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Abstract

Background
Endocrine causes of secondary hypertension carry important cardiovascular consequences but require
different disease-specific diagnostic pathways. We evaluated whether a small set of baseline endocrine
measurements could support triage among adults already undergoing etiologic evaluation for
hypertension.

Methods
In this prospective single-center cohort, adults evaluated for hypertension in Shenzhen between July
2023 and January 2025 underwent baseline measurement of adrenocorticotropic hormone, plasma
renin activity (PRA), angiotensin II, aldosterone, and cortisol before final endocrine adjudication.
Participants with complete candidate-predictor and independent reference-standard data were included.
Nested logistic models were compared using a stratified 70:30 development-validation split.
Discrimination, calibration, Brier score, sensitivity, specificity, predictive values, and likelihood ratios were
assessed.

Results
Among 5,986 participants in the screening cohort, 1,502 completed the reference-standard pathway and
412 had confirmed primary aldosteronism, pheochromocytoma/paraganglioma, or Cushing syndrome. In
the validation cohort (n = 451; 124 events), the aldosterone-PRA-cortisol model achieved an area under
the receiver operating characteristic curve of 0.889 (95% CI 0.852–0.922), sensitivity of 72.6%, specificity
of 86.9%, positive predictive value of 67.7%, negative predictive value of 89.3%, and Brier score of 0.109.
Adding angiotensin II and adrenocorticotropic hormone did not materially improve the linear model. An
exploratory nonlinear five-marker model achieved an area under the curve of 0.900 with higher sensitivity
but lower specificity.

Conclusions
A three-marker model retained most of the discrimination of the five-marker panel and may help
prioritize disease-specific confirmatory evaluation in selected patients undergoing hypertension work-up.
It should not replace established endocrine testing or be used to withhold guideline-recommended
primary aldosteronism screening. External validation is required before clinical implementation.

Background
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Hypertension is a leading modifiable cause of stroke, ischemic heart disease, heart failure, and chronic
kidney disease worldwide [1, 2]. Although most patients are classified as having primary hypertension, a
clinically important subgroup has an identifiable secondary cause. Endocrine disorders are particularly
relevant because recognition of the causal hormonal abnormality can change treatment, surveillance,
and cardiovascular prognosis [3, 4].

Primary aldosteronism, pheochromocytoma/paraganglioma (PPGL), and Cushing syndrome are among
the most important endocrine causes of hypertension. Primary aldosteronism is common in
hypertension, particularly in higher-risk clinical settings, and is associated with excess cardiovascular
and target-organ risk compared with blood pressure-matched primary hypertension [5–10]. PPGL is less
prevalent but potentially life-threatening because catecholamine excess can precipitate hypertensive
crises, arrhythmias, myocardial injury, and other cardiovascular complications [13–16]. Hypercortisolism
contributes to hypertension through sodium retention, increased vascular responsiveness, metabolic
dysfunction, and activation of multiple neurohormonal pathways [17–20].

The diagnostic pathways for these disorders are disease-specific. Contemporary guidance recommends
screening for primary aldosteronism with aldosterone and renin, interpreted together with clinical
context and followed by further disease-specific evaluation when appropriate [5, 11, 12]. PPGL is
investigated primarily using plasma free or urinary fractionated metanephrines under standardized
sampling conditions [13–16]. Suspected Cushing syndrome requires high-accuracy cortisol testing,
often with more than one concordant test [17–20]. Therefore, a nonspecific baseline hormone panel
cannot serve as a stand-alone diagnostic test for endocrine hypertension.

In hypertension practice, however, clinicians often need to decide which patients should be prioritized for
more extensive endocrine evaluation. The five measurements available in our study center—
adrenocorticotropic hormone (ACTH), plasma renin activity (PRA), angiotensin II, aldosterone, and
cortisol—sample complementary components of pituitary-adrenal and renin-angiotensin-aldosterone
physiology. We therefore asked a workflow-oriented question: whether a reproducible and sufficiently
parsimonious combination of these baseline markers could help triage patients already undergoing
etiologic evaluation for hypertension. The primary aim was to develop and internally validate a model for
the composite outcome of confirmed primary aldosteronism, PPGL, or Cushing syndrome. Secondary
objectives were to compare nested marker sets, assess calibration and clinically interpretable
classification performance, explore disease-specific discrimination, and examine the incremental
contribution of angiotensin II.

