologically similar but nonfunc-
tional structures [53, 63-68]. This shift in practice
set the stage for the HISTALDO consensus, which
has provided an international nomenclature and
diagnostic framework for histopathological report-
ing in unilateral PA [62, 69].

HISTALDO integrates conventional morphology
with CYP11B2 immunohistochemistry to define a
spectrum of aldosterone-producing lesions [69].
In this system, solitary adenomas or nodules are
considered classical histology, whereas multifocal
nodules/micronodules and diffuse hyperplasia are
classified as nonclassical (Fig. 2). The distinction
is clinically important: Patients with classical
histology are more likely to achieve complete
biochemical and clinical cure after adrenalec-
tomy, with a low risk of recurrence, whereas
nonclassical cases are characterized by more
heterogeneous outcomes and a higher risk of per-
sistent or recurrent disease [69]. The HISTALDO

consensus builds on findings from adrenal spec-
imens from 37 patients, in which 5 pathologists
first evaluated hematoxylin-eosin- and CYP11B2-
immunostained sections and formulated consen-
sus criteria for the recognition of characteristic
features. These criteria were subsequently applied
by six additional pathologists to cases in which
initial diagnostic disagreement had occurred. The
results demonstrated that CYP11B2 immunos-
taining altered the morphology-based diagnosis in
14% of cases and that the consensus definitions
significantly improved interobserver agreement,
resolving 11 of 12 disputed cases. The authors
concluded that CYP11B2 immunohistochemistry
should be routinely incorporated into diagnostic
practice to better localize aldosterone-producing
lesions.

Although HISTALDO represents a major advance,
its application has revealed new challenges. The
presence of CYP11B2-positive micronodules in
adrenal specimens from patients without PA sug-
gests a certain amount of assumed “background
noise” that may complicate the identification of
the dominant aldosterone-producing lesion in
patients with PA. The system may thus over-
estimate the prevalence of nonclassical disease
[70, 71]. To address this, quantitative measures
such as the B2 ratio—which compares the size
of the largest CYP11B2-positive nodule to the
second largest—have been proposed [72, 73].
Incorporating this metric into HISTALDO, using
standardized protocols, improves diagnostic accu-
racy by distinguishing solitary adenomas with
background zona glomerulosa activity from true
multinodular disease. This refinement may cor-
relate more closely with clinical outcomes and
better guide postoperative prognosis and follow-up
surveillance [73]. Another ongoing debate is the
definition of appropriate thresholds for calling
out CYP11B2 positivity. Variability in staining
protocols and cut-off values in the percentage of
positive cells in a nodule required for a positive
call-out can alter classification, and attempts to
standardize interpretation have not consistently
improved predictive accuracy [74]. This highlights
the need for broader validation across centers and
patient populations. Beyond surgically treated
cohorts, the principles of HISTALDO also extend
into population-level studies. Autopsy studies of
sudden cardiac death have revealed a notably high
prevalence of previously undiagnosed aldosterone-
producing nodules, linking histological evidence of
aldosterone excess to cardiovascular mortality and
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Fig. 2 Histological and immunohistochemical features of aldosterone-producing adrenocortical lesions. The top
row shows hematoxylin-eosin (H&E) stained sections; the bottom row shows CYPI11B2 immunohistochemistry. (a and b)
Aldosterone-producing adrenocortical adenoma (classic histology according to the HISTALDO algorithm), characterized by
a solitary, well-demarcated lesion lacking cytological or architectural atypia. Note the diffuse CYP11B2 immunoreactivity.
No additional CYP1 1B2-positive lesions were identified (not shown). (c and d) Multiple aldosterone-producing nodules and
micronodules with CYP11B2 expression, some of which were also appreciable on H&E sections. This pattern, designated
non-classic histology by HISTALDO, is associated with a higher risk of biochemical recurrence in the contralateral adrenal.
(e and f) Equivocal case from a patient with primary aldosteronism, showing a dominant CYPI1 1B2-positive nodule accom-
panied by several smaller adjacent CYPI 1B2-positive nodules.

highlighting the systemic relevance of this pathol-
ogy [75]. These investigations also emphasize
the widespread occurrence of CYP11B2-positive
nodules in the general population, a finding that
may complicate the interpretation of HISTALDO
when assessing patients with PA.

Taken together, HISTALDO has reshaped the
understanding of adrenal pathology in PA by mov-
ing the field from descriptive morphology toward a
functional, immunohistochemistry-based classifi-
cation. Its clinical utility lies in separating classi-
cal from nonclassical disease, as a cure and a low
risk of recurrence are strongly linked to the clas-
sical subtype [76]. Ongoing refinements, such as
the use of the B2 ratio and standardized CYP11B2
interpretation, will be crucial for ensuring repro-
ducibility. As evidence accumulates, HISTALDO is
emerging not only as a diagnostic framework but
also as a conceptual bridge linking adrenal mor-

phology, molecular mechanisms, and clinical out-
come in patients with PA.

Current diagnostic methods for subtype differentiation

Accurate subtype differentiation—that is, distin-
guishing unilateral from bilateral PA—is essential
for identifying patients who may benefit from and
could potentially be cured by unilateral adrenalec-
tomy.

Adrenal venous sampling

The current gold standard for subtype differenti-
ation is adrenal venous sampling (AVS) [5, 77].
However, AVS is invasive, technically challenging,
expensive, and therefore available only at special-
ized centers.

Until recently, AVS was considered to identify
almost all patients with unilateral PA accurately,
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and unilateral adrenalectomy in these patients
resulted in a cure in 96%-100% of them [78].
Two major developments have, however, chal-
lenged this view: the introduction of standardized
surgical outcome assessment through PASO [31]
and the novel histopathological classification of
resected adrenal glands proposed by HISTALDO
[69]. Notably, in the HISTALDO cohort, 35% of
patients classified as having unilateral PA by AVS
were not cured by adrenalectomy according to
PASO. Likewise, in a multicenter study including
283 patients, 22% were not cured after a median
follow-up of 1 year [76], and in a German study,
one-quarter of operated patients did not achieve
biochemical cure after a median follow-up of 7
years [79]. These findings underscore the limita-
tions of AVS in reliably predicting surgical out-
come.

One important factor contributing to this limita-
tion is the use of the lateralization index (LI) as
the principal criterion for unilateral disease. The
LI is derived from AVS by calculating the ratio of
aldosterone-to-cortisol concentration on the dom-
inant side divided by the same ratio on the con-
tralateral side, with cortisol serving to correct for
dilutional effects and catheter positioning. LI above
4 is commonly used to define unilateral PA [5].
Recent evidence from a large international study,
including 1550 patients, suggested optimal cut-
offs of 3.4 for ACTH-stimulated AVS and 3.8 for
unstimulated AVS [80]. Nevertheless, the diagnos-
tic performance by using these cut-offs was not
absolute: For ACTH-stimulated AVS, sensitivity
and specificity of LI 3.4 were 93% and 90%, respec-
tively, implying that approximately 7% of patients
with unilateral PA would be misclassified as bilat-
eral PA, and 10% of patients with bilateral PA
would be incorrectly classified as unilateral PA. A
possible explanation is that PA may develop asyn-
chronously, affecting one adrenal gland at a time,
or present with bilateral but asymmetric multifocal
aldosterone production [76]. In these cases, even a
perfectly conducted AVS and meticulous CYP11B2
immunostaining may fail to identify patients pre-
disposed to bilateral involvement over time. Nev-
ertheless, together with the outcome data from
PASO and HISTALDO, this highlights the imper-
fect nature of AVS, even though it is currently the
most reliable method for subtype classification of
PA and remains the gold standard for this purpose
[81].

Other methods, including clinical features and adrenal
imaging

Adrenal imaging with either CT or MRI is not a
reliable method to distinguish between unilateral
and bilateral PA. In a meta-analysis including 25
studies with a total of 4669 patients with PA, the
sensitivity and specificity of detecting unilateral
PA on CT or MRI were 68% and 57%, respectively,
meaning that 32% of patients with unilateral PA
would not be identified and 43% of patients with
a unilateral adrenal lesion had bilateral disease
[82]. Due to the low sensitivity and specificity of
adrenal imaging, international guidelines recom-
mend that individuals with PA who are candidates
for adrenalectomy should undergo AVS for sub-
type differentiation [5]. A potential exception to
this recommendation applies to patients younger
than 35 years with markedly elevated aldosterone,
severe hypokalemia, and a unilateral adrenal ade-
noma larger than 1 cm on CT. In these cases, the
unilateral adenoma is very likely to be aldosterone-
producing [5], even though exceptions exist [83,
84].

