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ABSTRACT: Primary aldosteronism is a common and potentially curable cause of secondary hypertension, yet it remains 
substantially underdiagnosed. Current diagnostic pathways rely on the aldosterone-to-renin ratio, confirmatory tests, and 
subtype classification by imaging and adrenal venous sampling. However, these approaches are limited by assay variability, 
medication effects, imperfect diagnostic accuracy, and the absence of a true reference standard, particularly for bilateral 
disease. Recent molecular imaging and histopathologic data further challenge the traditional binary distinction between 
unilateral and bilateral primary aldosteronism and instead support a biological continuum of renin-independent aldosteronism. 
In this context, novel biomarkers may improve both detection and biological subtyping. Steroidomics is currently the most 
clinically advanced approach, with plasma and urinary steroid profiles showing promise for primary aldosteronism detection, 
identification of KCNJ5-mutated adenomas, and subtype prediction. Proteomics and circulating microRNAs provide 
complementary information on systemic effects, upstream regulation, and lesion biology, while multiomics strategies increasingly 
demonstrate that integrated models outperform single-modality approaches. Nevertheless, translation into clinical practice 
remains constrained by small and selected cohorts, heterogeneous analytical platforms, inconsistent reference standards, 
and limited external validation. Future progress will depend on standardized assays, interpretable machine learning models, 
and prospective multicenter implementation studies linking biomarker-guided diagnosis to improved clinical outcomes.

Key Words: adenoma ◼ biomarkers ◼ hypertension ◼ machine learning ◼ primary aldosteronism ◼ proteomics ◼ steroidomics

Primary aldosteronism (PA) is a leading and poten-
tially reversible cause of secondary hypertension, 
characterized by autonomous aldosterone secre-

tion independent of renin-angiotensin system regula-
tion. This endocrine disorder promotes sodium retention, 
potassium excretion, and sustained hypertension, but its 
clinical impact extends beyond blood pressure elevation. 
Excess aldosterone exerts direct pathogenic effects on 
the cardiovascular system, contributing to myocardial 
fibrosis, vascular dysfunction, and renal injury, thereby 
conferring a higher risk of adverse cardiovascular out-
comes compared with primary hypertension.1–4 Despite 
a prevalence estimated at 5% to 10% among hyperten-
sive individuals5–8 and substantially higher in resistant 
hypertension and hypokalemia (up to 45%), PA remains 
underdiagnosed due to limitations in current screening 
and diagnostic workflows.

The diagnostic evaluation of PA involves sequential 
biochemical screening, confirmatory testing, and sub-
type classification to distinguish unilateral from bilateral 

disease and establish treatment strategy. Adrenalectomy 
offers the potential for cure in unilateral PA, whereas 
bilateral disease requires long-term pharmacological 
blockade of mineralocorticoid receptors.9,10 While recent 
guidelines advocate broader screening strategies,11,12 
this has increased the demand for accurate and scal-
able diagnostic tools. Thus, improving diagnostic preci-
sion remains a key unmet need in the management of 
hypertensive populations.

CURRENT DIAGNOSTIC PATHWAY
The contemporary diagnostic pathway for PA has 
evolved from a rigid stepwise model to a more flex-
ible, likelihood-based approach, although the support-
ing evidence remains limited and low in quality.11,12 The 
recommendation for screening extends to all patients 
with hypertension with initial evaluation reliant on mea-
surements of aldosterone and renin. A positive test 
is defined by suppressed renin in combination with 
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inappropriately elevated aldosterone and an increased 
aldosterone-to-renin ratio (ARR), interpreted within 
the clinical context and potential confounders (eg, 
medications, potassium status). Renin-dependent and 
sex-specific aldosterone cutoffs increase the specific-
ity of the ARR from 44% to 71% in women and from 
73% to 82% in men.13 Following a positive screening 
result, subsequent steps are guided by the likelihood 
of PA and therapeutic intent (Figure 1). In patients with 
a high probability of PA (eg, resistant hypertension, 
hypokalemia, markedly suppressed renin with elevated 
aldosterone), confirmatory tests may be omitted, and 
diagnosis can be confirmed directly. In patients with 

intermediate probability, confirmatory tests (eg, the 
seated saline suppression test) are suggested,14,15 
particularly if there is consideration of surgical man-
agement. In patients who are not candidates for or do 
not desire surgery, empirical treatment with a miner-
alocorticoid receptor antagonist may be initiated based 
on pathological screening results alone. For patients 
with a low probability of PA (normokalemia and plasma 
aldosterone concentrations below a specific thresh-
old), mineralocorticoid receptor antagonist treatment is 
suggested based on a pathological ARR due to low or 
suppressed-renin levels.12

Following disease confirmation, and for candi-
dates for surgical treatment, subtype differentiation is 
required to guide therapeutic decision-making (Fig-
ure 1). Anatomic imaging with computed tomography 
(CT) and magnetic resonance imaging (MRI) is widely 
used for subtype evaluation in PA, but its diagnostic 
accuracy is limited.16,17 These modalities cannot assess 
hormonal activity, risking misclassification due to non-
functional incidentalomas or undetected aldosterone-
producing microadenomas. Data show only moderate 
sensitivity (64%) of anatomic imaging for lateralization 
of PA.18 Thus, adrenal venous sampling (AVS) remains 
the standard approach for subtype classification. AVS 
provides direct assessment of lateralized aldosterone 

Nonstandard Abbreviations and Acronyms

AVS	 adrenal venous sampling
EV	 extracellular vesicle
LC-MS/MS	� liquid chromatography with tandem 

mass spectrometry
miRNA	 microRNA
ML	 machine learning
PA	 primary aldosteronism
PV	 pathogenic variant

Figure 1. Current diagnostic work flow for primary aldosteronism.
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secretion and is therefore critical to identify patients for 
adrenalectomy.12

Some evidence, though, challenges the long-standing 
position of AVS as the gold standard for subtyping PA.19 
Indeed, interpretation of AVS results has limitations. In 
the study by El Ghorayeb et al,20 ACTH (adrenocorti-
cotropic hormone) stimulation improved bilateral AVS 
selectivity from 66.7% to 91.8%, but basal and post-
ACTH lateralization differed in 28% of cases, most often 
because lateralized cases at baseline were reclassified 
as bilateral after stimulation. These discrepancies may 
reflect protocol-related variability, biological heterogene-
ity, and variable ACTH responsiveness. Apparent bilat-
eral aldosterone suppression can further complicate 
AVS interpretation, usually as an analytical artifact, but 
also through sampling from nonrepresentative adrenal 
tributaries or transient quiescence of aldosterone secre-
tion.21 Importantly, discordance between AVS and func-
tional imaging raises further uncertainty about the utility 
of AVS to distinguish unilateral from bilateral disease. In 
particular, in the prospective MATCH study (Metomidate 
Against Trial of Conventional Hormone lateralisation),22,23 
[11C]metomidate PET-CT was evaluated in 143 patients 
with PA, of whom 128 had follow-up and 78 under-
went adrenalectomy. The study demonstrated compa-
rable accuracy to AVS in predicting postadrenalectomy 
outcomes, with no superiority of either modality across 
Primary Aldosteronism Surgery Outcome (PASO) end 
points.24 Indeed, [11C]metomidate PET-CT proved nonin-
ferior, but not superior, to AVS for predicting biochemi-
cal and clinical success after adrenalectomy (72.7% and 
65.4% versus 63.6% and 61.5%, respectively). Notably, 
concordance between AVS and [11C]metomidate PET-CT 
for unilateral disease was low (≈30%) due to a substan-
tial proportion of cases (37%) classified as unilateral by 
only 1 modality. This resulted in an unusually high preva-
lence of unilateral PA (≈67%), largely driven by additional 
cases detected by [11C]metomidate PET-CT. Despite this 
discordance, surgical outcomes were similar regardless 
of the diagnostic modality used, raising fundamental con-
cerns about the reliability of AVS.

Other molecular imaging approaches have also shown 
promise. In the prospective CONPASS study (Chongqing 
Primary Aldosteronism Study), [68Ga]Ga-pentixafor PET/
CT showed 90% concordance with AVS in 100 patients, 
increasing to 100% in those with a unilateral adrenal 
nodule ≥10 mm.25 Performance was lower in micronod-
ules or atypical glands, and surgical confirmation was 
incomplete. A subsequent 160-patient study reported 
that combining 18-oxocortisol with [68Ga]Ga-pentixafor 
PET/CT achieved 95.2% sensitivity and correctly clas-
sified 87.2% of cases, although blinded assessment 
was not explicitly stated.26 [18F]AldoView, designed as 
a highly selective PET tracer for aldosterone synthase, 
represents a particularly promising emerging molecular 
imaging approach for PA.27 In an initial clinical evaluation 

including 3 healthy volunteers and 15 patients with 
adrenal lesions, [18F]AldoView was well tolerated and 
detected positive lesions in surgically confirmed aldo-
sterone synthase-positive APA (aldosterone producing 
adenom) or nodules, whereas no positive lesions were 
observed in idiopathic hyperaldosteronism, Cushing 
syndrome, or nonfunctioning adrenal adenomas.28 This 
tracer may offer several advantages over other molecu-
lar imaging modalities. Unlike [68Ga]Ga-pentixafor, which 
targets CXCR4 and therefore serves as a surrogate 
marker of aldosterone-producing lesions, [18F]AldoView 
directly targets aldosterone synthase. This may be partic-
ularly relevant in small or heterogeneous lesions, where 
CXCR4 expression, nodule size, and interpretation crite-
ria may limit [68Ga]Ga-pentixafor performance. Compared 
with [11C]metomidate, [18F]AldoView was developed to 
improve selectivity for aldosterone synthase (CYP11B2) 
over 11β-hydroxylase (CYP11B1), potentially reducing 
reliance on dexamethasone pretreatment to suppress 
11β-hydroxylase-related adrenal background uptake. 
However, current evidence remains preliminary, based on 
small and selected cohorts, and requires prospective vali-
dation in larger PA populations against AVS, CYP11B2-
based histopathology, and postoperative biochemical and 
clinical outcomes before routine clinical implementation.

HISTOPATHOLOGY FOR DIAGNOSIS AND 
SUBTYPING OF PA
Histopathology is increasingly reshaping the conceptual 
framework of PA by challenging the traditional dichotomy 
of unilateral versus bilateral disease. A key methodologi-
cal advance underlying this shift was the development 
of monoclonal antibodies against human aldosterone 
synthase to enable reliable immunohistochemical iden-
tification of abnormal aldosterone-producing tissue and 
characterization of the cellular pathology of PA.29 The 
term lateralized PA may be more appropriate than unilat-
eral PA, as some patients may show asymmetrical bilat-
eral aldosterone secretion rather than truly one-sided 
disease.30 Accordingly, although AVS remains the main 
preoperative tool for localization, postoperative biochemi-
cal success according to Primary Aldosteronism Surgery 
Outcome criteria is the most clinically meaningful refer-
ence standard in surgically treated patients (Figure 1). 
Persistent aldosterone excess after adrenalectomy may 
reflect either preexisting asymmetrical bilateral disease 
or an incorrectly identified diseased adrenal.24 In this 
context, the HISTALDO (Histopathological classification 
of aldosterone-producing lesions) framework, integrat-
ing aldosterone synthase immunohistochemistry with 
conventional morphology, distinguishes classical lesions, 
typically a solitary APA or dominant nodules, from non-
classical patterns such as multiple aldosterone-producing 
nodules, micronodules, or diffuse hyperplasia.29,31 This 
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distinction appears clinically relevant. Meyer et al32 ana-
lyzed 95 adrenal specimens from AVS-classified uni-
lateral PA and found more hyperplasia in patients with 
absent or partial biochemical success than in those with 
complete success (49% versus 21%; P=0.004), and 
fewer solitary functional adenomas (44% versus 79%; 
P<0.001). In a subgroup of 70 patients with available 
steroid profiling, lack of successful biochemical outcome 
or bilateral PA was predicted with 76% accuracy by dis-
criminant analysis and 86% by decision-tree analysis. 
These findings were supported by a prospective single-
center cohort of 60 operated patients, in which complete 
biochemical success was achieved in 97.6% of classical 
versus 66.7% of nonclassical cases.33 In addition, non-
classical cases showed a higher contralateral adrenal 
vein-to-peripheral vein aldosterone ratio on AVS, indicat-
ing no suppression of aldosterone production from the 
unresected adrenal gland and a possible explanation for 
the lower biochemical cure rate. Thus, available evidence 
supports a spectrum model of PA, in which apparent uni-
lateral lateralization may, in some patients, reflect mark-
edly asymmetrical bilateral aldosterone production rather 
than strictly unilateral disease.34

RATIONALE FOR NOVEL BIOMARKERS
Like many disorders, aldosterone dysregulation appears 
to exist along a biological continuum, from subclinical 
or mild abnormalities to overt biochemical and clinical 

disease. Nevertheless, clinical practice requires action-
able diagnostic criteria. Current diagnostic tests, are typi-
cally derived from outcome-based or consensus-driven 
frameworks. Thresholds balance sensitivity and specific-
ity and help identify patients likely to benefit from fur-
ther investigation or intervention. Without such decision 
boundaries, it would be unclear when to initiate confirma-
tory testing, imaging, AVS, or treatment, increasing the 
risk of both under- and overdiagnosis. A key unresolved 
challenge is, therefore, to develop preferably noninvasive 
biomarkers and probabilistic diagnostic tools that bet-
ter reflect the continuous nature of PA, capture disease 
probability, severity, and subtype heterogeneity, and pre-
serve clinically implementable decision thresholds. Such 
approaches could also detect subclinical aldosterone 
excess among patients currently classified as having 
low-renin hypertension, although its frequency and clini-
cal significance remain uncertain.