Methods

Study design and setting
This prospective observational cohort study was conducted at Shenzhen University of Advanced
Technology General Hospital, formerly University of Chinese Academy of Sciences Shenzhen Hospital
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(Guangming), from July 2023 to January 2025. The hospital is a general hospital serving Guangming
District and surrounding areas of Shenzhen. Adults referred for hypertension or high-risk blood pressure
evaluation were screened consecutively. The present model-development analysis was restricted to
participants who met the study definition of hypertension, had complete baseline candidate-predictor
measurements, and completed the independent reference-standard pathway. The study was reported in
accordance with the STROBE statement for observational research and the TRIPOD + AI statement for
clinical prediction models developed using regression methods [23, 24].

Participants
Eligible participants were aged 18 years or older and had hypertension documented by repeated office
blood pressure measurements, current antihypertensive treatment, or resistant hypertension requiring
etiological evaluation. Exclusion criteria were pregnancy or lactation; clinically important exogenous
glucocorticoid exposure; advanced kidney disease that precluded valid biochemical assessment; known
renovascular or major aortic causes of hypertension; active malignancy or severe hepatic failure likely to
affect hormone interpretation; and incomplete candidate-predictor or reference-standard data.

Candidate predictors and preanalytical assessment
The candidate predictors were ACTH, PRA, angiotensin II, aldosterone, and cortisol measured at baseline
before final endocrine adjudication. Hormone concentrations were natural-log transformed because of
right-skewed distributions and were standardized using the means and standard deviations of the
development cohort. Preanalytical variables considered clinically relevant included collection time,
fasting status, posture, serum potassium, sodium intake, and use of medications that may alter PRA,
aldosterone, cortisol, or catecholamine-related testing [11–16]. Medication classes of particular interest
were angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, calcium-channel
blockers, beta-blockers, thiazide or loop diuretics, mineralocorticoid receptor antagonists,
glucocorticoids, and alpha-blockers.

Independent reference standard
The target outcome was the presence of at least one confirmed selected endocrine cause of
hypertension. Baseline candidate-hormone values were not used as the sole basis for outcome
classification. Final disease status was assigned from the specialist record and the disease-specific
diagnostic pathway:

1. Primary aldosteronism: positive case detection followed by confirmatory evaluation, such as saline
infusion or captopril challenge, unless a guideline-recognized exception applied; imaging and adrenal
venous sampling were considered when clinically indicated [5, 11, 12].
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2. PPGL: biochemical confirmation using plasma free metanephrines or urinary fractionated
metanephrines, followed by anatomical or functional localization when appropriate [13–16].

3. Cushing syndrome: at least two concordant abnormal high-accuracy tests or documented specialist
adjudication using urinary free cortisol, late-night salivary cortisol, and/or dexamethasone suppression
testing, with etiologic evaluation when indicated [17–20].

Outcomes
The primary outcome was discrimination and calibration of the final model for any confirmed selected
endocrine cause. Secondary outcomes were the performance of nested one- to five-marker models and
the classification characteristics of the selected model at a probability threshold determined in the
development cohort. Exploratory outcomes were disease-specific discrimination, the incremental
contribution of angiotensin II, and model performance after excluding participants receiving a diuretic or
mineralocorticoid receptor antagonist at baseline sampling.

Sample size and missing data
The model-development cohort contained 412 outcome events for five candidate predictors, providing
more than 80 events per candidate predictor for the main linear analysis. The primary analysis used
complete candidate-predictor and reference-standard data. Participants who did not complete the
independent reference-standard pathway were not included in model development; the implications of
this partial verification are addressed in the Discussion. The event count was also considered adequate
in relation to contemporary sample-size guidance for multivariable prediction-model development [25].

Statistical analysis
Continuous variables are presented as mean ± standard deviation or median (interquartile range), and
categorical variables as number (percentage). Group differences were assessed using the independent-
samples t test, Mann-Whitney U test, chi-square test, or Fisher exact test, as appropriate. All tests were
two-sided, and P < 0.05 was considered statistically significant.

The modeling cohort was divided using a stratified 70:30 development-validation split. Nested logistic
models were prespecified in the following sequence: aldosterone alone; aldosterone plus PRA; addition
of cortisol; addition of angiotensin II; and addition of ACTH. Differences between correlated areas under
the receiver operating characteristic curve (AUCs) were assessed using the DeLong method [26]. The
parsimonious model was selected by balancing discrimination, Brier score, interpretability, and assay
burden rather than by statistical significance alone.