Various clinical variables—such as blood pressure,
aldosterone and renin concentrations, the pres-
ence of hypokalemia, and estimated glomerular fil-
tration rate (eGFR), with or without findings on
adrenal imaging—have also been used to predict
the likelihood of having unilateral disease. An early
study of 87 patients, of whom 49 had unilateral PA,
showed that all patients with the combination of
a typical adenoma on imaging, s-K <3.5 mmol/L,
and/or eGFR >100 mL/min/1.73 m? (n = 26) had
unilateral disease. Thus, the specificity of this cri-
terion was 100%, and the sensitivity was 53% [85].
However, in a later study using the same criteria
in 406 patients with PA, specificity and sensitivity
for detecting unilateral disease were only 53% and
60%, respectively [86].

Several scoring systems have been proposed to pre-
dict unilateral PA. In one study of 215 patients
(133 with unilateral disease), parameters including
aldosterone concentrations, the lowest recorded
potassium level, the presence or the absence of
adrenal nodules on imaging, and nodule diam-
eter were evaluated. The model suggested that
AVS might have been avoided in nearly half of
the patients [87]. An external validation [87] and
results from others [88] have shown similar results.
Finally, very recently, a panel of 45 international

184  © 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2026, 299; 178-195

85U80|7 SUOWIIOD BA e8I 3|gedlidde au3 Ag peusenob afe se(ole YO ‘88N J0 S8|ni 1o} Afeiq1T8UlUO 48] 1/ UO (SUOTHPUD-PUE-SULBYWOY A8 | 1M AlRIq | U [UO//:SANY) SUORIPUOD PUe SWs 1 8y} 89S *[9202/T0/2T] Uo AriqiTauliuo Ao|im ‘AiseAluN eswin AQ §500. WIOITTTT OT/I0p/W0 A8 | 1M Arelq1 Ul |uoy/sdny Wouy papeojumod ‘Z ‘9202 ‘96/2S9ET



JIM Subtype differentiation in PA / 0. Ragnarsson et al.

Table 2. Positron emission tomography (PET) for subtype differentiation in primary aldosteronism.

Comments

Tracer Target Diagnostic performance [Refs.]
11C-metomidate CYP11B1 and Non-inferior to AVS [93]
CYP11B2

18p_chloroetomidate =~ CYP11B1 and
(*8F-CETO) CYP11B2 [93, 97]

18p_Aldoview CYP11B2

Comparable to ' C-metomidate

Selectively detects CYP11B2-
positive macroscopic and

Short half-life (20 min), requires
on-site cyclotron

Requires dexamethasone
pretreatment to suppress CYP11B1

Longer half-life (120 min)

Low hepatic uptake

Requires dexamethasone
pretreatment to suppress CYP11B1

CYP11B2-specific

Low hepatic background

microscopic lesions [106]

68 Ga-pentixafor CXCR4 Sensitivity—=>90% and Limited spatial resolution for <1 cm
receptor specificity—>90% for lesions lesions
>1 cm [100] 68Ga short half-life (68 min)
80%-90% concordance with AVS
[101, 102]
18p.pentixafor CXCR4 Sensitivity—90%, Longer half-life than %8Ga
receptor specificity—94% [104] Limited data on bilateral cases

experts on PA published a consensus on severity
classification for PA that was subsequently applied
to 2593 patients to assess its usefulness for sub-
type classification. For PA severity classification,
serum potassium, blood pressure, and plasma
aldosterone concentration were used [89]. By using
this classification, unilateral PA was found in 15%,
45%, and 73% of patients with mild, moderate, and
severe PA. Thus, clinical variables and findings on
adrenal imaging are related to the likelihood of uni-
lateral disease, but diagnostic accuracy is usually
insufficient for therapeutic decisions.

Positron emission tomography for subtype differentiation
11 C-Metomidate

Functional imaging for lateralization in PA became
possible with the introduction of ''C-metomidate
in the late 1990s, a methylated analog of etomi-
date used as a positron emission tomography (PET)
tracer targeting aldosterone synthase, encoded by
CYP11B2 [90]. Owing to its binding to both aldos-
terone synthase and 11p-hydroxylase (CYP11BI),
1C-metomidate was found to be useful for visu-
alization of adrenocortical tumors (Table 2). Fur-
thermore, by using dexamethasone to suppress
the expression of CYP11B1, signaling from aldos-
terone synthase could be further enhanced [91].

On !'C-metomidate-PET, a standardized uptake
value ratio >1.25 between the adrenal glands indi-
cates a significant lateralization [92]. In a prospec-
tive study, including 169 patients with PA, ''C-
metomidate-PET/CT has been shown to be non-
inferior to AVS for lateralization [93].

18F_Chloroetomidate (*8F-CETO)

Several analogs of the original etomidate, also
targeting adrenocortical enzymes, have been
evaluated [94]. Among these, para-chloro-2-
fluoroetomidate (CETO) also binds to gene prod-
ucts of both CYP11BI1 and CYP11B2. When labeled
with !8F, it shows high specificity for the adrenal
cortex [95, 96]. Compared with ''C, 8F offers
practical advantages, including a longer half-life
(120 vs. 20 min), facilitating easier production,
the possibility of distribution to nearby PET cen-
ters, the ability to perform multiple scans from
a single batch, and reduced background uptake,
particularly in the liver. With dexamethasone
pretreatment (1 g x 3 for 5 days), '®F-CETO
PET/CT has demonstrated a similar detection
rate for lateralized PA comparable to that of !'C-
metomidate-PET, using the same cut-off ratio of
1.25 (Fig. 3) [93, 97].
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Fig. 3 18F-Chloroetomidate (18 F-CETO) PET/CT fusion images in two patients with primary aldosteronism. Axial
(a) Axial CT and (b) axial PET/CT fusion image demonstrating a 16-mm lesion in the left adrenal gland. After dexametha-
sone pretreatment, the fusion images show markedly increased tracer uptake in the left adrenal gland compared with the
contralateral side, with a standardized uptake value (SUV) ratio of 3.05, that is, well above the diagnostic threshold of 1.25,
indicating unilateral (lateralized) disease. (c) Axial CT and (d) axial fusion image showing a 15 x 25 mm? lesion in the left
adrenal gland and a morphologically normal right gland. The left-to-right SUV ratio was 1.20, below the cut-off of 1.25,

consistent with bilateral disease.

68 Ga-Pentixafor-PET

Chemokine receptor 4 (CXCR4) is a G-protein-
coupled receptor expressed in lymphocytes,
macrophages, neutrophils, and hematopoietic
stem cells. Its natural ligand, CXCL12/SDF1, is
involved in the pathogenesis of several cancers,
including lymphoma, myeloma, and leukemia
[98]. The CXCR4 antagonist plerixafor has been
explored for its antitumor effects, and the radi-
olabeled analog pentixafor was developed for
PET imaging of CXCR4-expressing malignancies.
Notably, CXCR4 is also expressed in aldosterone-
producing adenomas, and pentixafor PET may
thus serve as a novel diagnostic tool in PA [99].

The most widely used positron emitter for pen-
tixafor imaging is ®Ga. In PA, CXCR4 expression
has been demonstrated in aldosterone-producing

areas, ranging from normal adrenal zona glomeru-
losa to classical aldosterone-producing adeno-
mas, but not in non-functioning adrenocortical
adenomas. Thus, CXCR4 expression closely par-
allels that of aldosterone synthase (CYP11B2).
68Ga-pentixafor PET shows strong concordance
with CYP11B2 immunostaining, enabling precise
visualization of aldosterone-producing tissue. In
smaller series, tracer uptake correlated with lat-
eralization, and higher expression levels were
associated with favorable surgical outcomes. In
larger cohorts (n > 120), sensitivity and specificity
exceeded 90% for lesions >1 cm, which appears
to be the threshold for reliable detection [100].
CYP11B2 immunostaining showed over 80% con-
cordance with CXCR4 expression, and one study
of 100 patients reported 90% agreement between
68Ga-pentixafor PET and AVS [101]. A recent meta-
analysis including 7 studies and 603 patients
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estimated a sensitivity of 80% and a specificity of
91.5% for lateralization, with a concordance rate to
AVS of 79% across 5 studies [102].