In this direction, novel biomarkers, such as pro-
teomics, microRNA (miRNA) profiling, metabolomics, 
and broader multiomics approaches, examine different 
but complementary layers of disease biology and, there-
fore, offer distinct opportunities for biomarker discovery 
in PA (Figure 2). Proteomics focuses on proteins, the 
functional products of gene expression, and can reveal 
alterations in enzyme abundance, signaling pathways, 
and tissue-derived phenotypes. In contrast, miRNA pro-
filing assesses small noncoding RNAs that regulate 
gene expression at the posttranscriptional level and may, 

Figure 2. Biological and analytical foundations of novel biomarkers in primary aldosteronism (PA).
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therefore, capture earlier upstream regulatory changes. 
Metabolomics provides a dynamic snapshot of biochemi-
cal activity by measuring small molecules and metabolic 
intermediates, including steroid hormones and their pre-
cursors (steroidomics). Measurements are typically by 
mass spectrometry-based methods. These approaches 
can be applied both to biospecimens, such as blood 
and urine, and to adrenal lesions, where they may better 
reflect local disease mechanisms. Multiomics integrates 
≥2 of these data layers, often together with clinical or 
imaging information, to generate a more comprehensive 
view of disease biology and may therefore be especially 
useful for capturing the biological continuum of PA and 
improving diagnosis, subtype classification, and treat-
ment stratification. To better appreciate the potential role 
of novel biomarkers in the diagnosis and subtyping of 
PA, it is essential to understand the pathways of aldo-
sterone synthesis, the molecular mechanisms involved in 
the pathophysiology of PA, and the analytical techniques 
available for the assessment of the biomarkers.

ALDOSTERONE BIOSYNTHESIS PATHWAY
Aldosterone is synthesized in the zona glomerulosa 
of the adrenal cortex through a tightly regulated enzy-
matic cascade. Under physiological conditions, aldoste-
rone production is controlled primarily by angiotensin II 
and extracellular potassium, with ACTH exerting a more 
transient modulatory effect. These stimuli regulate acute 
cholesterol mobilization and, chronically, transcription of 
CYP11B2, the gene encoding aldosterone synthase, 
largely through calcium- and cAMP (cyclic adenosine 
monophosphate)-dependent signaling pathways.35 Aldo-
sterone synthase is a mitochondrial enzyme normally 
restricted to zona glomerulosa cells and catalyzes the 
final sequential conversions of deoxycorticosterone to 
corticosterone, 18-hydroxycorticosterone, and ultimately 
aldosterone. Mineralocorticoid-specific steroidogen-
esis is maintained by adrenal zonation, with CYP11B2 
expression restricted to zona glomerulosa cells and the 
absence of CYP17A1, thereby preventing cortisol pre-
cursor synthesis in this compartment. This prevents the 
generation of 17α-hydroxylated intermediates, such as 
11-deoxycortisol, and thereby limits shunting toward 
glucocorticoid and androgen pathways, which are char-
acteristically located in the zona fasciculata and zona 
reticularis, respectively.36 In PA, the normally stimulus-
dependent and zonally restricted regulation of adrenal 
steroidogenesis is disrupted, leading to autonomous 
CYP11B2 transcription, increased aldosterone synthase 
expression, and excessive aldosterone production. This 
disturbed zonation may also create the biochemical con-
ditions required for hybrid steroid formation. In support 
of this concept, Guo et al37 reported that aldosterone-
producing adenomas that secrete excessive amounts 
of hybrid steroids were usually composed of zona 

fasciculata-like rather than zona glomerulosa-like cells, 
suggesting that hybrid steroid excess may reflect aber-
rant steroidogenic cell identity as well as dysregulated 
enzyme expression. In particular, 18-oxocortisol synthe-
sis appears to depend on the convergence of CYP11B2 
activity with the availability of 17α-hydroxylated sub-
strates, especially 11-deoxycortisol.38 Recent evidence 
suggests that this may occur through coexpression of 
CYP17A1 and CYP11B2 in a small subset of zona glo-
merulosa cells, thereby allowing intracellular generation 
of 11-deoxycortisol and its subsequent conversion by 
aldosterone synthase to 18-oxocortisol.39 Alternatively, 
11-deoxycortisol may diffuse from cells expressing 
CYP17A1, and potentially downstream steroidogenic 
enzymes such as 21-hydroxylase (CYP21A2), inter-
spersed among aldosterone synthase (CYP11B2)-positive 
glomerulosa cells, where it may serve as a paracrine sub-
strate for 18-oxocortisol synthesis.37,40 These findings 
support the concept that disorganized adrenal steroido-
genesis, rather than simple coexpression of aldosterone 
synthase (CYP11B2) with 17α-hydroxylase/17,20-lyase 
(CYP17A1), provides the mechanistic basis for increased 
production of hybrid steroids such as 18-hydroxycortisol 
and 18-oxocortisol in PA.36–41

MOLECULAR DRIVERS OF PA
At the molecular level, PA is driven predominantly by 
somatic pathogenic variants (PVs) in genes regulat-
ing ion channels and intracellular calcium homeostasis. 
These PVs converge on a common pathogenic mecha-
nism: increased intracellular calcium signaling, which 
stimulates CYP11B2 expression and aldosterone over-
production. The most frequently identified PVs occur in 
the KCNJ5 gene, which encodes a G protein-activated 
inward rectifier potassium channel.30 PVs disrupt potas-
sium selectivity, leading to sodium influx, membrane 
depolarization, and activation of voltage-gated calcium 
channels.42 This results in sustained calcium entry into 
adrenal cells, driving aldosterone synthesis. Additional 
PVs include those in CACNA1D, ATP1A1, and ATP2B3, 
all of which similarly affect ion transport and calcium 
signaling.43–45 CACNA1D PVs lead to gain of function of 
voltage-dependent calcium channels, directly increasing 
calcium influx. In contrast, ATP1A1 and ATP2B3 PVs 
impair ion exchange mechanisms, disrupting sodium-
potassium and calcium homeostasis, respectively, and 
indirectly promoting membrane depolarization and cal-
cium accumulation.43,44 Despite differing molecular ori-
gins, these PVs ultimately converge on a shared pathway 
of calcium-mediated activation of aldosterone synthase 
(Figure 3). Additional genes with PVs have also been 
identified, expanding the molecular landscape of PA 
beyond the canonical driver genes. These include rarer 
alterations in CACNA1H, CLCN2, MCOLN3, SLC30A1, 
CTNNB1, GNA11/GNAQ, and CADM1, highlighting 
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additional mechanisms involving dysregulated ion han-
dling, Wnt/β-catenin signaling, and impaired intercellular 
communication.46

The aforementioned genetic alterations are associ-
ated with distinct steroidogenic phenotypes.47 For exam-
ple, KCNJ5-mutated tumors typically exhibit marked 
overproduction of hybrid steroids, whereas KCNJ5 
wild-type tumors may display more subtle biochemical 
profiles. In particular, KCNJ5-mutated adenomas are 
often associated with hypokalemia, higher aldosterone 
levels, larger adenoma size, and a distinct steroido-
genic profile characterized by increased production of 
hybrid steroids.48 Further phenotypic characteristics of 
KCNJ5-mutated APA include a fasciculata-like cellular 
composition and lack of aldosterone responsiveness to 
upright posture, consistent with altered adrenal zonation 
and dysregulated control of aldosterone secretion. They 
are disproportionately more frequently found in younger 
individuals, and women.49,50 These genotype-phenotype 
correlations support the concept that molecular hetero-
geneity in PA is directly mirrored in circulating steroid 
profiles, thus providing a mechanistic foundation for bio-
marker development.

ANALYTICAL TECHNIQUES
Two principal analytical approaches are currently used 
for the measurement of biomarkers: immunoassays and 
mass spectrometric methods. Immunoassays remain 
widely used in routine clinical laboratories because 
they are accessible, automated, high-throughput, and 
relatively inexpensive. They differ by assay format and 

detection system. With regard to format, competitive 
immunoassays, commonly used for small molecules such 
as steroids, rely on competition between endogenous 
and labeled analytes for limited antibody-binding sites. 
Noncompetitive, or sandwich, immunoassays use 2 anti-
bodies recognizing distinct epitopes and are, therefore, 
better suited to larger molecules such as peptides and 
proteins. With regard to detection, radioimmunoassays 
are based on radiolabeled tracers and often include 
extraction or purification steps, whereas modern che-
miluminescence immunoassays use luminescent detec-
tion and usually measure aldosterone directly in serum 
or plasma. Because steroids such as aldosterone are 
low-molecular-weight haptens, most aldosterone immu-
noassays remain competitive, which contributes to sus-
ceptibility to analytical interference from matrix effects, 
protein-binding effects, heterophile antibodies, and 
platform-specific bias.51–54 In contrast, mass spectro-
metric methods, although not totally free from analyti-
cal interferences,55 provide higher analytical specificity 
through sample extraction, chromatographic separation, 
parent-ion selection, fragmentation, and multiple-reaction 
monitoring, allowing more accurate and multiplexed 
quantification of low-molecular-weight analytes.

The aforementioned analytical differences are 
clinically relevant for the diagnostic work-up of PA, as 
aldosterone-to-renin ratio (ARR) measurements show 
substantial interlaboratory variability and inconsistent 
diagnostic thresholds.12 In the prospective within-patient 
study by Fuld et al,56 including 604 evaluable patients, 
liquid chromatography with tandem mass spectrometry 
(LC-MS/MS)-derived and immunoassay-derived ARR 

Figure 3. Key genes harboring pathogenic variants in primary aldosteronism.
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showed no clinically relevant difference in screening per-
formance. In particular, at 95% sensitivity, both methods 
achieved only 57% specificity, underscoring the limited 
precision of ARR-based case detection. In contrast, 
assay choice appears more consequential for the saline 
infusion test (SIT). In a 5-center study of 240 patients, 
Liaison and iSYS immunoassays measured aldosterone 
concentrations 114% and 72% higher than LC-MS/MS, 
respectively, resulting in 62 out of 162 immunoassay-
positive tests that were nonpathological by LC-MS/MS.14

Analytical platforms for novel biomarkers vary accord-
ing to the biological layer being interrogated and can be 
applied to both circulating biospecimens and adrenal 
tissue. Proteomics is typically assessed by targeted or 
discovery LC-MS/MS workflows in plasma or tissue.57 
miRNA profiling is usually performed by small-RNA 
sequencing followed by quantitative polymerase chain 
reaction (qPCR) validation.58 Metabolomics and steroido-
mics may be targeted or untargeted and are now com-
monly performed using LC-MS/MS in plasma, urine, or 
tissue, whereas gas chromatography–mass spectrometry 
(GC-MS) was previously the reference approach for uri-
nary steroid profiling but has been progressively replaced 
in many settings by LC-MS/MS-based methods.59,60 
Overall, these platforms capture complementary aspects 
of PA biology and may support biologically informed 
diagnosis and subtyping through novel biomarkers.61

METABOLOMICS
Steroid metabolomics has emerged as one of the most 
biologically informative strategies in PA (Figure 2). Dys-
regulated steroidogenesis generates characteristic 
metabolite fingerprints, including hybrid steroids such as 
18-oxocortisol and 18-hydroxycortisol, that reflect aber-
rant adrenal enzymatic activity and may associate with 
specific molecular or clinical subtypes.47,59 Indeed, ele-
vated levels of 18-oxocortisol and 18-hydroxycortisol are 
strongly associated with unilateral PA, especially those 
harboring KCNJ5 PVs. These metabolites can reach 
markedly higher concentrations in unilateral disease com-
pared with bilateral hyperplasia or essential hypertension, 
making them valuable markers for both diagnosis and 
subtyping. In addition to hybrid steroids, intermediates 
of the mineralocorticoid pathway, such as corticosterone 
and 11-deoxycorticosterone derivatives, provide insight 
into upstream enzymatic activity. Alterations in these 
metabolites can contribute to distinguishing PA from 
other hypertensive states. However, their precise role in 
the pathogenesis of hypertension remains unclear.62

Plasma Steroids
Plasma steroid profiling by LC-MS/MS has emerged as 
a promising noninvasive adjunct for the diagnosis of PA 
(Table). In a first study to explore this technology, machine 

learning (ML) models based on 7 plasma steroids iden-
tified PA with 69% sensitivity and 94% specificity, and 
the addition of steroid profiling to the ARR increased the 
proportion of correctly identified PA cases from 69.6% 
to 81.3% at similar specificity, indicating that multister-
oid panels provide clinically relevant information beyond 
conventional screening.59 A further practical advantage 
is that steroid-based screening appears less vulner-
able than the ARR to interference from antihypertensive 
treatment. Indeed, in the prospective multicenter cohort 
of 839 tested patients reported by Constantinescu et 
al,63 interfering medications significantly impaired the 
diagnostic performance of the ARR, whereas steroid-
probability scores were minimally affected overall.