Validation performance was summarized using AUC with bootstrap 95% confidence intervals (CIs),
calibration intercept, calibration slope, Brier score, sensitivity, specificity, positive and negative predictive
values, and positive and negative likelihood ratios [27, 28]. A decision threshold was selected using the
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Youden index in the development cohort and was locked before validation. A nonlinear five-marker
model using spline-transformed predictors and penalized logistic regression was evaluated as an
exploratory analysis. Treatment-response and hormone-change analyses were not retained because
disease-specific therapy, adherence, co-interventions, and time-varying confounding were not sufficiently
characterized.

Ethics approval and consent
The protocol entitled "Prospective cohort study of etiological screening for endocrine hypertension" was
approved by the Ethics Committee of University of Chinese Academy of Sciences Shenzhen Hospital
(Guangming) on January 16, 2023 (Approval No. LL-KT-2022066). Written informed consent was
obtained before enrollment. The study was conducted in accordance with the Declaration of Helsinki.

Use of generative AI
OpenAI ChatGPT was used only to support English-language editing and manuscript formatting. It was
not used to generate, alter, or analyze study data or to determine study outcomes. All scientific content,
numerical values, references, and interpretations were reviewed and verified by the authors, who take full
responsibility for the final manuscript.

Results

Study population
A total of 7,842 adults were assessed for hypertension evaluation. After exclusion of 1,856 individuals,
5,986 participants entered the screening cohort. Of these, 1,502 completed the independent reference-
standard pathway and formed the modeling cohort. A confirmed selected endocrine cause was present
in 412 participants (27.4%): primary aldosteronism in 304, PPGL in 48, and Cushing syndrome in 60. No
diagnostic-category overlap was observed. The development cohort included 1,051 participants with 288
events, and the validation cohort included 451 participants with 124 events (Fig. 1).

Baseline characteristics
Participants with a confirmed selected endocrine cause were older, had a higher body mass index, higher
systolic and diastolic blood pressure, lower serum potassium, higher fasting glucose, and a greater
frequency of resistant hypertension, obstructive sleep apnea, and diabetes. Diuretic and
mineralocorticoid receptor antagonist use was also more common in the confirmed group. Sex
distribution, kidney function, LDL cholesterol, and use of angiotensin-converting enzyme
inhibitors/angiotensin receptor blockers, calcium-channel blockers, and beta-blockers did not differ
materially between groups (Table 1).
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Table 1
Baseline characteristics of the complete-reference-standard cohort

Characteristic No confirmed selected
cause (n = 1,090)

Confirmed selected
cause (n = 412)

P value

Age, years 45.0 ± 10.4 47.6 ± 10.7 < 0.001

BMI, kg/m² 25.9 ± 3.5 26.8 ± 3.5 < 0.001

Systolic blood pressure,
mmHg

154.5 ± 15.5 159.4 ± 15.0 < 0.001

Diastolic blood pressure,
mmHg

91.5 ± 10.5 93.5 ± 9.6 < 0.001

Serum potassium, mmol/L 4.1 ± 0.4 3.7 ± 0.4 < 0.001

eGFR, mL/min/1.73 m² 87.7 ± 18.4 86.6 ± 18.2 0.319

Fasting glucose, mmol/L 5.9 ± 1.3 6.3 ± 1.3 < 0.001

LDL-C, mmol/L 3.0 ± 0.8 3.1 ± 0.8 0.096

Male sex 564 (51.7%) 226 (54.9%) 0.308

Resistant hypertension 232 (21.3%) 160 (38.8%) < 0.001

Obstructive sleep apnea 98 (9.0%) 57 (13.8%) 0.008

Diabetes 176 (16.1%) 99 (24.0%) < 0.001

ACE inhibitor or ARB 631 (57.9%) 223 (54.1%) 0.209

Calcium-channel blocker 692 (63.5%) 255 (61.9%) 0.610

Beta-blocker 317 (29.1%) 130 (31.6%) 0.384

Diuretic 291 (26.7%) 144 (35.0%) 0.002

Mineralocorticoid receptor
antagonist

57 (5.2%) 58 (14.1%) < 0.001

Values are mean ± standard deviation or n (%), unless otherwise indicated. ACE, angiotensin-converting
enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; eGFR, estimated glomerular filtration
rate; LDL-C, low-density lipoprotein cholesterol.