An important clinical challenge in PA is patients
with bilateral adrenal lesions on imaging that may
still have unilateral and surgically curable disease.
In a recent study, 36 patients with bilateral lesions
on conventional imaging underwent adrenalec-
tomy based on unilateral PA on %®Ga-pentixafor
PET [103]. Biochemical cure was achieved in 92%,
clinical success in all, and 86% were found to
have an aldosterone-producing adenoma. Simi-
larly, a study where surgical management was
guided by either °®Ga-pentixafor PET (n = 134)
or AVS (n = 57) showed similar clinical and bio-
chemical success rates postoperatively according
to PASO [100].

18F_Pentixafor PET

Recently, !®F-pentixafor—a tracer with a longer
half-life than °®Ga-pentixafor—was developed and
evaluated in 80 patients with PA and 8 patients
with non-functioning adrenal adenomas [104]. The
study demonstrated a relatively high sensitivity
(90%) and specificity (94%) for detecting unilateral
PA. However, only 4 of 80 patients had bilateral
disease, as determined by AVS or histopathology,
which limits the generalizability and interpretative
value of the findings.

Other tracers

Perhaps the most promising tracer seems to be
AldoView, derived from a benzimidazole aldos-
terone synthase inhibitor. This compound was
first presented in 2021 [105] and recently a pilot
study including 17 patients was presented [106].
AldoView is a CYP11B2-specific tracer, with low
hepatic background uptake and able to detect both
macroscopic and microscopic CYP11B2-positive
lesions. A phase 2 trial is currently underway to
evaluate AldoView’s performance in a broader pop-
ulation of patients with PA [106]. Another !8F-
labeled etomidate derivative is *F-FAMTO, with
the '®F atom in a para-aromatic position [107].
I8R_.FAMTO has a low hepatic background uptake
but has, to date, not been further evaluated in
patients with PA. One further compound is '®F-
CDP2230, with a similar structural formula as
etomidate but greater selectivity toward CYP11B2
than '!C-metomidate and low background activ-
ity [108]. However, no clinical series have been
reported.

PET in comparison with AVS

Sequentially reported clinical series employing ' C-
metomidate, ®F-CETO, or ®®Ga-pentixafor PET
have consistently demonstrated the feasibility of
reliable lateralization, not only in patients with a
single detectable adrenal lesion but also in those
with bilateral abnormalities, milder forms of PA,
or morphologically normal adrenal glands on CT
imaging. Currently, no direct comparative study
has established the superiority of one PET tracer
over another.

The use of PET imaging as an alternative to AVS for
subtype differentiation in PA offers several advan-
tages. PET is noninvasive, more cost-effective,
technically less demanding, independent of highly
specialized interventional expertise, and offers
greater patient convenience. However, both !!'C-
metomidate and ®F-CETO PET require pretreat-
ment with dexamethasone, and !!C-metomidate
is limited by the short physical half-life. Pentix-
afor, most commonly labeled with °8Ga, has also
shown encouraging results, and the '8F-labeled
analog may offer additional advantages due to
its longer half-life. The same applies to AldoView,
also labeled with '®F. In contrast, '®*F-FAMTO and
18F-CDP2230 remain insufficiently validated, as
data from larger, peer-reviewed clinical cohorts are
still lacking. Looking ahead, PET imaging has the
potential to complement or, in certain settings,
eventually replace AVS for subtype differentiation,
pending further validation.

Omics for subtype differentiation

Over the past decade, omics technologies—
including genomics, transcriptomics, proteomics,
steroidomics, and metabolomics—have advanced
biomedical research by providing new insights into
disease mechanisms, the development of biomark-
ers, and the development of targeted therapies. In
patients with PA, omics have been applied both
to distinguish PA from other forms of hyperten-
sion [109-113] and to differentiate between PA sub-
types. None of these approaches is, however, yet
universally implemented in clinical routine due to
a lack of robust validations. Here, we summa-
rize studies with data on subtype differentiation
(Table 3).

Steroidomics

The most promising omics for subtype classifi-
cation of PA is steroidomics—that is, analyses
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of steroids in either plasma or urine. The first
study analyzing adrenal steroids for subtype dif-
ferentiation demonstrated higher levels of serum
18-hydroxycorticosterone, urinary and serum 18-
hydroxycortisol (180HF), and urinary and serum
18-oxocortisol (18oxoF) in patients with unilateral
PA compared to bilateral PA [114]. However, a
significant overlap was seen between the groups,
and specificity and sensitivity were not reported.
In another study using targeted analysis, plasma
180xoF > 6.1 ng/dL was found in 84% of 113
patients with unilateral PA and none of 121 with
bilateral PA, and plasma 18oxoF < 1.2 ng/dL was
found in 43% of patients with bilateral PA and none
with unilateral PA [115]. Furthermore, in two stud-
ies by Eisenhofer et al. using plasma steroid pro-
files, 18oxoF correctly identified laterality in 80% of
the patients [116], and by using a combination of
seven steroids, patients with unilateral adenomas
harboring a KCNJS5 variant could be identified with
a relatively high sensitivity (85%) and specificity
(97%) [111]. Finally, a recent study using urine
steroid profiles from 158 patients with PA showed a
suboptimal capacity for subtype differentiation but
an excellent capacity for detecting adenomas with
KCNJS5 variant by using 180HF and its metabolite
18-oxo-tetrahydrocortisol [117].

Proteomics

Proteomics is the study of proteins, the functional
end products of gene expression, which provides
insights into disease mechanisms and offers iden-
tification of novel biomarkers.

In the first study on patients with PA, a targeted
analysis of sodium chloride cotransporter (NCC)
and phosphorylated NCC (pNCC) in urinary extra-
cellular vesicles showed that patients with uni-
lateral PA had almost twofold levels compared to
patients with bilateral PA. However, a great over-
lap was seen between the groups [118]. In another
study, untargeted proteomic profiles in urinary
extracellular vesicles from 11 patients with bilat-
eral disease and 13 with unilateral disease iden-
tified three proteins that discriminated the groups
with reasonable diagnostic accuracy (AUC between
0.84 and 0.89) [119].

In a study including 36 patients with unilateral
and 24 with bilateral PA, a panel comprising five
proteins in plasma with at least a twofold differ-
ence between the groups, combined with aldos-
terone and renin concentrations, achieved an area

under the curve of 0.92 for distinguishing unilat-
eral from bilateral PA [120]. In a further study on
29 patients with bilateral PA and 29 with unilat-
eral PA, serum samples were analyzed by a panel
of 384 cardiometabolic peptides [109]. After valida-
tion by enzyme-linked immunosorbent assay, one
peptide could differentiate unilateral from bilat-
eral PA. In another study, approximately 1500 pro-
teins/peptides were measured in 61 normoten-
sive individuals with mild PA and 50 patients with
overt PA. A total of 903 proteins differed signif-
icantly between the two groups [121]. However,
no significant differences were observed in the cir-
culating proteomic profiles between patients with
unilateral and bilateral PA. Finally, in a study
on 52 patients with unilateral PA and 46 with
essential hypertension, a panel of 6 peptides had
a sensitivity and specificity of 81% and 80%,
respectively, and an area under the curve of 0.92
for diagnosing unilateral PA [122]. A major lim-
itation was, however, the lack of patients with
bilateral PA.

In summary, proteomics may be of value for sub-
type classification of PA. However, prospective
studies with larger and well-characterized cohorts
are still required to validate these findings. Notably,
however, only one protein—heat shock protein
beta-1—has been identified for this purpose in two
independent studies [109, 119].

Transcriptomics

MicroRNAs are small, noncoding, and tissue-
specific regulators of protein synthesis and repre-
sent potential biomarkers for both diagnosis and
disease monitoring. To date, four studies have
examined their utility in distinguishing unilateral
from bilateral PA (Table 3).