With regard to subtype classification, early evidence 
from a multicenter study of 216 patients with PA, 
showed that combinations of peripheral plasma steroids 
correctly classified 80% of unilateral PA versus bilateral 
disease.64 Indeed, 18-oxocortisol concentrations were 
8.5-fold higher in unilateral PA than in bilateral disease, 
supporting hybrid steroids as informative markers of 
unilateral disease (Table). This biological signal appears 
particularly strong in KCNJ5-mutated unilateral PA: 
in a study of 79 patients with genotyped unilateral PA, 
peripheral and adrenal venous steroid profiles showed 
16-fold and 18-fold higher 18-oxocortisol concentra-
tions respectively, in KCNJ5-mutated tumors than in 
other genotypes, and a 7-steroid peripheral fingerprint 
correctly classified 92% of unilateral PA by genotype.47 
The strongest clinical data to date for PA classifica-
tion come from the multicenter study that involved 273 
patients with PA and identified unilateral PA with patho-
genic KCNJ5 variants with 85% sensitivity and 97% 
specificity; similar performance was observed in the vali-
dation cohort.59 However, these results also clarify the 
current limitation of plasma steroid profiles for subtype 
work-up. The performance is best for biologically dis-
tinctive lesions, particularly KCNJ5-mutated and larger 
unilateral PA, but weaker for the full spectrum of uni-
lateral disease. This was illustrated by Yang et al,65 who 
studied 197 patients (33 micro-unilateral PA, 95 macro-
unilateral PA, 69 bilateral PA) and found that plasma ste-
roid profiles classified macro-unilateral and bilateral PA 
with 93% specificity but had poor specificity for micro-
unilateral PA (33%); combining steroid profiling with CT 
and selective AVS improved micro-unilateral PA classi-
fication to 68% and overall classification to 92%. Thus, 
plasma steroid profiling has clear value for enriching the 
probability of unilateral, particularly KCNJ5-associated, 
disease and for improving biological subtyping. In care-
fully selected cases, particularly when CT shows a uni-
lateral adrenal mass and the steroid profile is strongly 
suggestive of a KCNJ5 PV, steroid profiling may even 
serve as an alternative to AVS. Nevertheless, current evi-
dence is still limited by referral-center cohorts, lack of 
prospective studies, AVS-based reference standards, 
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Table. Representative Studies of Emerging Biomarkers for Diagnosis and Subtyping of Primary Aldosteronism

Biomarker 
class Study Cohort/design

Matrix/ 
platform Main clinical task Main findings/performance Main limitations

Plasma ste-
roidomics

Eisenhofer 
et al, JAMA 
Netw Open 
202059

Multicenter; 632 
patients tested 
for PA

Plasma; 
LC-MS/MS

Diagnose PA; 
identify KCNJ5-
associated unilat-
eral disease

7-Steroid ML model identified PA with 
69% sensitivity and 94% specific-
ity; adding steroid profiling to ARR 
increased correctly identified PA 
cases from 69.6% to 81.3% at similar 
specificity; identified unilateral APA with 
pathogenic KCNJ5 variants with 85% 
sensitivity and 97% specificity

Referral-center cohorts; 
SIT and AVS-based 
reference standard; 
best performance in 
biologically distinctive 
lesions

Plasma ste-
roidomics

Constanti-
nescu et al, 
Hyperten-
sion 202463

Prospective multi-
center cohort; 839 
tested patients

Plasma steroid-
probability 
scores

Robustness under 
antihypertensive 
treatment

Interfering medications significantly 
impaired ARR performance, whereas 
steroid-probability scores were minimally 
affected

Does not fully solve 
subtype classification; 
depends on assay stan-
dardization

Plasma ste-
roidomics

Eisenhofer 
et al, Clin 
Chem 
201664

216 patients with 
PA

Peripheral 
plasma steroids

Distinguish APA 
from BAH

Steroid combinations correctly classified 
80% of APA vs BAH; 18-oxocortisol 
8.5-fold higher in APA than BAH

Moderate cohort size; 
subtype reference 
dependent on existing 
clinical standards

Plasma ste-
roidomics/
genotype

Williams et 
al, Hyper-
tension 
201647

79 patients with 
genotyped unilat-
eral PA

Peripheral and 
adrenal venous 
steroids

Identify genotype-
specific disease

18-Oxocortisol concentrations were 
16-fold higher in peripheral blood and 
18-fold higher in adrenal venous blood 
in KCNJ5-mutated tumors; a 7-steroid 
peripheral fingerprint correctly classified 
92% of APA by genotype

Focused on unilateral, 
genotyped disease; 
less generalizable to full 
PA spectrum

Plasma ste-
roidomics 
and imaging

Yang et al, 
J Steroid 
Biochem 
Mol Biol 
201965

197 patients: 33 
micro-APA, 95 
macro-APA, 69 
BAH

Plasma steroids 
plus CT/selec-
tive AVS

Subtype classifi-
cation, especially 
micro-APA

Steroid profiles classified macro-APA vs 
BAH with 93% specificity, but specificity 
for micro-APA was only 33%; combining 
steroid profiling with CT and selective 
AVS improved micro-APA classification 
to 68% and overall classification to 92%

Reduced performance 
in small lesions; shows 
steroids alone are insuf-
ficient for identification 
all unilateral cases

AVS adjunct 
steroids

Alessi et al, 
Clin Endo-
crinol (Oxf) 
202666

229 patients with 
PA

Adrenal/periph-
eral venous 
steroids by 
LC-MS/MS

Improve AVS 
selectivity

11-Deoxycortisol, androstenedione, 
and DHEA produced selectivity indices 
about 5- to 6-fold higher than cortisol; 
AVS success increased from about 
69% with cortisol to 89% to 91% with 
alternative steroids

Improves AVS perfor-
mance but does not 
replace AVS

Urinary ste-
roidomics

Zhong et 
al, J Chro-
matogr B 
Analyt Tech-
nol Biomed 
Life Sci 
202667

37 PA and 104 
non-PA patients

Urine; simplified 
LC-MS/MS

Diagnose PA Combined urinary steroid profile 
achieved AUC 0.914, 87% sensitivity, 
88% specificity

Small PA cohort; 
diagnostic rather than 
robust subtype valida-
tion

Urinary ste-
roidomics

Prete et al, 
J Steroid 
Biochem 
Mol Biol 
202460

158 PA (88 APA, 
70 BAH)+65 
healthy controls

24-h urine; 
GC-MS

Diagnose PA; 
distinguish uni-
lateral vs bilateral 
disease; infer 
genotype

Excellent PA vs controls discrimination 
(AUC, 0.95–0.97); unilateral vs bilat-
eral only modest (AUC, 0.65–0.73); 
better for KCNJ5-mutated APA (AUC, 
0.79–0.85)

Good for detection, 
weaker for subtype dis-
crimination

Urinary ste-
roidomics

Ulick et 
al, JCEM 
199368

42 patients: 21 
APA, 21 BAH

Urinary hybrid 
steroids

Subtype discrimi-
nation

Urinary 18-oxocortisol showed marked 
separation: 2–12 μg/d in BAH vs 
17–1203 μg/d in APA

Small cohort; early 
proof-of-concept

Ang II-
based 
ratios/
RAAS pep-
tide profiling

Burrello et 
al, Hyper-
tension 
202069

110 hypertensive 
patients: 33 PA 
and 77 with hyper-
tension

Serum RAAS 
Triple-A LC-MS/
MS: aldoste-
rone, equilib-
rium Ang I and 
equilibrium 
Ang II

PA screening 
using AA2R 
vs renin-based 
ratios; medication-
interference 
assessment

AA2R AUC comparable with renin-
based ratios (AUC range, 0.924–0.970). 
Optimal cutoffs gave 90% sensitivity 
and 93% specificity; potential advan-
tage under ACE-inhibitor exposure

Modest single-center 
cohort; subgroup medi-
cation effects require 
confirmation; no large 
prospective external 
validation

Ang II-
based 
ratios/
RAAS pep-
tide profiling

Guo et al, 
Clinical 
Chemistry 
202070

78 patients under-
going FST: 56 con-
firmed PA and 22 
non-PA; 312 serial 
samples

Plasma equi-
librium Ang II 
by LC-MS/MS, 
compared with 
PRA and DRC

Analytical valida-
tion of equilibrium 
Ang II and com-
parison of AA2R 
with ARR under 
dynamic RAAS 
conditions

Equilibrium Ang II was below functional 
assay sensitivity in 7.4% of samples, vs 
43.9% for DRC and 15.1% for PRA. 
AA2R correlated closely with ARR 
(r=0.878 with DRC; r=0.880 with PRA)

Assay-validation study 
rather than a definitive 
screening-outcome 
study; specialized FST 
cohort; clinical impact 
on diagnostic accuracy 
remains to be validated

(Continued )
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lower performance in small KCNJ5 wild-type lesions, and 
the need for broader assay standardization before this 
approach can be adopted routinely.

Steroid profiling has also been proposed as an 
adjunct to AVS, particularly to improve selectivity and 
interpretation (Table). Conventional AVS relies on cor-
tisol gradients to confirm successful cannulation, but 
cortisol has an important limitation: its long circulatory 
half-life (>60 minutes), together with the influence of 

cortisol-binding globulin, results in relatively low adrenal-
to-peripheral venous gradients and can underestimate 
diagnostic accuracy.78,79 In contrast, adrenal biomarkers 
with more rapid clearance, such as metanephrine, show 
a 6-fold higher adrenal-to-peripheral gradient than corti-
sol and have been shown to be superior for assessment 
of AVS selectivity.80–82 In this direction, in a multicenter 
cross-sectional study of 229 patients with PA, LC-MS/
MS measurement of 11-deoxycortisol, androstenedione, 

Biomarker 
class Study Cohort/design

Matrix/ 
platform Main clinical task Main findings/performance Main limitations

Ang II-
based 
ratios/
RAAS pep-
tide profiling

Lo et al, 
Clin Chem 
Lab Med 
202571

Archived plasma 
samples from 
152 hypertensive 
patients tested 
for PA

Plasma LC-MS/
MS measure-
ment of aldo-
sterone, Ang II, 
ARR, and AA2R

Comparison of 
plasma AA2R 
with ARR for PA 
screening

AAIIR and ARR showed comparable 
discrimination: AUC 0.94 for AAIIR and 
0.94 for ARR. AA2R sensitivity/specific-
ity 91%/85%, vs 88%/86% for ARR; 
AA2R correlated with ARR (r=0.79)

Retrospective archived-
sample design; single-
center data; larger 
prospective validation 
studies needed

Circulating 
miRNAs

Decmann 
et al, Front 
Endocrinol 
(Lausanne) 
201972

123 AVS-
characterized PA 
samples; discovery 
30 and validation 
93

Plasma miRNAs Distinguish APA 
from BAH

Of 50 candidates, only 3 miRNAs vali-
dated; each showed only modest per-
formance, with sensitivity and specificity 
around 60%