Hormone profiles by confirmed subtype
Hormone distributions differed across confirmed subtypes. Primary aldosteronism showed the expected
combination of suppressed PRA and higher aldosterone. PPGL had the highest median ACTH, PRA,
angiotensin II, and cortisol concentrations, whereas Cushing syndrome had the highest cortisol
concentration. The opposing disease-specific patterns indicate that a single linear direction for every
biomarker is unlikely to characterize all endocrine causes equally well (Table 2).
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Table 2
Hormone concentrations according to confirmed subtype

Group n ACTH,
pg/mL

PRA,
ng/mL/h

Angiotensin
II, pg/mL

Aldosterone,
ng/dL

Cortisol,
nmol/L

No confirmed
selected
endocrine cause

1,090 24.8
(18.6–
34.8)

1.6 (1.1–
2.3)

49.0 (35.2–
68.9)

11.3 (7.8–
15.3)

367.8
(294.4-
456.5)

Primary
aldosteronism

304 24.5
(17.7–
34.5)

0.5 (0.4–
0.8)

37.7 (26.6–
50.9)

23.5 (16.5–
31.5)

380.6
(292.6-
483.7)

PPGL 48 35.6
(25.8–
50.8)

2.4 (1.7–
3.4)

75.4 (56.7-
104.6)

17.6 (11.6–
22.2)

497.7
(396.4-
612.2)

Cushing syndrome 60 19.7
(13.8–
35.1)

1.1 (0.8–
1.7)

62.0 (43.7–
85.1)

15.1 (9.2–
18.8)

562.9
(506.3–
670.0)

Values are median (interquartile range). ACTH, adrenocorticotropic hormone; PRA, plasma renin activity;
PPGL, pheochromocytoma/paraganglioma.

Comparison of nested candidate models
Aldosterone alone provided moderate discrimination. Adding PRA significantly improved the AUC, and
adding cortisol produced a further improvement. Angiotensin II and ACTH did not materially improve the
linear model for the composite endpoint. Aldosterone, PRA, and cortisol were therefore retained as the
parsimonious primary model (Table 3).

Table 3
Validation performance of nested linear models

Model Predictors Validation AUC Brier score DeLong comparison

M1 Aldosterone 0.814 0.144 Reference

M2 Aldosterone + PRA 0.866 0.117 P = 0.003 vs M1

M3 Aldosterone + PRA + cortisol 0.889 0.109 P = 0.002 vs M2

M4 M3 + angiotensin II 0.889 0.109 P = 0.329 vs M3

M5 M4 + ACTH 0.888 0.110 P = 0.744 vs M4

AUC, area under the receiver operating characteristic curve; ACTH, adrenocorticotropic hormone; PRA,
plasma renin activity.

Parsimonious model specification
The parsimonious model was fitted using standardized natural-log hormone concentrations. The
prediction equation was: logit(p) = -1.552 + 1.290 z[ln(aldosterone)] − 1.167 z[ln(PRA)] + 0.500
z[ln(cortisol)]. The standardized terms were calculated using development-cohort values:
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z[ln(aldosterone)] = (ln value − 2.573)/0.578; z[ln(PRA)] = (ln value − 0.221)/0.734; and z[ln(cortisol)] = (ln
value − 5.934)/0.348. The predicted probability was p = 1/[1 + exp(-logit(p))]. The fitted coefficients are
provided in Table 4.

Table 4
Coefficients of the parsimonious three-marker model

Term Beta coefficient Odds ratio 95% CI

Intercept -1.552 - -

ln(Aldosterone), per 1 SD 1.290 3.63 2.90–4.54

ln(PRA), per 1 SD -1.167 0.31 0.25–0.38

ln(Cortisol), per 1 SD 0.500 1.65 1.37–1.98

CI, confidence interval; PRA, plasma renin activity; SD, standard deviation.

Internal validation
In the validation set, the parsimonious model achieved an AUC of 0.889 (95% CI 0.852–0.922). At the
locked probability threshold of 0.339, sensitivity was 72.6%, specificity 86.9%, positive predictive value
67.7%, negative predictive value 89.3%, positive likelihood ratio 5.52, and negative likelihood ratio 0.32.
The calibration intercept was 0.126, the calibration slope 1.047, and the Brier score 0.109. The confusion
matrix contained 90 true positives, 34 false negatives, 284 true negatives, and 43 false positives.
Detailed validation metrics are summarized in Table 5. The validation receiver operating characteristic
curves are shown in Fig. 2, and model calibration is shown in Fig. 3.