In the first study, next-generation sequencing was
used to identify differentially expressed microR-
NAs in plasma in 30 patients with PA, with val-
idation by real-time reverse transcription-qPCR
in an independent cohort of 93 patients [123].
Three microRNAs were significantly overexpressed
in patients with bilateral disease; however, their
sensitivity and specificity were too low to sup-
port clinical application. In another study, differ-
entially expressed microRNAs were first identified
in 18 patients with PA and subsequently validated
in 54 patients with unilateral and 54 patients
with bilateral disease [124]. By using a panel of
six microRNAs, unilateral PA could be identified
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with 91% sensitivity and 82% specificity. In a fur-
ther study, microRNA from AVSs was first ana-
lyzed in five unilateral cases and five bilateral cases
[125]. Seven microRNAs that were differentially
expressed were detected. In a validation cohort
consisting of nine patients with unilateral PA and
nine with bilateral disease, two of these seven
microRNAs were differentially expressed. However,
in samples from the inferior vena cava, only one
was significantly different between the groups, but
with a relatively low sensitivity and specificity (64%
and 79%, respectively). Finally, in a study includ-
ing 16 patients with unilateral PA and 12 with
bilateral PA, 22 differentially expressed microRNAs
were detected in serum [126]. Different machine
learning models could demonstrate differentiation
between essential hypertension and PA, as well as
between unilateral and bilateral PA, when apply-
ing microRNA results with clinical parameters and
aldosterone/renin ratio. These results have not
been validated in an independent cohort.

In conclusion, it seems that microRNAs are of lim-
ited value for subtype classification of PA at this
time.

Conclusion

In recent years, several groundbreaking discov-
eries have transformed our understanding of PA.
It is now recognized as a heterogeneous disorder
driven by a spectrum of genetic variants, giving rise
to diverse clinical phenotypes—from mild forms
to severe, treatment-resistant hypertension with
marked hypokalemia, and from strictly unilateral
to bilateral aldosterone excess. Advances in molec-
ular and histopathological characterization have
also paved the way for novel approaches to sub-
type differentiation. Among these, functional PET
imaging and steroidomic profiling show particular
promise, with the potential to simplify and refine
the diagnosis, classification, and management of
patients with PA.

Despite these advances, several important chal-
lenges remain. Accurate subtyping is still diffi-
cult in a subset of patients, as the development of
bilateral disease can occur asynchronously, with
one adrenal gland becoming hyperfunctional long
before the other. This dynamic and temporally vari-
able disease course means that even with opti-
mal AVS, advanced imaging, or detailed CYP11B2
immunostaining, some patients with latent or
evolving bilateral disease may be misclassified as

unilateral. In addition, current methods lack the
sensitivity to detect early or subclinical lesions, and
reliable biomarkers to predict disease laterality or
recurrence are still unavailable, although recent
findings offer cautious optimism for the future.
These limitations underscore the need for integra-
tive, longitudinal, and functional approaches to
fully capture the complexity of aldosterone dysreg-
ulation in PA.

Conflict of interest statement

The authors declare that they have no conflicts of
interest.

Funding information

The authors declare that no external funding was
received for this work.

Data availability statement

Data sharing is not applicable to this article, as
no datasets were generated or analyzed during the
current study.

References

1 Conn JW. Presidential address. I. Painting background. II.
Primary aldosteronism, a new clinical syndrome. J Lab Clin
Med. 1955;45:3-17.

2 Young WF Jr. Diagnosis and treatment of primary aldos-
teronism: practical clinical perspectives. J Intern Med.
2019;285:126-48.

3 Douma S, Petidis K, Doumas M, Papaefthimiou P,
Triantafyllou A, Kartali N, et al., Prevalence of primary
hyperaldosteronism in resistant hypertension: a retrospec-
tive observational study. Lancet. 2008;371:1921-6.

4 Hannemann A, Wallaschofski H. Prevalence of primary
aldosteronism in patient’s cohorts and in population-based
studies—a review of the current literature. Horm Metab Res.
2012;44:157-62.

5 Adler GK, Stowasser M, Correa RR, Khan N, Kline G,
McGowan MJ, et al., Primary aldosteronism: an endocrine
society clinical practice guideline. J Clin Endocrinol Metab.
2025;110:2453-95.

6 Monticone S, Burrello J, Tizzani D, Bertello C, Viola A,
Buffolo F, et al., Prevalence and clinical manifestations of
primary aldosteronism encountered in primary care prac-
tice. J Am Coll Cardiol. 2017;69:1811-20.

7 Kayser SC, Dekkers T, Groenewoud HJ, van der Wilt GJ,
Carel Bakx J, van der Wel MC, et al., Study heterogene-
ity and estimation of prevalence of primary aldosteronism:
a systematic review and meta-regression analysis. J Clin
Endocrinol Metab. 2016;101:2826-35.

8 Gkaniatsa E, Zverkova Sandstrém T, Rosengren A, Trimpou
P, Olsson DS, Lind M, et al. Mortality in patients with pri-
mary aldosteronism: a Swedish nationwide study. Hyperten-
sion. 2023;80:2601-10.

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine. 191

Journal of Internal Medicine, 2026, 299; 178-195

85U80|7 SUOWIIOD BA e8I 3|gedlidde au3 Ag peusenob afe se(ole YO ‘88N J0 S8|ni 1o} Afeiq1T8UlUO 48] 1/ UO (SUOTHPUD-PUE-SULBYWOY A8 | 1M AlRIq | U [UO//:SANY) SUORIPUOD PUe SWs 1 8y} 89S *[9202/T0/2T] Uo AriqiTauliuo Ao|im ‘AiseAluN eswin AQ §500. WIOITTTT OT/I0p/W0 A8 | 1M Arelq1 Ul |uoy/sdny Wouy papeojumod ‘Z ‘9202 ‘96/2S9ET



JIM Subtype differentiation in PA / 0. Ragnarsson et al.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

192

Monticone S, D’Ascenzo F, Moretti C, Williams TA, Veglio
F, Gaita F, et al. Cardiovascular events and target organ
damage in primary aldosteronism compared with essen-
tial hypertension: a systematic review and meta-analysis.
Lancet Diabetes Endocrinol. 2018;6:41-50.

Monticone S, Sconfienza E, D’Ascenzo F, Buffolo F, Satoh
F, Sechi LA, et al. Renal damage in primary aldostero-
nism: a systematic review and meta-analysis. J Hypertens.
2020;38:3-12.

Ekman N, Grossman AB, Nieckarz A, Jedrzejewski L, Wolf
J, Dworakowska D. Non-hypertensive effects of aldosterone.
Int J Mol Sci. 2025;26(2):540.

Velema MS, de Nooijer AH, Burgers VWG, Hermus A,
Timmers H, Lenders JWM, et al. Health-related quality of
life and mental health in primary aldosteronism: a system-
atic review. Horm Metab Res. 2017;49:943-50.

Gkaniatsa E, Sandstrom TZ, Rosengren A, Trimpou P, Muth
A, Johannsson G, et al. Hip fractures in patients with pri-
mary aldosteronism—a Swedish nationwide study. Osteo-
poros Int. 2024;35:1585-93.

Gkaniatsa E, Ekerstad E, Gavric M, Muth A, Trimpou
P, Olsson DS, et al. Increasing incidence of primary
aldosteronism in Western Sweden during 3 decades-yet
an underdiagnosed disorder. J Clin Endocrinol Metab.
2021;106:e3603-e10.

Yang J, Burrello J, Goi J, Reincke M, Adolf C, Asbach E,
et al., Outcomes after medical treatment for primary aldos-
teronism: an international consensus and analysis of treat-
ment response in an international cohort. Lancet Diabetes
Endocrinol. 2025;13:119-33.

Jaffe G, Gray Z, Krishnan G, Stedman M, Zheng Y, Han J,
et al., Screening rates for primary aldosteronism in resistant
hypertension: a cohort study. Hypertension. 2020;75:650-9.
Hundemer GL, Imsirovic H, Vaidya A, Yozamp N, Goupil R,
Madore F, et al., Screening rates for primary aldosteronism
among individuals with hypertension plus hypokalemia: a
population-based retrospective cohort study. Hypertension.
2022;79:178-86.