Limited reproducibility; 
modest discriminatory 
power

Circulating 
miRNAs

Makhnov 
et al, Front 
Endocrinol 
(Lausanne) 
202558

Serum miRNA 
study (non-PA 11, 
BAH 12, and APA 
16)

Serum miRNAs Diagnose PA; 
identify unilateral 
PA

5-miRNA model distinguished hyper-
tension from PA with 100% accuracy; 
another 5-miRNA model identified 
unilateral PA with 94% accuracy and 
AUC 0.946

External application 
to Decmann data set 
dropped to 63% accu-
racy with AUC 0.312; 
poor reproducibility 
across cohorts

Circulating 
miRNAs

Vékony et 
al, Hyper-
tension 
202473

Discovery in 18 
patients with PA; 
validation in 108 
with PA

miRNA profiling Distinguish APA 
from BAH

Best 6-miRNA model achieved AUC 
87.1%

Limited standardization; 
small training cohorts

Proteomics Carvajal et 
al, Front 
Immunol 
202174

41 adults: 13 
normotensive, 
17 hypertension, 
11 PA

Serum pro-
teomics

Detect PA AGP1/ORM1 higher in PA; AUC 0.90, 
90% sensitivity, 83% specificity; com-
bining AGP1 with urinary EV miR-21-5p 
improved AUC to 0.94

Very small PA cohort; 
subtype work-up not 
uniform

Proteomics Tsai et 
al, Eur J 
Clin Invest 
202575

52 unilateral PA 
and 46 with hyper-
tension

Plasma pro-
teomics

Distinguish uni-
lateral PA from 
non-PA; monitor 
response

6-peptide signature achieved AUC 0.92; 
vlidation cohort sensitivity/specificity 
81.8%/80.0%; risk scores fell after 
adrenalectomy

Subtype-specific gener-
alizability limited

Proteomics Zhou et 
al, Eur J 
Endocrinol 
202457

36 APA, 24 BAH, 
30 with hyperten-
sion

Plasma tar-
geted multiplex 
LC-MS/MS

Detect PA; distin-
guish APA from 
BAH

5-Protein panel plus renin and aldo-
sterone achieved AUC 0.986 for PA 
vs hypertension; AUC 0.922 for APA 
vs BAH with 89% sensitivity and 92% 
specificity

Modest sample size; 
independent validation 
still limited

Proteomics Makhnov 
et al, 
Endocrine 
202576

84 tested for PA: 
29 hypertension, 
29 BAH, 26 APA

Serum pro-
teomics

Three-class dis-
crimination

Ridge-logistic model combining 9 pro-
teins with ARR achieved average AUC 
0.991, specificity 97%, sensitivity 95%, 
accuracy 93%

External validation lack-
ing; circulating proteins 
may reflect organ 
damage or medication 
effects; no true gold 
standard for bilateral 
hyperplasia

Multiomics Reel et al, 
EBioMedi-
cine 202277

Multicohort 
endocrine-
hypertension 
study 307 
subjects (PA=113, 
PPGL=88, 
CS=41 and 
hypertension=112)

Plasma miR-
NAs, plasma 
steroids, urinary 
steroids, meta-
nephrines, small 
metabolites

Multiclass  
endocrine- 
hypertension  
classification

Multiomics classifiers improved per-
formance by about 11% over best 
monoomics model, reaching about 92% 
balanced accuracy, 96% specificity, 
AUC 0.95 for multiclass classification, 
and AUC 0.96 for endocrine vs primary 
hypertension

Retrospective, selected 
cohorts; heterogeneous 
platforms; limited exter-
nal validation

AA2R indicates aldosterone-to-Ang II ratio; ACE, angiotensin converting enzyme; AGP1/ORM, alpha-1-acid glycoprotein 1 also known as orosomucoid 1; Ang II, angio-
tensin II; APA, unilateral primary aldosteronism; ARR, aldosterone -to-renin ration; AUC, area under the curve; AVS, adrenal venous sampling; BAH, bilateral primary aldoste-
ronism; CS, Cushing syndrome; CT, computed tomography; DHEA, dehydroepiandrosterone; DRC, direct renin concentration; EV, extracellular vesicle; FST, fludrocortisone 
suppression testing; GC-MS, gas chromatography mass spectrometry; LC-MS/MS, liquid chromatography with tandem mass spectrometry; ML, machine learning; PA, pri-
mary aldosteronism; PPGL, pheochromocytoma and paraganglioma; PRA, plasma renin activity; RAAS, renin–angiotensin–aldosterone system; and SIT, saline infusion test.

Table.  Continued
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and Dehydroepiandrosterone produced selectivity indi-
ces about 5- to 6-fold higher than cortisol and increased 
AVS success rates from about 69% with cortisol to 
89% to 91% with the alternative steroids.66 In particu-
lar, 11-deoxycortisol reduced failed AVS procedures by 
about 54% to 72%, while sensitivity reached 99.8% to 
100% versus 97.5% for cortisol, with specificity remain-
ing near 100% and lateralization showing more than 90% 
concordance across markers, indicating that improved 
selectivity did not compromise subtype classification.

Urinary Steroids
Urinary steroid profiling has long been recognized as a 
useful noninvasive approach for characterizing adrenal 
steroidogenesis (Table). Early GC-MS studies in mixed 
adrenocortical tumor cohorts showed that unilateral PA 
was associated with increased urinary metabolites of 
18-hydroxycorticosterone and aldosterone, support-
ing the principle that distinct urinary steroid fingerprints 
can separate adrenal pathologies.83 In a newer simplified 
LC-MS/MS study, Zhong et al67 analyzed 37 patients 
with PA and 104 non-PA patients, showing that aldoste-
rone, tetrahydroaldosterone, 18-hydroxycorticosterone, 
18-oxocortisol, and 18-hydroxycortisol were all higher in 
PA, and that the combined urinary steroid profile yielded 
an AUC of 0.914 with 87% sensitivity and 88% specificity. 
Prete et al60 then applied 24-hour urine steroid metabo-
lomics to 158 patients with PA, including 88 with unilat-
eral and 70 with bilateral PA, together with 65 healthy 
controls, and showed excellent discrimination of PA from 
controls with area under the receiver operating character-
istic curve (AUC-ROC) values of 0.95 to 0.97. However, 
discrimination of unilateral from bilateral disease was only 
modest, with AUC-ROC values of 0.65 to 0.73, whereas 
identification of KCNJ5-mutated unilateral PA was bet-
ter, with AUC-ROC values of 0.79 to 0.85. In this direc-
tion, Ulick et al68 studied 42 patients, including 21 with 
unilateral and 21 with bilateral PA, and demonstrated a 
striking separation in urinary 18-oxocortisol excretion, 
which ranged from 2 to 12 μg/d in bilateral PA versus 
17 to 1203 μg/d in unilateral PA, thereby establishing 
the potential of urinary hybrid steroids for PA subtype 
discrimination. Taken together, these data support urinary 
steroid profiling as a promising noninvasive adjunct for PA 
detection and selected subtype classification, but not yet 
a replacement for established routine care diagnostics, as 
the literature remains limited by small or selected cohorts, 
heterogeneous assays, and insufficient prospective vali-
dation in unselected hypertensive populations.

ANGIOTENSIN PEPTIDOME
Within the angiotensin peptidome, Ang I (angiotensin 
I) represents the closest biochemical readout of renin 
activity, although its measurement remains sensitive to 

preanalytical conditions and postsampling peptide degra-
dation.84,85 Ang II (Angiotensin II), the downstream bioac-
tive peptide that directly stimulates aldosterone secretion, 
provides a more proximal marker of the physiological drive 
that should regulate aldosterone output.86 This rationale 
underpins the aldosterone-to-Ang II ratio (AA2R), which 
captures the inappropriate persistence of aldosterone 
secretion despite suppressed Ang I and Ang II activity in 
PA. Burrello et al69 first demonstrated the clinical value of 
this approach using LC-MS/MS-based renin–angioten-
sin–aldosterone system (RAAS) Triple-A analysis, report-
ing 90% sensitivity and 93% specificity for PA screening 
at an aldosterone-to-Ang II ratio cutoff of 6.6. Guo et al70 
further supported equilibrium Ang II as an analytically 
useful marker in suppressed-renin states, while Lo et 
al71 reported comparable diagnostic performance for the 
endogenous plasma aldosterone-to-Ang II ratio and ARR, 
with AUCs of 0.938 and 0.935, respectively. In parallel, 
Demeuse et al87 validated sensitive LC-MS/MS quanti-
fication of Ang 1–7, Ang 1–8, Ang 1–9, and Ang 1–10, 
extending angiotensin profiling beyond the classical Ang I 
and Ang II axis toward the ACE2 (angiotensin-converting 
enzyme 2)-linked alternative RAAS pathway. Together, 
these studies support Ang II-based ratios as promising 
PA screening tools, particularly when renin is analytically 
suppressed and complicates ARR interpretation. How-
ever, prospective validation, standardized preanalytics and 
assay harmonization remain necessary before routine 
clinical implementation.

This same conceptual framework is now expanding 
from diagnostic ratios toward integrated angiotensin-
steroid platforms that combine renin activity, angiotensin 
peptide biology, aldosterone output, and adrenal steroid 
signatures into a broader multianalyte phenotype. Recent 
workflows illustrate this transition. Li et al88 developed 
an automated magnetic-bead-assisted LC-MS/MS 
platform for angiotensin peptides, aldosterone, and 
18-hydroxylated steroid derivatives, whereas Wang et 
al89 improved ultrasensitive enrichment and detection 
of Ang I, Ang II, Ang III, and aldosterone, although with-
out broader adrenal steroid profiling. Collectively, these 
platforms may support not only PA diagnosis and sub-
type stratification, but also precision therapeutics. Future 
value of the technology may lie in refining surgical ver-
sus medical treatment selection, monitoring mineralo-
corticoid receptor antagonist response, and assessing 
biochemical remission after adrenalectomy. At present, 
however, robust reference intervals, harmonized cutoffs, 
standardized preanalytical protocols, and prospective 
outcome-based validation are still required before these 
approaches can be adopted in routine clinical care.

MICRORNAS
miRNAs have emerged as attractive candidate biomark-
ers in PA (Figure 2), as they are relatively stable in blood 
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and may capture upstream regulatory disturbances that 
are not fully reflected by aldosterone or steroid mea-
surements alone.90 Experimental studies have shown 
that Dicer-dependent miRNA processing constrains 
adrenal steroidogenesis, that miR-24 directly modulates 
CYP11B2 expression and aldosterone production,62 and 
that several miRNAs, including miR-125a-5p and miR-
125b-5p, regulate corticosteroidogenic gene expres-
sion.91 In addition, miR-21 is induced by Ang II and 
promotes both aldosterone secretion and adrenal cell 
proliferation.92 Tissue-based studies further support the 
role of miRNA dysregulation in aldosterone-producing 
lesions. For example, unilateral PA has been associated 
with lower expression of miR-24-5p and miR-10b-5p. 
Reduced miR-375 has also been reported and may exert 
tumor-suppressive effects through metadherin. More-
over, different miRNA expression patterns have been 
identified among functional adrenocortical adenomas93 
and between functional and nonfunctional adrenocor-
tical adenomas.94 However, the aforementioned data 
remain largely mechanistic and exploratory. Most stud-
ies are small, often rely on microarray-era platforms, use 
heterogeneous comparator tissues, and are enriched for 
surgically treated unilateral disease, limiting their direct 
applicability to routine diagnosis or to the broader clinical 
spectrum of PA.

Clinical studies of circulating miRNAs have yielded 
mixed results (Table). In the landmark study by Decmann 
et al,72 AVS-characterized PA plasma samples were ana-
lyzed in 123 patients, including a 30-sample discovery 
cohort (16 unilateral, 14 bilateral PA) and an indepen-
dent 93-sample validation cohort. Although 50 candidate 
miRNAs were identified initially, only 3 (miR-30e-5p, 
miR-30d-5p, and miR-7-5p) were validated, all showing 
higher expression in bilateral than unilateral PA. However, 
the diagnostic performance of each individual miRNA 
was only modest, with sensitivity and specificity around 
60%. More recent studies have reported considerably 
stronger internal performance. In particular, in a cohort 
of 11 non-PA, 12 with bilateral and 16 with unilateral PA, 
Makhnov et al58 identified 33 significantly dysregulated 
serum miRNAs and derived a 5-miRNA model that dis-
tinguished hypertension from PA with 100% accuracy, 
and another 5-miRNA model that identified unilateral 
PA with 94% accuracy and an AUC of 0.946. However, 
external application to the Decmann data set yielded only 
63% accuracy with an AUC of 0.312. Likewise, Vékony 
et al73 conducted microRNA profiling to differentiate uni-
lateral from bilateral disease, in 18 discovery samples 
from patients with PA. A best 6-mRNA model reported 
an AUC of 87.1% for subtype classification in a validation 
cohort of 108 patients. Okamoto et al95 further identi-
fied miR-222-3p as significantly higher in unilateral than 
bilateral PA in both adrenal venous blood and the inferior 
vena cava in a limited number of included cases, with 
positive correlations of miR-222-3P with adrenal cell 

proliferation, tumor diameter, and aldosterone secretion, 
but this remained an exploratory single-marker study 
without a clinically validated cutoff. Overall, the literature 
suggests that miRNAs play a biologically plausible role 
and may potentially serve as informative complementary 
biomarkers for PA detection and lateralization, yet their 
clinical translation is still constrained by poor reproduc-
ibility across cohorts, differences between plasma and 
serum, preanalytical variability, normalization and plat-
form effects, and the lack of large, standardized prospec-
tive validation.