Table 5
Internal validation of parsimonious and full-panel models

Model AUC (95%
CI)

Sensitivity Specificity PPV NPV Brier
score

Parsimonious three-
marker linear model

0.889
(0.852–
0.922)

72.6% 86.9% 67.7% 89.3% 0.109

Full five-marker linear
model

0.888 74.2% 88.7% 71.3% 90.1% 0.110

Exploratory nonlinear
five-marker model

0.900
(0.867–
0.930)

85.5% 80.1% 62.0% 93.6% 0.106

AUC, area under the receiver operating characteristic curve; CI, confidence interval; NPV, negative
predictive value; PPV, positive predictive value.

Exploratory contribution of angiotensin II
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Angiotensin II added almost no discrimination for the composite endpoint or primary aldosteronism,
whereas its largest numerical contribution was observed in PPGL. The PPGL estimate was imprecise
because the validation set contained only 13 PPGL cases; this result should therefore be regarded as
hypothesis-generating rather than evidence for clinical implementation (Table 6).

Table 6
Exploratory subtype-specific contribution of angiotensin II

Subtype Validation cases AUC without Ang
II

AUC with Ang
II

Difference

Primary aldosteronism 90 0.934 0.937 0.003

PPGL 13 0.903 0.944 0.040

Cushing syndrome 21 0.866 0.890 0.023

Ang II, angiotensin II; AUC, area under the receiver operating characteristic curve; PPGL,
pheochromocytoma/paraganglioma.

Sensitivity analysis for medication interference
After exclusion of validation participants using a mineralocorticoid receptor antagonist or diuretic at
baseline hormone sampling, 302 participants with 64 confirmed events remained. The exploratory
nonlinear model retained an AUC of 0.879, sensitivity of 82.8%, specificity of 82.8%, and negative
predictive value of 94.7%. These findings suggest that the model signal was not entirely explained by
these medication classes, although the remaining medication and preanalytical effects could not be
eliminated.

Discussion
This prospective single-center study evaluated a workflow-oriented approach to endocrine secondary
hypertension in adults already undergoing etiologic evaluation. The main finding was that a three-marker
model based on aldosterone, PRA, and cortisol retained essentially all of the discrimination of the full
five-marker linear model. In the held-out validation cohort, the parsimonious model achieved an AUC of
0.889 with specificity of 86.9% and a negative predictive value of 89.3%. The result is most relevant to
prioritization of disease-specific endocrine testing within hypertension care, rather than to stand-alone
diagnosis.

The composite endpoint deserves explicit interpretation. Primary aldosteronism, PPGL, and Cushing
syndrome are biologically distinct disorders and were not combined because they share a single
pathophysiological mechanism. They were combined because the clinical workflow question was
whether a patient undergoing hypertension work-up had any selected endocrine cause that warranted
disease-specific confirmation. The subtype analyses therefore remain important for understanding
where the composite signal originated, and the small PPGL and Cushing syndrome samples limit
disease-specific inference.
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The modeling cohort represented a selected subgroup of the overall screening population. Only 1,502 of
5,986 screened participants completed the independent reference-standard pathway, and 412 of these
had a confirmed selected endocrine cause. The 27.4% event proportion therefore reflects enrichment
among patients who underwent confirmatory evaluation and must not be interpreted as the prevalence
of endocrine hypertension in the broader hypertensive population. Referral patterns, clinician suspicion,
test availability, and completion of the diagnostic pathway are all likely to have influenced verification.
Selective completion of the reference standard may introduce partial-verification bias [29], and this
remains one of the principal limitations of the present analysis.

The subtype-specific hormone patterns support biological plausibility while also illustrating why a
universal linear signal is challenging. Primary aldosteronism was characterized by suppressed PRA and
higher aldosterone, consistent with autonomous mineralocorticoid activity and explaining the large gain
in discrimination when PRA was added to aldosterone [5–7, 11, 12]. Cushing syndrome showed the
highest cortisol concentrations, whereas ACTH varied across disease forms [17–20]. PPGL showed
higher ACTH, PRA, angiotensin II, and cortisol, compatible with catecholamine-related hemodynamic and
stress-axis activation [13–16]. These patterns provide a mechanistic basis for the candidate markers but
do not imply that angiotensin II, ACTH, or the combined panel can replace metanephrine-based PPGL
testing or established Cushing syndrome testing.