Hu J, Zhou Q, Sun Y, Feng Z, Yang J, He W, et al., Effi-
cacy and safety of finerenone in patients with primary aldos-
teronism: a pilot randomized controlled trial. Circulation.
2025;151:196-8.

Turcu AF, Freeman MW, Bancos I, Ben-Shlomo A, Hamidi
O, Hamrahian AH, et al., Phase 2a study of baxdrostat in
primary aldosteronism. N Engl J Med. 2025;393:515-8.
Farah MH, Hegazi M, Firwana M, Abusalih M, Saadi S, Al-
Kordi M, et al., A systematic review supporting the endocrine
society clinical practice guideline on management of primary
aldosteronism. J Clin Endocrinol Metab. 2025;110:e2833—
e44.

YuanL, Li X, Sun F, Tang Yi, Wang W, Liu W, et al., Compar-
ative outcomes of adrenalectomy, mineralocorticoid recep-
tor antagonist, and percutaneous adrenal ablation for pri-
mary aldosteronism: a systematic review and network meta-
analysis. Am J Hypertens. 2025;38:654-65.

Huang CW, Huang TY, Yang YF, Chang LM, Tu YK, Wu VC,
et al. Major adverse cardiovascular events in primary aldos-
teronism after adrenalectomy or mineralocorticoid recep-
tor antagonist treatment: a systematic review and meta-
analysis. J Am Heart Assoc. 2025;14:e038714.

Samnani S, Cenzer I, Kline GA, Lee SJ, Hundemer GL,
McClurg C, et al., Time to benefit of surgery vs targeted medi-

24

25

26

27

28

29

30

31

32

33

34

35

36

37

cal therapy for patients with primary aldosteronism: a meta-
analysis. J Clin Endocrinol Metab. 2024;109:e1280-€9.
Chen S-Y, Chen J-Yi, Huang W-C, Puar THK, Chin Kek P,
Chueh JS, et al., Cardiovascular outcomes and all-cause
mortality in primary aldosteronism after adrenalectomy or
mineralocorticoid receptor antagonist treatment: a meta-
analysis. Eur J Endocrinol. 2022;187:5S47-S58.

Marzano L, Zoccatelli F, Pizzolo F, Friso S. Adrenalectomy
versus medical therapy in primary aldosteronism: a meta-
analysis of long-term cardiac remodeling and function: med-
ical versus adrenalectomy treatment compared in hyperal-
dosteronism (MATCH) study. Hypertension. 2025;82:e142—
e53.

Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya
A. Cardiometabolic outcomes and mortality in medically
treated primary aldosteronism: a retrospective cohort study.
Lancet Diabetes Endocrinol. 2018;6:51-9.

Saiki A, Otsuki M, Tamada D, Kitamura T, Mukai K,
Yamamoto K, et al. Increased dosage of MRA improves
BP and wurinary albumin excretion in primary aldos-
teronism with suppressed plasma renin. J Endocr Soc.
2022;6:bvab174.

Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya A.
Incidence of atrial fibrillation and mineralocorticoid recep-
tor activity in patients with medically and surgically treated
primary aldosteronism. JAMA Cardiol. 2018;3:768-74.
Kohler A, Sarkis A-L, Heinrich DA, Muller L, Handgriff L,
Deniz S, et al., Renin, a marker for left ventricular hyper-
trophy, in primary aldosteronism: a cohort study. Eur J
Endocrinol. 2021;185:663-72.

Chen Z-W, Pan C-T, Liao C-W, Tsai C-H, Chang Y-Y, Chang
C-C, et al., Implication of MR activity in posttreatment arte-
rial stiffness reversal in patients with primary aldostero-
nism. J Clin Endocrinol Metab. 2023;108:624-32.

Williams TA, Lenders JWM, Mulatero P, Burrello J,
Rottenkolber M, Adolf C, et al., Outcomes after adrenalec-
tomy for unilateral primary aldosteronism: an international
consensus on outcome measures and analysis of remission
rates in an international cohort. Lancet Diabetes Endocrinol.
2017;5:689-99.

Sutherland D, Ruse J, Laidlaw J. Hypertension, increased
aldosterone secretion and low plasma renin activity relieved
by dexamethasone. Can Med Assoc J. 1966;95:1109.
Gordon RD, Stowasser M, Tunny TJ, Klemm SA, Finn WL,
Krek AL. Clinical and pathological diversity of primary aldos-
teronism, including a new familial variety. Clin Exp Pharma-
col Physiol. 1991;18:283-6.

Scholl UI, Stolting G, Schewe J, Thiel A, Tan H,
Nelson-Williams C, et al., CLCN2 chloride channel muta-
tions in familial hyperaldosteronism type II. Nat Genet.
2018;50:349-54.

Scholl Ul, Stolting G, Nelson-Williams C, Vichot AA, Choi
M, Loring E, et al., Recurrent gain of function mutation in
calcium channel CACNA1H causes early-onset hypertension
with primary aldosteronism. Elife. 2015;4:€¢06315.

Scholl UI, Goh G, Stoélting G, de Oliveira RC, Choi M,
et al., Somatic and germline CACNA1D calcium channel
mutations in aldosterone-producing adenomas and primary
aldosteronism. Nature Genetics. 2013;45:1050-4.

Mulatero P, Scholl Ul, Fardella CE, Charmandari E,
Januszewicz A, Reincke M, et al., Familial hyperaldostero-
nism: an European reference network on rare endocrine

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2026, 299; 178-195

85UB017 SUOWILIOD SO 8|edldde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0} AR1G1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SULIBYWO0D A3 | 1M A1 1 [oUUO//STNY) SUORIPUOD PUe SWie 1 8U3 S *[9202/T0/2T] uo Ariqiauluo AB|iMm ‘Aisiealun eswin Ag G5002 WIO(TTTT OT/I0p/W00 A3 1M Afeiq 1 BuI|UO//:SANY W14 papeojumoq ‘Z ‘9202 ‘96L259ET



JIM Subtype differentiation in PA / 0. Ragnarsson et al.

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

conditions clinical practice guideline. Eur J Endocrinol.
2024;190:G1-G14.

Wilmot Roussel H, Vezzosi D, Rizk-Rabin M, Barreau
O, Ragazzon B, René-Corail F, et al., Identification of
gene expression profiles associated with cortisol secre-
tion in adrenocortical adenomas. J Clin Endocrinol Metab.
2013;98:E1109-21.

Geller DS, Zhang J, Wisgerhof MV, Shackleton C,
Kashgarian M, Lifton RP. A novel form of human mendelian
hypertension featuring nonglucocorticoid-remediable aldos-
teronism. J Clin Endocrinol Metab. 2008;93:3117-23.

Choi M, Scholl Ul, Yue P, Bjorklund P, Zhao B, Nelson-
Williams C, et al., K* channel mutations in adrenal
aldosterone-producing adenomas and hereditary hyperten-
sion. Science. 2011;331:768-72.

Oki K, Plonczynski MW, Lam ML, Gomez-Sanchez EP,
Gomez-Sanchez CE. The potassium channel, Kir3.4 par-
ticipates in angiotensin II-stimulated aldosterone produc-
tion by a human adrenocortical cell line. Endocrinology.
2012;153:4328-35.

Tao X, Avalos JL, Chen J, MacKinnon R. Crystal structure
of the eukaryotic strong inward-rectifier K™ channel Kir2.2
at 3.1 A resolution. Science. 2009;326:1668-74.

Lenzini L, Rossitto G, Maiolino G, Letizia C, Funder JW,
Rossi GP. A meta-analysis of somatic KCNJ5 K* channel
mutations in 1636 patients with an aldosterone-producing
adenoma. J Clin Endocrinol Metab. 2015;100:E1089-
E95.

Akerstrém T, Willenberg HS, Cupisti K, Ip J, Backman S,
Moser A, et al. Novel somatic mutations and distinct molec-
ular signature in aldosterone-producing adenomas. Endocr
Relat Cancer. 2015;22:735-44.