PROTEOMICS
Circulating proteomics in PA has moved from proof-of-
concept screening markers toward subtype-oriented 
plasma signatures (Figure 2). In an early cross-sectional 
study of 41 adults (13 normotensive controls, 17 with 
primary hypertension, and 11 with PA), Carvajal et al74 
showed that serum alpha-1-acid glycoprotein 1 (AGP1/
ORM1) was markedly higher in PA than in the compara-
tor group without disease (median, 934.1 versus 62.5 
and 60.7 µg/mL), with an AUC of 0.90, 90% sensitiv-
ity, and 83% specificity for identifying PA. Importantly, 
combining AGP1 with urinary extracellular-vesicle 
miR-21-5p improved the AUC to 0.94 with 90% sen-
sitivity and 85% specificity (Table). The main value of 
this study was to show that blood proteins can cap-
ture aldosterone-related systemic biology beyond renin 
and aldosterone alone, but its diagnostic implications 
remained preliminary because only 11 PA cases were 
included and subtype work-up was not uniform. More 
recently, Tsai et al75 extended this concept using deep 
plasma proteomics in 52 patients with unilateral PA and 
46 with essential hypertension, identifying a 6-peptide 
signature (HBB, FIBA, CO7, ALBU, C4BPA, and A2AP) 
that achieved an AUC of 0.92, with sensitivity and speci-
ficity of 80.5% and 83.3%, respectively, in the training 
cohort and 81.8% and 80.0% in the validation cohort. 
Importantly, risk scores fell after adrenalectomy, which 
supports disease specificity and suggests potential value 
for treatment monitoring.

The strongest proteomic data for subtyping come from 
Zhou et al,57 who developed a targeted multiplex LC-MS/
MS workflow after depleting abundant plasma proteins 
and quantified >1500 proteins per sample (Table). In 
their final clinically curated cohort of 27 AVS/surgery-
defined unilateral PA, 24 bilateral cases, and 30 primary-
hypertension controls, 12 candidate proteins showed 
ROC AUC values >0.7, and a 5-protein panel (CHGA, 
APOC3, CD56/NCAM1, KRT5, and AZGP1) combined 
with renin and aldosterone achieved an AUC of 0.922 
for unilateral versus bilateral PA, with 89% sensitivity and 
92% specificity, while also separating PA from primary 
hypertension with an AUC of 0.986.57 This study is par-
ticularly important because it linked high-dimensional 
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plasma proteomics to clinically relevant lateralized dis-
ease, although independent validation was still limited by 
the modest sample size. A complementary serum study 
by Makhnov et al76 analyzed 88 hypertensive patients, 
with 84 evaluable samples after quality control (29 with 
hypertension, 29 bilateral PA, and 26 unilateral PA), and 
found 56 differentially expressed proteins overall and 
42 between unilateral and bilateral PA. In that data set, 
F9 best differentiated PA from hypertension, DPP4 best 
separated unilateral PA, and HSPB1 best separated 
bilateral from unilateral disease, while a ridge-logistic 
model combining 9 proteins with the ARR achieved an 
average AUC of 0.991, specificity of 98%, sensitivity of 
95%, and accuracy of 93%. The major strengths of this 
study were the 3-class design and orthogonal ELISA 
confirmation for selected proteins, but the results still 
require external validation and may partly reflect target-
organ damage or medication effects rather than adrenal 
lesion biology itself. In addition, interpretation of these 
findings remains limited by the absence of a true refer-
ence standard for the diagnosis of bilateral disease, a 
limitation that applies to all studies in this field.

MULTIOMICS
Multiomic studies increasingly suggest that PA is a het-
erogeneous continuum of aldosterone dysregulation, 
ranging from subclinical abnormalities to overt disease. 
By integrating complementary molecular layers beyond 
genotype alone, multiomics may help refine disease 
probability, severity assessment, subtype classification, 
and clinically actionable decision thresholds. At the tis-
sue level, the first deep quantitative proteomic and 
phosphoproteomic analysis of 6 matched unilateral PA/
adjacent cortex pairs showed not only increased abun-
dance of steroidogenic enzymes such as aldosterone 
synthase, 3β-hydroxysteroid dehydrogenase, and steroid 
21-hydroxylase, but also pathway-level dysregulation 
involving extracellular matrix remodeling, N-glycosylation, 
GABAergic signaling, RHOC (ras homolog family mem-
ber C), and mTORC1 (mechanistic target of rapamycin 
complex 1), indicating that posttranslational control and 
signaling-network rewiring contribute materially to unilat-
eral PA biology beyond known somatic PVs.96 Extracel-
lular vesicle (EV) studies have also provided an additional 
systems-biology layer linked to vascular injury. In particular, 
a study of 12 patients with PA, 12 with primary hyperten-
sion, and 8 normotensive controls found a 2.2-fold higher 
EV concentration in PA, more endothelial-derived EVs, 
and 15 upregulated plus 4 downregulated EV microR-
NAs, with EDN1 expressed only in PA.97 A later study in 
32 patients with PA, 29 with primary hypertension, and 
22 controls identified 19 differentially expressed EV sur-
face antigens and showed that the EV signature shifted 
toward primary hypertension after unilateral adrenalec-
tomy. It also demonstrated that PA-derived EVs induced 

endothelial expression of AKT1, CALR, CSNK2A1, FN1, 
and PIK3R1, supporting a possible mechanistic link with 
endothelial dysfunction and accelerated organ damage 
rather than biomarker status alone.98 The clearest evi-
dence that integration adds value comes from the mul-
tiomics ML study by Reel et al77 (Table), which measured 
409 features spanning plasma miRNAs, plasma steroids, 
urinary steroids, metanephrines, and small metabolites 
across endocrine-hypertension cohorts and showed that 
multiomics classifiers improved performance by about 
11% over the best monoomics model, achieving about 
92% balanced accuracy, 96% specificity, and an AUC 
of 0.95 for multiclass endocrine-hypertension classifica-
tion, and an AUC of 0.96 for endocrine versus primary 
hypertension. Taken together, these studies support the 
concept that integrated omics can uncover pathway-level 
dysregulation and clinically relevant patterns that single-
modality testing misses, but translation into routine care 
is still constrained by small and highly selected cohorts, 
retrospective design, heterogeneous platforms and pre-
processing pipelines, inconsistent subtype reference 
standards, limited external validation, and uncertainty 
about whether circulating signals reflect adrenal biology 
directly or downstream cardiovascular and renal conse-
quences of aldosterone excess.

FUTURE PERSPECTIVES AND 
CHALLENGES
The updated Endocrine Society guideline broadens 
screening while keeping aldosterone and renin at the 
center of PA diagnostics, reflecting a clinically pragmatic 
approach: these markers provide actionable thresholds 
for identifying patients who may benefit from further 
evaluation or PA-specific treatment, even though they 
do not fully capture the biological continuum, molecular 
heterogeneity, or subtype complexity of aldosterone dys-
regulation.12 This gap matters because PA is increasingly 
understood as a multidimensional syndrome that spans 
a continuum from subclinical renin-independent aldo-
steronism to overt unilateral or bilateral disease. Indeed, 
gray areas of current diagnostic tests remain, particu-
larly with borderline or atypical biochemical profiles. 
Novel biomarkers address some of these challenges 
and define these gray areas more precisely, by captur-
ing biology that current routine care diagnostic tools do 
not. Steroidomics is currently the most developed of the 
new approaches because it measures the downstream 
biochemical output of adrenal steroidogenesis and can 
identify hybrid steroid patterns linked to genotype and 
lateralization. Proteomics adds information on inflamma-
tory, vascular, and metabolic consequences of aldoste-
rone excess, while miRNA and EV platforms may capture 
upstream regulation and intercellular signaling. Their key 
strength is that they align more naturally with the con-
tinuum hypothesis. Indeed, instead of asking whether 
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a patient is simply positive or negative, they generate 
multidimensional fingerprints with potential to estimate 
graded probability, molecular subtype, and sometimes 
even treatment responsiveness. The problem is that most 
data sets remain retrospective, modest in size, and highly 
selected, with limited external validation and substantial 
platform heterogeneity. Analytical pipelines also vary 
across studies, especially for proteomics and miRNA 
normalization, which makes reproducibility and transport-
ability difficult.

ML is therefore likely to be more important than indi-
vidual biomarkers. In PA, single features are not robust 
enough on their own because the disease is biologically 
heterogeneous and laboratory measurements are noisy. 
By contrast, ML models can integrate steroid panels, pro-
teins, miRNAs, imaging features, potassium, blood pres-
sure, and clinical history into probabilistic outputs that 
better reflect real disease architecture. The major chal-
lenge, though, is the robustness of ML models. A recent 
laboratory medicine analysis of steroidomics-based ML 
models showed that reproducibility and interlaboratory 
transport are critical requirements if ML outputs are to 
be trusted clinically.99 More broadly, current ML reviews 
in PA emphasize the same concerns: black-box behavior, 
limited interpretability, center-specific training data, and 
insufficient real-world validation. Future ML models will 
need to be explainable, and prospectively tested across 
populations and laboratory platforms. Translation into 
routine care will depend on infrastructure as much as 
on biology. Biomarkers and ML models are most likely 
to succeed when embedded into clinical decision sup-
port systems that can automatically ingest assay results, 
account for sex, age, and assay platform, and return 
transparent, patient-specific diagnostic probabilities with 
narrative interpretations for further patient manage-
ment.100 In that way, complex omics data become clini-
cally usable rather than remaining research outputs. But 
these systems will only be credible if they are built on 
standardized protocols for sampling, processing, calibra-
tion, normalization, and reporting.

What the field now needs is not another wave of small 
discovery studies, but rigorous implementation science 
grounded in clinically meaningful outcomes. Large mul-
ticenter randomized prospective trials are needed to test 
whether biomarker-guided and ML-supported strategies 
improve not just diagnostic accuracy, but also patient 
outcomes, referral efficiency, surgical selection, cardio-
vascular risk reduction, and cost-effectiveness. Regula-
tory acceptance of novel tools will require reproducibility, 
transparency, and predefined performance standards. 
Until that ecosystem exists, the sensible priority is dual: 
continue developing integrated biomarkers that better 
reflect the continuum nature of PA, while simultane-
ously making present-day routine care diagnostic tools 
more accurate, more standardized, and less vulnerable to 
assay-driven misclassification.

ARTICLE INFORMATION
Affiliations
Medical Clinic III, University Hospital Carl Gustav Carus and Medical Faculty, TU 
Dresden, Dresden, Germany (C.P., G.E.). Endocrinology Unit, First Department of 
Medicine, Laiko Hospital of Athens, National and Kapodistrian University of Ath-
ens, Greece (A.A.). Department of Internal Medicine, Radboud University Medical 
Center, Nijmegen, the Netherlands (J.W.M.L.).

Sources of Funding
This work was supported by the Deutsche Forschungsgemeinschaft 
(314061271-TRR/CRC 205; to C. Pamporaki and G. Eisenhofer).

Disclosures
None.