The nested-model results favor parsimony. Aldosterone alone yielded an AUC of 0.814; addition of PRA
increased the AUC to 0.866, and addition of cortisol increased it to 0.889. Angiotensin II and ACTH did
not materially improve the linear composite model or reduce overall prediction error. This is clinically
relevant because additional assays can add cost and preanalytical variability without improving
classification. Importantly, the 2025 Endocrine Society guideline recommends primary aldosteronism
screening with aldosterone and renin for individuals with hypertension [5]. The present model should
therefore not be used to withhold guideline-recommended primary aldosteronism screening; its potential
role is downstream prioritization of broader disease-specific endocrine evaluation in selected patients.

The locked threshold also defines the limits of clinical use. Sensitivity of 72.6% means that the model
would miss a clinically important proportion of cases if used as a rule-out test. Likewise, a positive
predictive value of 67.7% means that a positive model result cannot establish an endocrine diagnosis.
The positive likelihood ratio of 5.52 represents a meaningful but not definitive increase in post-test odds,
whereas the negative likelihood ratio of 0.32 is insufficient to exclude disease without clinical judgment.
Future work should assess clinically motivated thresholds, including higher-sensitivity operating points,
and should evaluate net benefit using decision-curve analysis rather than relying on discrimination alone
[27, 30].

Calibration was acceptable overall, with an intercept of 0.126, a slope of 1.047, and a Brier score of
0.109, although deviations were evident in intermediate-risk groups. This matters because good
discrimination does not guarantee accurate absolute risk estimates [28]. Recalibration may be required
in populations with different referral patterns, medication use, and disease spectra. Angiotensin II

Page 11/19



showed its largest numerical increment in the PPGL subgroup, but the apparent AUC increase was based
on only 13 PPGL events in the validation cohort and should be treated as hypothesis-generating.

Medication interference remains an important source of uncertainty. After exclusion of participants
receiving a diuretic or mineralocorticoid receptor antagonist, discrimination persisted but decreased in
the exploratory nonlinear analysis. Residual effects from angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, beta-blockers, glucocorticoids, sodium intake, posture, potassium status,
and sampling time may also remain [5, 11, 12, 21]. Future validation should use standardized sampling
conditions and prespecified medication-handling strategies.

The study has several strengths. The outcome was assigned through disease-specific confirmation
pathways rather than by the same baseline hormone thresholds used as candidate predictors, reducing
circular validation. The analysis compared prespecified nested marker sets, separated development and
validation data, reported calibration and Brier score in addition to AUC, and provided predictive values
and likelihood ratios that are easier to interpret clinically. The study also directly addresses a practical
hypertension-care question: how a simpler biomarker combination might help prioritize confirmatory
endocrine evaluation rather than replace it.

Several limitations require emphasis. First, this was a single-center study and transportability to
community, outpatient, and specialist referral settings is unknown. Second, restricting model
development to participants who completed the reference-standard pathway creates potential partial-
verification and referral bias. Third, the composite endpoint combined three biologically distinct
disorders and was dominated numerically by primary aldosteronism. Fourth, the PPGL and Cushing
syndrome subgroups were small. Fifth, medication exposure and preanalytical conditions may have
influenced the candidate hormones. Sixth, split-sample internal validation uses data inefficiently and
does not establish external validity. Finally, the model has not undergone independent external validation
or prospective impact assessment.

These findings support further evaluation rather than immediate clinical implementation. Priority next
steps include comparison of verified and nonverified participants, methods that explicitly address partial
verification, standardized medication and sampling protocols, resampling-based internal validation,
external validation at another institution, disease-specific assessment of false negatives, and evaluation
of whether use of the model improves testing efficiency or cardiovascular care pathways.

Conclusions
Among adults who completed definitive endocrine evaluation during hypertension work-up, a
parsimonious model based on aldosterone, PRA, and cortisol showed good internal discrimination for
the composite outcome of confirmed primary aldosteronism, PPGL, or Cushing syndrome and
performed similarly to the full five-marker linear model. The model may help prioritize disease-specific
testing in selected patients, but its residual false-negative rate precludes use as a stand-alone diagnostic
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or rule-out test. Independent external validation and explicit assessment of partial-verification and
medication-related bias are required before clinical implementation.
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Figure 1

Patient selection and formation of the model-development cohort.
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Figure 2

Validation receiver operating characteristic curves for the parsimonious and full linear models
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Figure 3

Calibration of the parsimonious three-marker model in the validation set.
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