Azizan EAB, Poulsen H, Tuluc P, Zhou J, Clausen MV,
Lieb A, et al., Somatic mutations in ATP1A1 and CACNA1D
underlie a common subtype of adrenal hypertension. Nat
Genet. 2013;45:1055-60.

Beuschlein F, Boulkroun S, Osswald A, Wieland T, Nielsen
HN, Lichtenauer UD, et al., Somatic mutations in ATP1A1
and ATP2B3 lead to aldosterone-producing adenomas and
secondary hypertension. Nat Genet. 2013;45:440-4.
Fernandes-Rosa FL, Daniil G, Orozco IJ, Géppner C, El Zein
R, Jain V, et al., A gain-of-function mutation in the CLCN2
chloride channel gene causes primary aldosteronism. Nat
Genet. 2018;50:355-61.

Rege J, Bandulik S, Nanba K, Kosmann C, Blinder AR, Plain
A, et al., Somatic SLC30A1 mutations altering zinc trans-
porter ZnT1 cause aldosterone-producing adenomas and
primary aldosteronism. Nat Genet. 2023;55:1623-31.

van Rooyen D, Bandulik S, Coon GA, Laukemper M,
Kumar-Sinha C, Udager AM, et al., Somatic mutations in
MCOLN3Are associated with aldosterone-producing adeno-
mas. Hypertension. 2025;82(10):1778-88.

Akerstrom T, Carling T, Beuschlein F, Hellman P. Genetics
of adrenocortical tumours. J Intl Med. 2016;280:540-50.
Akerstrom T, Maharjan R, Sven Willenberg H, Cupisti K, Ip
J, Moser A, et al. Activating mutations in CTNNBI1 in aldos-
terone producing adenomas. Sci Rep. 2016;6:19546.

Wu X, Azizan EAB, Goodchild E, Garg S, Hagiyama
M, Cabrera CP, et al.,, Somatic mutations of CADM1
in aldosterone-producing adenomas and gap junction-
dependent regulation of aldosterone production. Nat Genet.
2023;55:1009-21.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Gomez-Sanchez CE, Qi X, Velarde-Miranda C, Plonczynski
MW, Parker CR, Rainey W, et al., Development of mono-
clonal antibodies against human CYP11B1 and CYP11B2.
Mol Cell Endocrinol. 2014;383:111-7.

De Sousa K, Boulkroun S, Baron S, Nanba K, Wack M,
Rainey WE, et al., Genetic, cellular, and molecular hetero-
geneity in adrenals with aldosterone-producing adenoma.
Hypertension. 2020;75:1034-44.

Akerstrém T, Klimacek B, Annebick M, Norlén O, Stalberg
P. Intratumoural aldosterone and CYP11B2 expression lev-
els among different genotypes of aldosterone producing
tumours. Endocr Connect. 2025;14:€250070.

Caroccia B, Lenzini L, Ceolotto G, Gioco F, Benetti A,
Giannella A, et al., Double CYP11B1/CYP11B2 immunohis-
tochemistry and detection of KCNJ5 mutations in primary
aldosteronism. J Clin Endocrinol Metab. 2024;109:2433-43.
Nanba K, Blinder AR, Rege J, Hattangady NG, Else
T, Liu C-J, et al.,, Somatic CACNA1H mutation as a
cause of aldosterone-producing adenoma. Hypertension.
2020;75:645-9.

Nanba K, Omata K, Else T, Beck PCC, Nanba AT, Turcu AF,
et al., Targeted molecular characterization of aldosterone-
producing adenomas in White Americans. J Clin Endocrinol
Metab. 2018;103:3869-76.

Omata K, Satoh F, Morimoto R, Ito S, Yamazaki Y,
NakamuraY, et al., Cellular and genetic causes of idiopathic
hyperaldosteronism. Hypertension. 2018;72:874-80.
Nishimoto K, Tomlins SA, Kuick R, Cani AK, Giordano TJ,
Hovelson DH, et al., Aldosterone-stimulating somatic gene
mutations are common in normal adrenal glands. Proc Natl
Acad Sci USA. 2015;112:E4591-E9.

Omata K, Anand SK, Hovelson DH, Liu C-J, Yamazaki Y,
Nakamura Y, et al., Aldosterone-producing cell clusters fre-
quently harbor somatic mutations and accumulate with age
in normal adrenals. J Endocr Soc. 2017;1:787-99.

Mete O, Erickson LA, Juhlin CC, de Krijger RR, Sasano H,
Volante M, et al. Overview of the 2022 WHO classification of
adrenal cortical tumors. Endocr Pathol. 2022;33:155-96.
Ogishima T, Suzuki H, Hata J, Mitani F, Ishimura Y. Zone-
specific expression of aldosterone synthase cytochrome P-
450 and cytochrome P-45011 beta in rat adrenal cortex: his-
tochemical basis for the functional zonation. Endocrinology.
1992;130:2971-7.

Volpe C, Ho6g A, Ogishima T, Mukai K, Lu M, Thorén M,
et al. Immunohistochemistry improves histopathologic diag-
nosis in primary aldosteronism. J Clin Pathol. 2013;66:351—
4.

Nanba K, Tsuiki M, Sawai K, Mukai K, Nishimoto K, Usui T,
et al., Histopathological diagnosis of primary aldosteronism
using CYP11B2 immunohistochemistry. J Clin Endocrinol
Metab. 2013;98:1567-74.

Nakamura Y, Maekawa T, Felizola SJA, Satoh F, Qi X,
Velarde-Miranda C, et al., Adrenal CYP11B1/2 expression
in primary aldosteronism: Immunohistochemical analysis
using novel monoclonal antibodies. Mol Cell Endocrinol.
2014;392:73-9.

Volpe C, Hamberger B, H66g A, Mukai K, Calissendorff
J, Wahrenberg H, et al. Primary aldosteronism: functional
histopathology and long-term follow-up after unilateral
adrenalectomy. Clin Endocrinol (Oxf). 2015;82:639-47.
Nishimoto K, Koga M, Seki T, Oki K, Gomez-Sanchez
EP, Gomez-Sanchez CE, et al., Immunohistochemistry of

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine. 193

Journal of Internal Medicine, 2026, 299; 178-195

85UB017 SUOWILIOD SO 8|edldde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0} AR1G1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SULIBYWO0D A3 | 1M A1 1 [oUUO//STNY) SUORIPUOD PUe SWie 1 8U3 S *[9202/T0/2T] uo Ariqiauluo AB|iMm ‘Aisiealun eswin Ag G5002 WIO(TTTT OT/I0p/W00 A3 1M Afeiq 1 BuI|UO//:SANY W14 papeojumoq ‘Z ‘9202 ‘96L259ET



JIM Subtype differentiation in PA / 0. Ragnarsson et al.

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

194

aldosterone synthase leads the way to the pathogenesis of
primary aldosteronism. Mol Cell Endocrinol. 2017;441:124—
33.

Williams TA, Gomez-Sanchez CE, Rainey WE, Giordano
TJ, Lam AK, Marker A, et al., International histopathol-
ogy consensus for unilateral primary aldosteronism. J Clin
Endocrinol Metab. 2021;106:42-54.

Omata K, Tomlins SA, Rainey WE. Aldosterone-producing
cell clusters in normal and pathological states. Horm Metab
Res. 2017;49:951-6.

Omata K, Anand SK, Hovelson DH, Liu C-J, Yamazaki Y,
Nakamura Y, et al., Aldosterone-producing cell clusters fre-
quently harbor somatic mutations and accumulate with age
in normal adrenals. J Endocr Soc. 2017;1:787-99.

Volpe C, Hamberger B, Zedenius J, Juhlin CC. Impact of
immunohistochemistry on the diagnosis and management
of primary aldosteronism: an important tool for improved
patient follow-up. Scand J Surg. 2020;109:133-42.
Solhuslekk Hose K, Stenman A, Falhammar H, Volpe
C, Larsson C, Zedenius J, et al. Improving diagnosis in
primary aldosteronism using HISTALDO and nodule size
metrics. Eur J Endocrinol. 2025;193:278-88.