REFERENCES
	 1.	 Monticone S, Sconfienza E, D’Ascenzo F, Buffolo F, Satoh F, 

Sechi LA, Veglio F, Mulatero P. Renal damage in primary aldosteronism: 
a systematic review and meta-analysis. J Hypertens. 2020;38:3–12. doi: 
10.1097/HJH.0000000000002216

	 2.	 Monticone S, D’Ascenzo F, Moretti C, Williams TA, Veglio F, Gaita F, 
Mulatero P. Cardiovascular events and target organ damage in primary aldo-
steronism compared with essential hypertension: a systematic review 
and meta-analysis. Lancet Diabetes Endocrinol. 2018;6:41–50. doi: 
10.1016/S2213-8587(17)30319-4

	 3.	 Buffolo F, Cavaglià G, Burrello J, Amongero M, Tetti M, Pecori A, Sconfienza E, 
Veglio F, Mulatero P, Monticone S. Quality of life in primary aldosteronism: 
a prospective observational study. Eur J Clin Invest. 2021;51:e13419. doi: 
10.1111/eci.13419

	 4.	 Ahmed AH, Gordon RD, Sukor N, Pimenta E, Stowasser M. Quality of life 
in patients with bilateral primary aldosteronism before and during treatment 
with spironolactone and/or amiloride, including a comparison with our previ-
ously published results in those with unilateral disease treated surgically. J 
Clin Endocrinol Metab. 2011;96:2904–2911. doi: 10.1210/jc.2011-0138

	 5.	 Monticone S, Burrello J, Tizzani D, Bertello C, Viola A, Buffolo F, Gabetti L, 
Mengozzi G, Williams TA, Rabbia F, et al. Prevalence and clinical manifesta-
tions of primary aldosteronism encountered in primary care practice. J Am 
Coll Cardiol. 2017;69:1811–1820. doi: 10.1016/j.jacc.2017.01.052

	 6.	 Xu Z, Yang J, Hu J, Song Y, He W, Luo T, Cheng Q, Ma L, Luo R, Fuller PJ, et 
al; Chongqing Primary Aldosteronism Study (CONPASS) Group. Chongqing 
Primary Aldosteronism Study (CONPASS) Group. Primary aldosteronism in 
patients in china With recently detected hypertension. J Am Coll Cardiol. 
2020;75:1913–1922. doi: 10.1016/j.jacc.2020.02.052

	 7.	 Libianto R, Russell GM, Stowasser M, Gwini SM, Nuttall P, Shen J, 
Young MJ, Fuller PJ, Yang J. Detecting primary aldosteronism in Austra-
lian primary care: a prospective study. Med J Aust. 2022;216:408–412. doi: 
10.5694/mja2.51438

	 8.	 Käyser SC, Dekkers T, Groenewoud HJ, van der Wilt GJ, Carel Bakx J, 
van der Wel MC, Hermus AR, Lenders JW, Deinum J. Study heterogeneity 
and estimation of prevalence of primary aldosteronism: a systematic review 
and meta-regression analysis. J Clin Endocrinol Metab. 2016;101:2826–
2835. doi: 10.1210/jc.2016-1472

	 9.	 Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya A. Renal outcomes 
in medically and surgically treated primary aldosteronism. Hypertension. 
2018;72:658–666. doi: 10.1161/HYPERTENSIONAHA.118.11568

	10.	 Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya A. Incidence of atrial 
fibrillation and mineralocorticoid receptor activity in patients with medically 
and surgically treated primary aldosteronism. JAMA Cardiol. 2018;3:768–
774. doi: 10.1001/jamacardio.2018.2003

	11.	 McEvoy JW, McCarthy CP, Bruno RM, Brouwers S, Canavan MD, Ceconi C, 
Christodorescu RM, Daskalopoulou SS, Ferro CJ, Gerdts E, et al; ESC Sci-
entific Document Group. 2024 ESC guidelines for the management of ele-
vated blood pressure and hypertension. Eur Heart J. 2024;45:3912–4018. 
doi: 10.1093/eurheartj/ehae178

	12.	 Adler GK, Stowasser M, Correa RR, Khan N, Kline G, McGowan MJ, 
Mulatero P, Murad MH, Touyz RM, Vaidya A, et al. Primary aldosteronism: 
an endocrine society clinical practice guideline. J Clin Endocrinol Metab. 
2025;110:2453–2495. doi: 10.1210/clinem/dgaf284

	13.	 Fuld S, Yang J, Constantinescu G, Pamporaki C, Alessi F, Peitzsch M, 
Schulze M, Brüdgam D, Remde H, Kürzinger L, et al. The ARRplus: a model 
for renin-dependent and sex-specific aldosterone cut-offs that improves 



Review

Hypertension. 2026;83:e26233. DOI: 10.1161/HYPERTENSIONAHA.126.26233� September 2026    2589

Pamporaki et al Biomarkers in Primary Aldosteronism

screening for primary aldosteronism. Clin Chem Lab Med. 2026;64:1438. 
doi: 10.1515/cclm-2025-1670

	14.	 Eisenhofer G, Kurlbaum M, Peitzsch M, Constantinescu G, Remde H, 
Schulze M, Kaden D, Müller LM, Fuss CT, Kunz S, et al. The saline infusion test 
for primary aldosteronism: implications of immunoassay inaccuracy. J Clin 
Endocrinol Metab. 2022;107:e2027–e2036. doi: 10.1210/clinem/dgab924

	15.	 Stowasser M, Ahmed AH, Cowley D, Wolley M, Guo Z, McWhinney BC, 
Ungerer JP, Gordon RD. Comparison of seated with recumbent saline sup-
pression testing for the diagnosis of primary aldosteronism. J Clin Endocrinol 
Metab. 2018;103:4113–4124. doi: 10.1210/jc.2018-01394

	16.	 Kempers MJ, Lenders JW, van Outheusden L, van der Wilt GJ, 
Schultze Kool LJ, Hermus AR, Deinum J. Systematic review: diagnos-
tic procedures to differentiate unilateral from bilateral adrenal abnormal-
ity in primary aldosteronism. Ann Intern Med. 2009;151:329–337. doi: 
10.7326/0003-4819-151-5-200909010-00007

	17.	 Ma D, Liu X, Zeng L, Yuan P, Liu Z, Xie J, Yuan G, Wang S, Yu X, Yang Y, 
et al. The role of adrenal venous sampling and computed tomography in 
the management of primary aldosteronism. J Hypertens. 2021;39:310–317. 
doi: 10.1097/HJH.0000000000002634

	18.	 Williams TA, Burrello J, Sechi LA, Fardella CE, Matrozova J, 
Adolf C, Baudrand R, Bernardi S, Beuschlein F, Catena C, et al. Com-
puted tomography and adrenal venous sampling in the diagnosis of 
unilateral primary aldosteronism. Hypertension. 2018;72:641–649. doi: 
10.1161/HYPERTENSIONAHA.118.11382

	19.	 Dekkers T, Prejbisz A, Kool LJS, Groenewoud HJMM, Velema M, 
Spiering W, Kołodziejczyk-Kruk S, Arntz M, Kądziela J, Langenhuijsen JF, 
et al; SPARTACUS Investigators. SPARTACUS Investigators. Adrenal vein 
sampling versus CT scan to determine treatment in primary aldosteronism: 
an outcome-based randomised diagnostic trial. Lancet Diabetes Endocrinol. 
2016;4:739–746. doi: 10.1016/S2213-8587(16)30100-0

	20.	 El Ghorayeb N, Mazzuco TL, Bourdeau I, Mailhot JP, Zhu PS, Thérasse E, 
Lacroix A. Basal and post-ACTH aldosterone and its ratios are useful dur-
ing adrenal vein sampling in primary aldosteronism. J Clin Endocrinol Metab. 
2016;101:1826–1835. doi: 10.1210/jc.2015-3915

	21.	 Pamporaki C, Fuss CT, Kickuth R, Kürzinger L, Peitzsch M, Fuld S, Schulze M, 
Yang J, Reincke M, Gruber S, et al. Apparent bilateral aldosterone suppres-
sion during adrenal vein sampling: an artefact of the liaison chemilumi-
nescence immunoassay and other causes revealed by comparisons with 
another commercial immunoassay and mass spectrometry. Clin Endocrinol 
(Oxf). 2026;105:175–184. doi: 10.1111/cen.70135

	22.	 Wu X, Senanayake R, Goodchild E, Bashari WA, Salsbury J, Cabrera CP, 
Argentesi G, O’Toole SM, Matson M, Koo B, et al. [11C]metomidate PET-CT 
versus adrenal vein sampling for diagnosing surgically curable primary aldo-
steronism: a prospective, within-patient trial. Nat Med. 2023;29:190–202. 
doi: 10.1038/s41591-022-02114-5

	23.	 Goodchild E, Wu X, Senanayake R, MacFarlane J, Argentesi G, Laycock K, 
Bashari WA, Cabrera CP, O’Toole SM, Salsbury J, et al. Molecular imag-
ing versus adrenal vein sampling for the detection of surgically curable 
primary aldosteronism: a prospective within-patient trial. Ann Intern Med. 
2025;178:336–347. doi: 10.7326/ANNALS-24-00761

	24.	 Williams TA, Lenders JWM, Mulatero P, Burrello J, Rottenkolber M, 
Adolf C, Satoh F, Amar L, Quinkler M, Deinum J, et al; Primary Aldo-
steronism Surgery Outcome (PASO) investigators. Outcomes after 
adrenalectomy for unilateral primary aldosteronism: an international 
consensus on outcome measures and analysis of remission rates in an 
international cohort. Lancet Diabetes Endocrinol. 2017;5:689–699. doi: 
10.1016/S2213-8587(17)30135-3

	25.	 Hu J, Xu T, Shen H, Song Y, Yang J, Zhang A, Ding H, Xing N, Li Z, Qiu L, et 
al; Chongqing Primary Aldosteronism Study (CONPASS) Group. Accuracy 
of gallium-68 pentixafor positron emission tomography-computed tomog-
raphy for subtyping diagnosis of primary aldosteronism. JAMA Netw Open. 
2023;6:e2255609. doi: 10.1001/jamanetworkopen.2022.55609

	26.	 Gao Y, Ding J, Wang Y, Zhou Y, Zhang Y, Qiu L, Huo L, Tong A. Primary 
aldosteronism classification with 18-oxocortisol and gallium-68-pentixafor 
positron emission tomography/computed tomography. Endocr Pract. 
2025;31:614–619. doi: 10.1016/j.eprac.2025.02.012

	27.	 Sander K, Gendron T, Cybulska KA, Sirindil F, Zhou J, Kalber TL, Lythgoe MF, 
Kurzawinski TR, Brown MJ, Williams B, et al. Development of [18F]aldoview 
as the first highly selective aldosterone synthase PET tracer for imaging 
of primary hyperaldosteronism. J Med Chem. 2021;64:9321–9329. doi: 
10.1021/acs.jmedchem.1c00539

	28.	 Long T, Liu G, Zhou M, Zhang Z, Xiao Y, Chen H, Peng N, Jin Y, He Y, Gan Y, 
et al. First-in-human evaluation of [18F]aldoview: a highly selective PET 
tracer for aldosterone synthase imaging in primary aldosteronism. Clin Nucl 
Med. 2025;50:847–855. doi: 10.1097/RLU.0000000000006014

	29.	 Gomez-Sanchez CE, Qi X, Velarde-Miranda C, Plonczynski MW, Parker CR, 
Rainey W, Satoh F, Maekawa T, Nakamura Y, Sasano H, et al. Development 
of monoclonal antibodies against human CYP11B1 and CYP11B2. Mol Cell 
Endocrinol. 2014;383:111–117. doi: 10.1016/j.mce.2013.11.022

	30.	 Williams TA, Constantinescu G, Pamporaki C. Biomarkers for subtype strati-
fication in primary aldosteronism: current and future perspectives. Eur J 
Endocrinol. 2025;193:R51–R64. doi: 10.1093/ejendo/lvaf218

	31.	 Williams TA, Gomez-Sanchez CE, Rainey WE, Giordano TJ, Lam AK, 
Marker A, Mete O, Yamazaki Y, Zerbini MCN, Beuschlein F, et al. Interna-
tional histopathology consensus for unilateral primary aldosteronism. J Clin 
Endocrinol Metab. 2021;106:42–54. doi: 10.1210/clinem/dgaa484

	32.	 Meyer LS, Wang X, Sušnik E, Burrello J, Burrello A, Castellano I, 
Eisenhofer G, Fallo F, Kline GA, Knösel T, et al. Immunohistopathology and 
steroid profiles associated with biochemical outcomes after adrenalectomy 
for unilateral primary aldosteronism. Hypertension. 2018;72:650–657. doi: 
10.1161/HYPERTENSIONAHA.118.11465

	33.	 Meyer LS, Handgriff L, Lim JS, Udager AM, Kinker IS, Ladurner R, Wildgruber M, 
Knösel T, Bidlingmaier M, Rainey WE, et al. Single-center prospective cohort 
study on the histopathology, genotype, and postsurgical outcomes of 
patients with primary aldosteronism. Hypertension. 2021;78:738–746. doi: 
10.1161/HYPERTENSIONAHA.121.17348