Hong WG, Kim BC, Sung TY, Lee SH, Song DE. Subclassifi-
cation of unilateral primary aldosteronism using an optimal
cut-off value for positive CYP11B2 (aldosterone synthase)
immunohistochemistry and modified histologic criteria in
the Korean population. Hum Pathol. 2025;163:105876.
Ylanen A, Isojarvi J, Virtanen A, Leijon H, Vesterinen T,
Aro AL, et al., Adrenal aldosterone synthase (CYP11B2)
histopathology and its association with disease-induced
sudden death: a cross-sectional study. Lancet Reg Health
Eur. 2025;51:101226.

Turcu AF, Tezuka Y, Lim JS, Salman Z, Sehgal K, Liu H,
et al., Multifocal, asymmetric bilateral primary aldostero-
nism cannot be excluded by strong adrenal vein sampling
lateralization: an international retrospective cohort study.
Hypertension. 2024;81:604-13.

Rossi GP, Battistel M, Seccia TM, Rossi FB, Rossitto G. Sub-
typing of Primary Aldosteronism by Adrenal Venous Sam-
pling. Endocr Rev. 2025;46:501-17.

Muth A, Ragnarsson O, Johannsson G, Wangberg B. Sys-
tematic review of surgery and outcomes in patients with pri-
mary aldosteronism. Br J Surg. 2015;102:307-17.

Tetti M, Brudgam D, Burrello J, Udager AM, Riester A,
Knosel T, et al., Unilateral primary aldosteronism: long-
term disease recurrence after adrenalectomy. Hypertension.
2024;81:936-45.

Kobayashi H, Nakamura Y, Abe M, Ragnarsson O,
Gkaniatsa E, Grytaas MAa, et al., Assessing lateraliza-
tion index of adrenal venous sampling for surgical indi-
cation in primary aldosteronism. J Clin Endocrinol Metab.
2025;110:e1084-e93.

Deinum J, Turcu AF. Adrenal vein sampling in primary
aldosteronism-is the gold standard losing its luster? J Clin
Endocrinol Metab. 2025;110:e2800—e3.

Zhou Y, Wang D, Jiang L, Ran F, Chen S, Zhou P, et al.
Diagnostic accuracy of adrenal imaging for subtype diagno-
sis in primary aldosteronism: systematic review and meta-
analysis. BMJ Open. 2020;10:e038489.

Gkaniatsa E, Ragnarsson O. Adrenal vein sampling in
the young-necessary or not? Exp Clin Endocrinol Diabetes.
2023;131:435-7.

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Htut Z, Asmar N, Agilinko J, Flora R, Palazzo F, Di Marco
A, et al., Case selection of adrenal vein sampling in young
patients with primary aldosteronism: a retrospective analy-
sis of imaging and AVS concordance, and histopathological
outcomes. Endocr Connect. 2025;14:€250326.

Kupers EM, Amar L, Raynaud A, Plouin P-F, Steichen O.
A clinical prediction score to diagnose unilateral primary
aldosteronism. J Clin Endocrinol Metab. 2012;97:3530-7.
Zhang Y, Niu W, Zheng F, Zhang H, Zhou W, Shen Z, et al.,
Identifying unilateral disease in Chinese patients with pri-
mary aldosteronism by using a modified prediction score. J
Hypertens. 2017;35:2486-92.

Burrello J, Burrello A, Pieroni J, Sconfienza E, Forestiero
V, Rabbia P, et al.,, Development and validation of pre-
diction models for subtype diagnosis of patients with pri-
mary aldosteronism. J Clin Endocrinol Metab. 2020;105:
dgaa379.

Pierman G, Zibar Tomsic K, Kastelan D, Carlien DeH,
Driessens N, Vroonen L, et al., Validation of a new non-
invasive predictive score (KASAI) for primary aldosteronism
subtyping. Endocr Connect. 2025;14(9):e250156.
Murakami M, Naruse M, Kobayashi H, Parasiliti-Caprino M,
Bioletto F, Briidgam D, et al., Expert consensus on the pri-
mary aldosteronism severity classification and its strategic
application in indicating adrenal venous sampling. Eur J
Endocrinol. 2025;193:85-96.

Bergstrom M, PET with [11C]-metomidate for the visualiza-
tion of adrenocortical tumors and discrimination from other
lesions. Clin Positron Imaging. 1999;2:339.

Hennings J, Sundin A, Hagg A, Hellman P. 11C-metomidate
positron emission tomography after dexamethasone sup-
pression for detection of small adrenocortical adeno-
mas in primary aldosteronism. Langenbecks Arch Surg.
2010;395:963-7.

Burton TJ, Mackenzie IS, Balan K, Koo B, Bird N, Soloviev
DV, et al., Evaluation of the sensitivity and specificity of
(11)C-metomidate positron emission tomography (PET)-CT
for lateralizing aldosterone secretion by Conn’s adenomas.
J Clin Endocrinol Metab. 2012;97:100-9.

Goodchild E, Wu X, Senanayake R, MacFarlane J, Argentesi
G, Laycock K, et al., Molecular imaging versus adrenal vein
sampling for the detection of surgically curable primary
aldosteronism: a prospective within-patient trial. Ann Intern
Med. 2025;178:336-47.

Erlandsson M, Karimi F, Lindhe O, Langstrém B. (18)F-
labelled metomidate analogues as adrenocortical imaging
agents. Nucl Med Biol. 2009;36:435-45.

Silins I, Sundin A, Nordeman P, Jahan M, Estrada
S, Monazzam A, et al., Para-chloro-2-[(18)F]|fluoroethyl-
etomidate: a promising new PET radiotracer for adrenocor-
tical imaging. Int J Med Sci. 2021;18:2187-96.

Silins I, Sundin A, Lubberink M, O’Sullivan L, Gurnell
M, Aigbirhio F, et al.,, First-in-human evaluation of
[(18)F]CETO: a novel tracer for adrenocortical tumours. Eur
J Nucl Med Mol Imaging. 2023;50:398-409.

Wu X, McIntosh A, McConnachie A, Gurnell M, Drake WM,
Brown MJ. Molecular imaging is non-inferior to adrenal vein
sampling for diagnosing surgically curable primary aldos-
teronism: a prospective, within-patient study. Southampton
(UK): National Institute for Health and Care Research; 2025.
Wester HJ, Keller U, Schottelius M, Beer A, Philipp-
Abbrederis K, Hoffmann F, et al., Disclosing the CXCR4

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2026, 299; 178-195

85UB017 SUOWILIOD SO 8|edldde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0} AR1G1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SULIBYWO0D A3 | 1M A1 1 [oUUO//STNY) SUORIPUOD PUe SWie 1 8U3 S *[9202/T0/2T] uo Ariqiauluo AB|iMm ‘Aisiealun eswin Ag G5002 WIO(TTTT OT/I0p/W00 A3 1M Afeiq 1 BuI|UO//:SANY W14 papeojumoq ‘Z ‘9202 ‘96L259ET



JIM Subtype differentiation in PA / 0. Ragnarsson et al.

99

100

101

102

103

104

105

106

107

108

109

110

111

112

expression in lymphoproliferative diseases by targeted
molecular imaging. Theranostics. 2015;5:618-30.
Lindenberg L, Ahlman M, Lin F, Mena E, Choyke
P. Advances in PET imaging of the CXCR4 receptor:
[(68)Ga]Ga-PentixaFor. Semin Nucl Med. 2024;54:163-70.
Zheng G, Liu S, Gao Y, Yan X, Wang W, Zhao Y, et al.
68Ga-pentixafor PET/CT versus adrenal venous sampling
in guiding surgical management for primary aldosteronism:
a prospective cohort study on postoperative outcomes. Int J
Surg. 2025;39:100384.

Hu J, Xu T, Shen H, Song Y, Yang J, Zhang A,
et al., Accuracy of gallium-68 pentixafor positron emis-
sion tomography-computed tomography for subtyping
diagnosis of primary aldosteronism. JAMA Netw Open.
2023;6:2255609.

Gege Z, Ling Z, Bin J. Performance of pentixafor PET/CT
in identifying unilateral primary aldosteronism: a meta-
analysis. Eur J Radiol. 2025;190:112240.