	34.	 Williams TA, Gong S, Tsurutani Y, Tezuka Y, Thuzar M, Burrello J, Wu VC, 
Yamazaki Y, Mulatero P, Sasano H, et al. Adrenal surgery for bilateral primary 
aldosteronism: an international retrospective cohort study. Lancet Diabetes 
Endocrinol. 2022;10:769–771. doi: 10.1016/S2213-8587(22)00253-4

	35.	 Zennaro MC, Boulkroun S, Fernandes-Rosa FL. Pathogenesis and treat-
ment of primary aldosteronism. Nat Rev Endocrinol. 2020;16:578–589. doi: 
10.1038/s41574-020-0382-4

	36.	 Kossor DC, Kominami S, Takemori S, Colby HD. Role of the ste-
roid 17 alpha-hydroxylase in spironolactone-mediated destruction of 
adrenal cytochrome P-450. Mol Pharmacol. 1991;40:321–325. doi: 
10.1016/S0026-895X(25)12955-6

	37.	 Guo Z, Nanba K, Udager A, McWhinney BC, Ungerer JPJ, Wolley M, 
Thuzar M, Gordon RD, Rainey WE, Stowasser M. Biochemical, histopath-
ological, and genetic characterization of posture-responsive and unre-
sponsive APAs. J Clin Endocrinol Metab. 2020;105:e3224–e3235. doi: 
10.1210/clinem/dgaa367

	38.	 Gomez-Sanchez CE, Sapiro DR, May KV, Rainey WE, 
Nishimoto K, Gomez-Sanchez EP. Origin of circulating 18-oxocortisol in 
the normal human adrenal. Mol Cell Endocrinol. 2022;555:111720. doi: 
10.1016/j.mce.2022.111720

	39.	 Nakamura Y, Maekawa T, Felizola SJ, Satoh F, Qi X, Velarde-Miranda C, 
Plonczynski MW, Ise K, Kikuchi K, Rainey WE, et al. Adrenal CYP11B1/2 
expression in primary aldosteronism: immunohistochemical analysis using 
novel monoclonal antibodies. Mol Cell Endocrinol. 2014;392:73–79. doi: 
10.1016/j.mce.2014.05.002

	40.	 Nakamura Y, Kitada M, Satoh F, Maekawa T, Morimoto R, Yamazaki Y, Ise K, 
Gomez-Sanchez CE, Ito S, Arai Y, et al. Intratumoral heterogeneity of ste-
roidogenesis in aldosterone-producing adenoma revealed by intensive 
double- and triple-immunostaining for CYP11B2/B1 and CYP17. Mol Cell 
Endocrinol. 2016;422:57–63. doi: 10.1016/j.mce.2015.11.014

	41.	 Lenders JWM, Williams TA, Reincke M, Gomez-Sanchez CE. Diagno-
sis of endocrine disease: 18-oxocortisol and 18-hydroxycortisol: is there 
clinical utility of these steroids? Eur J Endocrinol. 2018;178:R1–R9. doi: 
10.1530/EJE-17-0563

	42.	 Choi M, Scholl UI, Yue P, Björklund P, Zhao B, Nelson-Williams C, Ji W, 
Cho Y, Patel A, Men CJ, et al. K+ channel mutations in adrenal aldosterone-
producing adenomas and hereditary hypertension. Science. 2011;331:768–
772. doi: 10.1126/science.1198785

	43.	 Beuschlein F, Boulkroun S, Osswald A, Wieland T, Nielsen HN, 
Lichtenauer UD, Penton D, Schack VR, Amar L, Fischer E, et al. Somatic 
mutations in ATP1A1 and ATP2B3 lead to aldosterone-producing adeno-
mas and secondary hypertension. Nat Genet. 2013;45:440–4, 444e1. doi: 
10.1038/ng.2550

	44.	 Scholl UI, Goh G, Stölting G, de Oliveira RC, Choi M, Overton JD, Fonseca AL, 
Korah R, Starker LF, Kunstman JW, et al. Somatic and germline CACNA1D 
calcium channel mutations in aldosterone-producing adenomas and primary 
aldosteronism. Nat Genet. 2013;45:1050–1054. doi: 10.1038/ng.2695

	45.	 Azizan EA, Poulsen H, Tuluc P, Zhou J, Clausen MV, Lieb A, Maniero C, 
Garg S, Bochukova EG, Zhao W, et al. Somatic mutations in ATP1A1 and 
CACNA1D underlie a common subtype of adrenal hypertension. Nat Genet. 
2013;45:1055–1060. doi: 10.1038/ng.2716

	46.	 Pang Y, Sun Z, Williams TA. Histopathology and molecular profil-
ing of primary aldosteronism. Hypertension. 2026;83:e26225. doi: 
10.1161/HYPERTENSIONAHA.126.26225



Review




2590    September 2026� Hypertension. 2026;83:e26233. DOI: 10.1161/HYPERTENSIONAHA.126.26233

Pamporaki et al Biomarkers in Primary Aldosteronism

	 47.	 Williams TA, Peitzsch M, Dietz AS, Dekkers T, Bidlingmaier M, Riester A, 
Treitl M, Rhayem Y, Beuschlein F, Lenders JWM, et al. Genotype-specific ste-
roid profiles associated with aldosterone-producing adenomas. Hyperten-
sion. 2016;67:139–145. doi: 10.1161/HYPERTENSIONAHA.115.06186

	48.	 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–E1095. doi: 10.1210/jc.2015-2149

	49.	 Boulkroun S, Beuschlein F, Rossi GP, Golib-Dzib JF, Fischer E, Amar L, Mulatero P, 
Samson-Couterie B, Hahner S, Quinkler M, et al. Prevalence, clinical, and 
molecular correlates of KCNJ5 mutations in primary aldosteronism. Hyperten-
sion. 2012;59:592–598. doi: 10.1161/HYPERTENSIONAHA.111.186478

	50.	 Fernandes-Rosa FL, Williams TA, Riester A, Steichen O, Beuschlein F, Boulkroun S, 
Strom TM, Monticone S, Amar L, Meatchi T, et al. Genetic spectrum and clinical 
correlates of somatic mutations in aldosterone-producing adenoma. Hyperten-
sion. 2014;64:354–361. doi: 10.1161/HYPERTENSIONAHA.114.03419

	51.	 Sturgeon CM, Viljoen A. Analytical error and interference in immunoas-
say: minimizing risk. Ann Clin Biochem. 2011;48(Pt 5):418–432. doi: 
10.1258/acb.2011.011073

	52.	 Ghazal K, Brabant S, Prie D, Piketty ML. Hormone immunoas-
say interference: a 2021 update. Ann Lab Med. 2022;42:3–23. doi: 
10.3343/alm.2022.42.1.3

	53.	 Knudsen CS, Adelborg K, Sondergaard E, Parkner T. Biotin interference in 
routine IDS-iSYS immunoassays for aldosterone, renin, insulin-like growth 
factor 1, growth hormone and bone alkaline phosphatase. Scand J Clin Lab 
Invest. 2022;82:6–11. doi: 10.1080/00365513.2021.2003854

	54.	 Chen W, Lai F, Huang X, Yu S, Chen N, Xu C, Wang C, Liang S, Li Y, Xiao H, 
et al. Comparison of plasma aldosterone measured by chemiluminescence 
immunoassay and liquid chromatography-tandem mass spectrometry in 
screening test for primary aldosteronism. Pract Lab Med. 2024;39:e00361. 
doi: 10.1016/j.plabm.2024.e00361

	55.	 Vogeser M, Seger C. Pitfalls associated with the use of liquid 
chromatography-tandem mass spectrometry in the clinical laboratory. Clin 
Chem. 2010;56:1234–1244. doi: 10.1373/clinchem.2009.138602

	56.	 Fuld S, Constantinescu G, Pamporaki C, Peitzsch M, Schulze M, Yang J, 
Müller L, Prejbisz A, Januszewicz A, Remde H, et al. Screening for primary 
aldosteronism by mass spectrometry versus immunoassay measure-
ments of aldosterone: a prospective within-patient study. J Appl Lab Med. 
2024;9:752–766. doi: 10.1093/jalm/jfae017

	 57.	 Zhou F, Ding Y, Chen T, Tang Q, Zhang J, Thyparambil S, Jin B, Han Z, 
Chou CJ, Schilling J, et al. Targeted multiplex proteomics for the develop-
ment and validation of biomarkers in primary aldosteronism subtyping. Eur J 
Endocrinol. 2024;191:558–569. doi: 10.1093/ejendo/lvae148

	58.	 Makhnov N, Axling F, Barazeghi E, Stålberg P, Åkerström T, Hellman P. Serum 
microRNAs as peripheral markers of primary aldosteronism. Front Endocri-
nol (Lausanne). 2025;16:1511096. doi: 10.3389/fendo.2025.1511096

	59.	 Eisenhofer G, Durán C, Cannistraci CV, Peitzsch M, Williams TA, Riester A, 
Burrello J, Buffolo F, Prejbisz A, Beuschlein F, et al. Use of steroid profiling 
combined with machine learning for identification and subtype classifica-
tion in primary aldosteronism. JAMA Netw Open. 2020;3:e2016209. doi: 
10.1001/jamanetworkopen.2020.16209

	60.	 Prete A, Lang K, Pavlov D, Rhayem Y, Sitch AJ, Franke AS, Gilligan LC, 
Shackleton CHL, Hahner S, Quinkler M, et al. Urine steroid metabolomics 
as a diagnostic tool in primary aldosteronism. J Steroid Biochem Mol Biol. 
2024;237:106445. doi: 10.1016/j.jsbmb.2023.106445

	61.	 Szatko AS, Toboła A, Falhammar H, Zgliczyński W, Glinicki P. Advances in 
the biochemical diagnostics of primary aldosteronism: from immunoassays 
to steroidomics and proteomics. Front Endocrinol. 2025;16:1548344. doi: 
10.3389/fendo.2025.1548344

	62.	 Robertson S, MacKenzie SM, Alvarez-Madrazo S, Diver LA, Lin J, Stewart PM, 
Fraser R, Connell JM, Davies E. MicroRNA-24 is a novel regulator of aldo-
sterone and cortisol production in the human adrenal cortex. Hypertension. 
2013;62:572–578. doi: 10.1161/HYPERTENSIONAHA.113.01102

	63.	 Constantinescu G, Gruber S, Fuld S, Peitzsch M, Schulze M, Remde H, 
Kürzinger L, Yang J, Yen T, Williams TA, et al. Steroidomics-based screening 
for primary aldosteronism: impact of antihypertensive drugs. Hypertension. 
2024;81:2060–2071. doi: 10.1161/HYPERTENSIONAHA.124.23029

	64.	 Eisenhofer G, Dekkers T, Peitzsch M, Dietz AS, Bidlingmaier M, Treitl M, 
Williams TA, Bornstein SR, Haase M, Rump LC, et al. Mass spectrometry-based 
adrenal and peripheral venous steroid profiling for subtyping primary aldoste-
ronism. Clin Chem. 2016;62:514–524. doi: 10.1373/clinchem.2015.251199

	65.	 Yang Y, Burrello J, Burrello A, Eisenhofer G, Peitzsch M, Tetti M, Knösel T, 
Beuschlein F, Lenders JWM, Mulatero P, et al. Classification of microadeno-
mas in patients with primary aldosteronism by steroid profiling. J Steroid 
Biochem Mol Biol. 2019;189:274–282. doi: 10.1016/j.jsbmb.2019.01.008

	66.	 Alessi F, Pamporaki C, Peitzsch M, Constantinescu G, Remde H, 
Kürzinger L, Fuss CT, Schulze M, Fuld S, Kotwal S, et al. Mass spectrometric 
measurements of 11-deoxycortisol, androstenedione and dehydroepian-
drosterone are superior to cortisol to assess selectivity of non-stimulated 
adrenal vein sampling. Clin Endocrinol (Oxf). 2026;104:10–18. doi: 
10.1111/cen.70037

	67.	 Zhong J, Ma X, Wang D, Luo W, Yin Y, Zou Y, Zhu Y, Li M, Xie S, Yu S, et 
al. Liquid chromatography-tandem mass spectrometry-based urinary ste-
roid profiling applied to primary aldosteronism diagnosis. J Chromatogr B. 
2026;1273:124930. doi: 10.1016/j.jchromb.2026.124930