Shu Z, He Y, Long T, Guo M, Xia Z, Fu X, et al., Is
CXCR4-targeted (68)Ga-pentixafor PET/CT a reliable AVS-
free modality for surgical decision-making and prognostic
prediction in primary aldosteronism with bilateral adrenal
lesions? EJNMMI Res. 2025;15:111.

Peng Y, Chen F, Yao R, Lan J, Fu Y, Ye K, et al., The value
of targeted CXCR4 (18)F-AlF-NOTA-pentixafor PET/CT for
subtyping primary aldosteronism. Front Endocrinol (Lau-
sanne). 2025;16:1533295.

Sander K, Gendron T, Cybulska KA, Sirindil F, Zhou
J, Kalber TL, et al. Development of [(18)F]AldoView as
the first highly selective aldosterone synthase PET tracer
for imaging of primary hyperaldosteronism. J Med Chem.
2021;64:9321-9.

Arstad E, Sander K, Kurzawinski TR, Anderson C, Buhidma
Y, Awais RO, et al. Adrenal aldosterone synthase expres-
sion imaging in primary aldosteronism. N Engl J Med.
2025;393:2168-70.

Bongarzone S, Basagni F, Sementa T, Singh N, Gakpetor
C, Faugeras V, et al. Development of [(18)F]JFAMTO: a novel
fluorine-18 labelled positron emission tomography (PET)
radiotracer for imaging CYP11B1 and CYP11B2 enzymes in
adrenal glands. Nucl Med Biol. 2019;68-69:14-21.

Abe T, Naruse M, Young WF, Kobashi N, Doi Y, Izawa A,
et al., A novel CYP11B2-specific imaging agent for detec-
tion of unilateral subtypes of primary aldosteronism. J Clin
Endocrinol Metab. 2016;101:1008-15.

Makhnov N, Axling F, Barazeghi E, Stalberg P, Akerstrom
T, Hellman P. Searching for peripheral proteomic mark-
ers of primary aldosteronism. Endocrine. 2025;89(3):
869-78.

Armignacco R, Reel PS, Reel S, Jouinot A, Septier A,
Gaspar C, et al., Whole blood methylome-derived features
to discriminate endocrine hypertension. Clin Epigenetics.
2022;14:142.

Eisenhofer G, Duran C, Cannistraci CV, Peitzsch M,
Williams TA, Riester A, et al., Use of steroid profiling com-
bined with machine learning for identification and subtype
classification in primary aldosteronism. JAMA Netw Open.
2020;3:€2016209.

Reel PS, Reel S, van Kralingen JC, Langton K, Lang K, Erlic
Z, et al., Machine learning for classification of hypertension
subtypes using multi-omics: a multi-centre, retrospective,
data-driven study. EBioMedicine. 2022;84:104276.

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Szatko A, Tobota A, Falhammar H, Zgliczynski W, Glinicki P.
Advances in the biochemical diagnostics of primary aldos-
teronism: from immunoassays to steroidomics and pro-
teomics. Front Endocrinol (Lausanne). 2025;16:1548344.
Mulatero P, di Cella SM, Monticone S, Schiavone D,
Manzo M, Mengozzi G, et al., 18-hydroxycorticosterone, 18-
hydroxycortisol, and 18-oxocortisol in the diagnosis of pri-
mary aldosteronism and its subtypes. J Clin Endocrinol
Metab. 2012;97:881-9.

Satoh F, Morimoto R, Ono Y, Iwakura Y, Omata K, Kudo
M, et al., Measurement of peripheral plasma 18-oxocortisol
can discriminate unilateral adenoma from bilateral dis-
eases in patients with primary aldosteronism. Hypertension.
2015;65:1096-102.

Eisenhofer G, Dekkers T, Peitzsch M, Dietz AS, Bidlingmaier
M, Treitl M, et al., Mass spectrometry-based adrenal and
peripheral venous steroid profiling for subtyping primary
aldosteronism. Clin Chem. 2016;62:514-24.

Prete A, Lang K, Pavlov D, Rhayem Y, Sitch AJ, Franke
AS, et al.,, Urine steroid metabolomics as a diagnostic
tool in primary aldosteronism. J Steroid Biochem Mol Biol.
2024;237:106445.

Kong L, Tang X, Kang Y, et al., The role of urinary extra-
cellular vesicles sodium chloride cotransporter in subtyp-
ing primary aldosteronism. Front Endocrinol (Lausanne).
2022;13:834409.

Bertolone L, Castagna A, Manfredi M, De Santis D,
Ambrosani F, Antinori E, et al., Proteomic analysis of uri-
nary extracellular vesicles highlights specific signatures for
patients with primary aldosteronism. Front Endocrinol (Lau-
sanne). 2023;14:1096441.

Zhou F, Ding Y, Chen T, Tang Q, Zhang J, Thyparambil S,
et al., Targeted multiplex proteomics for the development
and validation of biomarkers in primary aldosteronism sub-
typing. Eur J Endocrinol. 2024;191:558-69.

Parisien-La Salle S, Heydarpour M, Tsai CH, Tsai CH, Brown
JM, Newman AJ, et al. The evolution of primary aldostero-
nism and the role of Norrin. medRxiv. 2025.

Tsai C-H, Kong P-H, Hsieh C-C, Huang Y-C, Cheng H-M,
Hung C-S, et al., Proteomic signatures to detect unilateral
primary aldosteronism in hypertensive patients. Eur J Clin
Invest. 2025;55(11):e70081.

Decmann A, Nyir6 G, Darvasi O, Turai P, Bancos I, Kaur
RJ, et al., Circulating miRNA expression profiling in primary
aldosteronism. Front Endocrinol (Lausanne). 2019;10:739.
Vékony B, Nyir6 G, Herold Z, Fekete J, Ceccato F, Gruber S,
et al., Circulating miRNAs and machine learning for lateral-
izing primary aldosteronism. Hypertension. 2024;81:2479—
88.

Okamoto K, Sone M, Taura D, Ohno Y, Yamauchi I, Ueda Y,
et al., The significance of high expression of circulating miR-
222-3p in patients with unilateral primary aldosteronism. J
Clin Endocrinol Metab. 2025;dgaf408.

Makhnov N, Axling F, Barazeghi E, Stalberg P, Akerstrom
T, Hellman P. Serum microRNAs as peripheral mark-
ers of primary aldosteronism. Front Endocrinol (Lausanne).
2025;16:1511096.

Correspondence: Oskar Ragnarsson, Department of Internal
Medicine and Clinical Nutrition, Institute of Medicine, Sahlgren-
ska Academy, University of Gothenburg, Gothenburg, Sweden.
Email: oskar.ragnarsson@medic.gu.se

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine. 195

Journal of Internal Medicine, 2026, 299; 178-195

85UB017 SUOWILIOD SO 8|edldde 8U Aq pauRA0D 318 S3[o1e WO ‘88N JO S3|NJ 0} AR1G1T 8UIIUO AB] 1M UO (SUORIPUOD-PUR-SULIBYWO0D A3 | 1M A1 1 [oUUO//STNY) SUORIPUOD PUe SWie 1 8U3 S *[9202/T0/2T] uo Ariqiauluo AB|iMm ‘Aisiealun eswin Ag G5002 WIO(TTTT OT/I0p/W00 A3 1M Afeiq 1 BuI|UO//:SANY W14 papeojumoq ‘Z ‘9202 ‘96L259ET


mailto:oskar.ragnarsson@medic.gu.se

	Emerging methods for subtype differentiation in primary aldosteronism
	 Introduction
	 The importance of disease-specific treatment
	 Genetic alterations in primary aldosteronism
	 Familial forms of PA
	 Somatic gene variants in PA

	 Histopathological categorization
	 Current diagnostic methods for subtype differentiation
	 Adrenal venous sampling
	 Other methods, including clinical features and adrenal imaging

	 Positron emission tomography for subtype differentiation
	 11C-Metomidate
	 18F-Chloroetomidate (18F-CETO)
	 68Ga-Pentixafor-PET
	 18F-Pentixafor PET
	 Other tracers
	 PET in comparison with AVS

	 Omics for subtype differentiation
	 Steroidomics
	 Proteomics
	 Transcriptomics

	 Conclusion
	 Conflict of interest statement
	 Funding information
	 Data availability statement

	References