	68.	 Ulick S, Blumenfeld JD, Atlas SA, Wang JZ, Vaughan ED Jr. The unique 
steroidogenesis of the aldosteronoma in the differential diagnosis of pri-
mary aldosteronism. J Clin Endocrinol Metab. 1993;76:873–878. doi: 
10.1210/jcem.76.4.8473399

	69.	 Burrello J, Buffolo F, Domenig O, Tetti M, Pecori A, Monticone S, Poglitsch M, 
Mulatero P. Renin-angiotensin-aldosterone system triple-a analysis for the 
screening of primary aldosteronism. Hypertension. 2020;75:163–172. doi: 
10.1161/HYPERTENSIONAHA.119.13772

	70.	 Guo Z, Poglitsch M, McWhinney BC, Ungerer JPJ, Ahmed AH, Gordon RD, 
Wolley M, Stowasser M. Measurement of equilibrium angiotensin ii in the 
diagnosis of primary aldosteronism. Clin Chem. 2020;66:483–492. doi: 
10.1093/clinchem/hvaa001

	71.	 Lo CWS, Cheng JYK, Tsui TKC, Ma RCW, Chan MHM, Ozaki R, Ho CS. 
Screening primary aldosteronism by plasma aldosterone-to-angiotensin 
II ratio. Clin Chem Lab Med. 2025;63:1749–1756. doi: 
10.1515/cclm-2024-1312

	72.	 Decmann A, Nyírö G, Darvasi O, Turai P, Bancos I, Kaur RJ, Pezzani R, 
Iacobone M, Kraljevic I, Kastelan D, et al. Circulating miRNA expression pro-
filing in primary aldosteronism. Front Endocrinol (Lausanne). 2019;10:739. 
doi: 10.3389/fendo.2019.00739

	73.	 Vékony B, Nyirő G, Herold Z, Fekete J, Ceccato F, Gruber S, Kürzinger L, 
Parasiliti-Caprino M, Bioletto F, Szücs N, et al. Circulating miRNAs and 
machine learning for lateralizing primary aldosteronism. Hypertension. 
2024;81:2479–2488. doi: 10.1161/HYPERTENSIONAHA.124.23418

	74.	 Carvajal CA, Tapia-Castillo A, Pérez JA, Fardella CE. Serum alpha-1-acid 
glycoprotein-1 and urinary extracellular vesicle mir-21-5p as potential bio-
markers of primary aldosteronism. Front Immunol. 2021;12:768734. doi: 
10.3389/fimmu.2021.768734

	75.	 Tsai CH, Kong PH, Hsieh CC, Huang YC, Cheng HM, Hung CS, Chang CC, 
Chueh JS, Vaidya A, Wu VC, et al. Proteomic signatures to detect uni-
lateral primary aldosteronism in hypertensive patients. Eur J Clin Invest. 
2025;55:e70081. doi: 10.1111/eci.70081

	76.	 Makhnov N, Axling F, Barazeghi E, Stålberg P, Åkerström T, Hellman P. 
Searching for peripheral proteomic markers of primary aldosteronism. Endo-
crine. 2025;89:869–878. doi: 10.1007/s12020-025-04302-y

	 77.	 Reel PS, Reel S, van Kralingen JC, Langton K, Lang K, Erlic Z, 
Larsen CK, Amar L, Pamporaki C, Mulatero P, et al. Machine learning for 
classification of hypertension subtypes using multi-omics: a multi-centre, 
retrospective, data-driven study. EBioMedicine. 2022;84:104276. doi: 
10.1016/j.ebiom.2022.104276

	78.	 Kraan GP, Dullaart RP, Pratt JJ, Wolthers BG, de Bruin R. Kinetics of intra-
venously dosed cortisol in four men. Consequences for calculation of the 
plasma cortisol production rate. J Steroid Biochem Mol Biol. 1997;63:139–
146. doi: 10.1016/s0960-0760(97)00087-3

	79.	 Hindmarsh PC, Charmandari E. Variation in absorption and half-life of hydro-
cortisone influence plasma cortisol concentrations. Clin Endocrinol (Oxf). 
2015;82:557–561. doi: 10.1111/cen.12653

	80.	 Goldstein DS, Eisenhofer G, Kopin IJ. Sources and significance of plasma 
levels of catechols and their metabolites in humans. J Pharmacol Exp Ther. 
2003;305:800–811. doi: 10.1124/jpet.103.049270

	81.	 Dekkers T, Deinum J, Schultzekool LJ, Blondin D, Vonend O, Hermus AR, 
Peitzsch M, Rump LC, Antoch G, Sweep FC, et al. Plasma metanephrine 
for assessing the selectivity of adrenal venous sampling. Hypertension. 
2013;62:1152–1157. doi: 10.1161/HYPERTENSIONAHA.113.01601

	82.	 Htut Z, Alsafi A, Sharma A, Foran D, Tan T, Barnes SC, Williams EL, 
Papadopoulou D, Dimarco A, Palazzo F, et al. The utility of plasma meta-
nephrines to optimise adrenal vein sampling for primary aldosteronism: a 
single centre experience. Clin Endocrinol (Oxf). 2025;103:294–302. doi: 
10.1111/cen.15277

	83.	 Kikuchi E, Yanaihara H, Nakashima J, Homma K, Ohigashi T, Asakura H, 
Tachibana M, Shibata H, Saruta T, Murai M. Urinary steroid profile in adreno-
cortical tumors. Biomed Pharmacother. 2000;54(Suppl 1):194s–197s. doi: 
10.1016/s0753-3322(00)80043-8

	84.	 Nussberger J, Wuerzner G, Jensen C, Brunner HR. Angiotensin II 
suppression in humans by the orally active renin inhibitor Aliskiren 



Review

Hypertension. 2026;83:e26233. DOI: 10.1161/HYPERTENSIONAHA.126.26233� September 2026    2591

Pamporaki et al Biomarkers in Primary Aldosteronism

(SPP100): comparison with enalapril. Hypertension. 2002;39:E1–E8. doi: 
10.1161/hy0102.102293

	85.	 Maurer J, de Groot A, Martin L, Grouzmann E, Wuerzner G, Eugster PJ. Quan-
tification of endogenous Angiotensin 1-10, 1-9, 1-8, 1-7, and 1-5 in human 
plasma using micro-UHPLC-MS/MS: Outlining the importance of the pre-
analytics for reliable results. J Pharm Biomed Anal. 2024;243:116101. doi: 
10.1016/j.jpba.2024.116101

	86.	 Campbell DJ, Kladis A, Skinner SL, Whitworth JA. Characterization of angio-
tensin peptides in plasma of anephric man. J Hypertens. 1991;9:265–274. 
doi: 10.1097/00004872-199103000-00011

	 87.	 Demeuse J, Huyghebaert L, Determe W, Schoumacher M, Grifnée E, 
Massonnet P, Dubrowski T, Rechchad M, Farre Segura J, Peeters S, et al. 
Development and validation of an LC–MS/MS method for the simultaneous 
quantitation of angiotensin (1–7), (1–8), (1–9) and (1–10) in human plasma. 
J Chromatogr B. 2024;1232:123943. doi: 10.1016/j.jchromb.2023.123943

	88.	 Li B, Liu Z, Qin N, Li B, Chen Z, Li Z, Lyu X, Tan L, Guo Z, Wu W, et al. An 
automated magnetic-bead-assisted liquid chromatography-tandem mass 
spectrometry method for analyzing angiotensins, ALD, and 18-OH deriva-
tives: application of primary aldosteronism early screening and subtyping. 
Talanta. 2025;295:128268. doi: 10.1016/j.talanta.2025.128268

	89.	 Wang S, Hu B, Wang H, Qi X, Mi Z, Su P, Zhang H, Zhou J, Chen J, Chen B, 
et al. Simultaneous enrichment and ultrasensitive detection of angiotensin 
I, II, and III and aldosterone in human plasma based on magnetic covalent 
organic frameworks and LC-MS/MS. Anal Chem. 2025;97:4574–4582. doi: 
10.1021/acs.analchem.4c06426

	90.	 MacKenzie SM, Birch LA, Lamprou S, Rezvanisanijouybari P, Fayad M, 
Zennaro MC, Davies E. MicroRNAs in aldosterone production and action. 
Vitam Horm. 2024;124:137–163. doi: 10.1016/bs.vh.2023.07.001

	91.	 Robertson S, Diver LA, Alvarez-Madrazo S, Livie C, Ejaz A, 
Fraser R, Connell JMC, MacKenzie SM, Davies E. Regulation of cortico-
steroidogenic genes by MicroRNAs. Int J Endocrinol. 2017;2017:2021903. 
doi: 10.1155/2017/2021903

	92.	 Romero DG, Plonczynski MW, Carvajal CA, Gomez-Sanchez EP, 
Gomez-Sanchez CE. Microribonucleic acid-21 increases aldosterone secre-
tion and proliferation in H295R human adrenocortical cells. Endocrinology. 
2008;149:2477–2483. doi: 10.1210/en.2007-1686

	 93.	 He J, Cao Y, Su T, Jiang Y, Jiang L, Zhou W, Zhang C, Wang W, Ning G. 
Downregulation of miR-375 in aldosterone-producing adenomas promotes 
tumour cell growth via MTDH. Clin Endocrinol (Oxf). 2015;83:581–589. 
doi: 10.1111/cen.12814

	 94.	 Velázquez-Fernández D, Caramuta S, Özata DM, Lu M, Höög A, 
Bäckdahl M, Larsson C, Lui WO, Zedenius J. MicroRNA expression pat-
terns associated with hyperfunctioning and non-hyperfunctioning pheno-
types in adrenocortical adenomas. Eur J Endocrinol. 2014;170:583–591. 
doi: 10.1530/EJE-13-0817

	 95.	 Okamoto K, Sone M, Taura D, Ohno Y, Yamauchi I, Ueda Y, Hakata T, Tsuiki M, 
Murakami M, Yabe D, et al. The significance of high expression of circu-
lating mir-222-3p in patients with unilateral primary aldosteronism. J Clin 
Endocrinol Metab. 2026;111:e420–e430. doi: 10.1210/clinem/dgaf408

	 96.	 Swierczynska MM, Betz MJ, Colombi M, Dazert E, Jenö P, Moes S, 
Pfaff C, Glatz K, Reincke M, Beuschlein F, et al. Proteomic landscape of 
aldosterone-producing adenoma. Hypertension. 2019;73:469–480. doi: 
10.1161/HYPERTENSIONAHA.118.11733

	 97.	 Burrello J, Gai C, Tetti M, Lopatina T, Deregibus MC, Veglio F, Mulatero P, 
Camussi G, Monticone S. Characterization and gene expression analysis of 
serum-derived extracellular vesicles in primary aldosteronism. Hypertension. 
2019;74:359–367. doi: 10.1161/HYPERTENSIONAHA.119.12944

	 98.	 Burrello J, Tetti M, Forestiero V, Biemmi V, Bolis S, Pomatto MAC, 
Amongero M, Di Silvestre D, Mauri P, Vassalli G, et al. Characterization 
of circulating extracellular vesicle surface antigens in patients 
with primary aldosteronism. Hypertension. 2021;78:726–737. doi: 
10.1161/HYPERTENSIONAHA.121.17136

	 99.	 Eisenhofer G, Peitzsch M, Mantik K, Schulze M, Constantinescu G, 
Lu Z, Remde H, Fuss CT, Williams TA, Gruber S, et al. Robustness of 
steroidomics-based machine learning for diagnosis of primary aldosteron-
ism: a laboratory medicine perspective. Clin Chem Lab Med. 2025;63:2236–
2246. doi: 10.1515/cclm-2025-0200

	100.	 Constantinescu G, Schulze M, Peitzsch M, Hofmockel T, Scholl UI, 
Williams TA, Lenders JWM, Eisenhofer G. Integration of artificial intelli-
gence and plasma steroidomics with laboratory information management 
systems: application to primary aldosteronism. Clin Chem Lab Med. 
2022;60:1929–1937. doi: 10.1515/cclm-2022-0470


	Current and Novel Biomarkers for Diagnosis and Subtyping of Primary Aldosteronism
	Current Diagnostic Pathway
	Histopathology for Diagnosis and Subtyping of PA
	Rationale for Novel Biomarkers
	Aldosterone Biosynthesis Pathway
	Molecular Drivers of PA
	Analytical Techniques
	Metabolomics
	Plasma Steroids
	Urinary Steroids

	Angiotensin Peptidome
	MicroRNAs
	Proteomics
	Multiomics
	Future Perspectives and Challenges
	ARTICLE INFORMATION
	Affiliations
	Sources of Funding
	Disclosures

	References


