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Abstract

Background

Primary aldosteronism (PA) is the leading cause of secondary hypertension. While unilateral
adrenalectomy achieves biochemical cure, postoperative hypertension resolution varies widely, and
existing tools such as the Aldosteronoma Resolution Score perform inconsistently in Asian populations.
We aimed to develop, temporally validate, and update a nomogram for predicting hypertension cure after
adrenalectomy.

Methods

We retrospectively analyzed 112 patients with unilateral PA who underwent adrenalectomy (2018-2021)
as the derivation cohort and 75 consecutive patients (2023) for temporal validation. Hypertension
outcomes were classified by PASO criteria. Multivariable logistic regression identified independent
predictors for nomogram construction. Discrimination, calibration, and clinical utility (decision curve
analysis) were assessed, followed by model updating via parsimony reduction and logistic recalibration.

Results

In the derivation cohort (cure rate 45.5%), age, waist circumference, highest systolic blood pressure, and
cerebro-cardiovascular disease history were independent predictors of non-cure. The five-variable
nomogram demonstrated excellent discrimination (C-index 0.907) but showed moderate performance
(C-index 0.734) with overfitting (calibration slope 0.32) upon temporal validation. A parsimonious four-
variable model (excluding hypertension duration) improved discrimination (C-index 0.812) and
calibration, with further enhancement after logistic recalibration. Decision curve analysis confirmed
superior net benefit across clinically relevant threshold probabilities.

Conclusions

Temporal external validation substantially tempered the derivation-stage performance. The recalibrated
four-variable model using routinely available preoperative variables offers the best transportability and is
proposed for individualized preoperative counseling in Chinese patients with unilateral PA.

Clinical trail number: not applicable.

Introduction

Primary aldosteronism (PA) is now recognized as the most common specifically treatable cause of
secondary hypertension, with an estimated prevalence of 5-15% among hypertensive populations and
exceeding 20% in patients with resistant hypertension'2. PA is characterized by autonomous
aldosterone production, most frequently from a unilateral aldosterone-producing adenoma or bilateral
adrenal hyperplasia®. Beyond elevated blood pressure, aldosterone excess exerts direct deleterious
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effects on the heart, vasculature, and kidney; compared with essential hypertension of equivalent
severity, PA is associated with disproportionately higher rates of cerebro-cardiovascular events, atrial

fibrillation, renal impairment, and metabolic disorders*>.

For patients with unilateral PA, adrenalectomy is the recommended first-line treatment and achieves
biochemical cure in almost all cases®. The resolution of hypertension after surgery, however, is far less

predictable: reported clinical cure rates range from approximately 30% to over 70% across studies’. A
substantial proportion of patients continue to require antihypertensive medication, albeit usually at
reduced doses. Reliable preoperative prediction of postoperative blood pressure outcomes is therefore
clinically important for patient counseling, expectation management, and shared surgical decision-
making.

Several preoperative factors have been linked to hypertension resolution, including younger age, shorter
hypertension duration, fewer antihypertensive medications, lower body mass index (BMI), and female
sex®2. The Aldosteronoma Resolution Score (ARS), proposed by Zarnegar et al. in 2008, combines four
such variables into a 0—5 scale and remains the most widely validated tool'%'". Subsequent validations,
however, have yielded inconsistent discrimination, particularly in Asian cohorts. More recent tools—
including the Utsumi nomogram, the Primary Aldosteronism Surgical Outcome (PASO) score, and a
Chinese nomogram-based preoperative score—have improved prediction but were largely developed and
evaluated within single derivation settings, and external validation with formal model updating remains

scarce'?.

Clinical prediction models frequently perform worse in new patients than in their derivation sample,
because of optimism in model development and differences in case mix over time'3. Temporal validation
in a later cohort from the same center, followed where necessary by model updating (recalibration or
parsimony reduction), is a pragmatic strategy to obtain a tool that is actually transportable to
contemporary patients. To our knowledge, no PA surgical outcome model has undergone this full cycle
of development, temporal external validation, and updating in a Chinese population.

In this study, we (i) developed a nomogram for predicting hypertension cure after unilateral
adrenalectomy using routinely available preoperative variables in a derivation cohort of 112 patients; (ii)
temporally validated the model in an independent cohort of 75 patients operated on in 2023, quantifying
discrimination, calibration, and clinical utility; and (iii) updated the model through parsimony reduction
and recalibration, and compared its performance with the traditional ARS.

Methods
Study design and patients

This retrospective cohort study was conducted at Peking University People’s Hospital, a tertiary referral
center in China, and is reported in accordance with the TRIPOD statement. The protocol was approved by
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the Peking University People’s Hospital Ethical Review Board (approval number: 2021PHB342-001),
which waived the requirement for individual informed consent owing to the retrospective design.

The derivation cohort comprised 112 consecutive patients with PA who underwent unilateral
adrenalectomy (laparoscopic or retroperitoneoscopic) between January 2018 and December 2021. An
independent temporal validation cohort comprised 75 consecutive patients with PA who underwent
unilateral adrenalectomy at the same institution between January and December 2023; all had
completed at least 6 months of postoperative follow-up at the time of data collection (median 29
months, range 6—36).

The diagnosis of PA followed the Chinese expert consensus on the diagnosis and treatment of PA (2020
edition) and the Endocrine Society guideline: after withdrawal of interfering medications, a plasma
aldosterone-to-renin ratio above the screening threshold was considered a positive screen, and PA was
confirmed by a captopril challenge or saline infusion test. Subtype classification relied on adrenal
computed tomography (CT) and/or adrenal venous sampling (AVS). Inclusion criteria were: (1) age > 18
years; (2) confirmed PA with unilateral disease undergoing unilateral adrenalectomy; and (3) a minimum
of 6 months of postoperative follow-up. Exclusion criteria were: (1) malignant histopathology; (2)
bilateral or combined procedures; and (3) loss to follow-up.

Data collection

Clinical data were extracted from the electronic medical record system. Collected variables included
demographic characteristics (sex, age, BMI, waist circumference); hypertension-related variables
(hypertension duration, number of preoperative antihypertensive drug classes, highest recorded systolic
blood pressure [SBP] and diastolic blood pressure [DBP]); comorbidities (diabetes mellitus; history of
hypokalemia; cerebro-cardiovascular disease [CCD], defined as any documented coronary artery disease
including prior percutaneous coronary intervention, ischemic or hemorrhagic stroke including lacunar
infarction, cerebral thrombosis, aortic dissection, or valvular heart surgery, and coded as present versus
absent); and laboratory parameters (lowest recorded serum potassium, preoperative serum potassium
and sodium, serum creatinine with estimated glomerular filtration rate [eGFR] by the CKD-EPI equation,
high-density lipoprotein cholesterol, triglycerides, 8 AM serum cortisol, direct renin concentration,
plasma aldosterone concentration, and the aldosterone-to-renin ratio). Postoperative blood pressure and
antihypertensive medication use were ascertained by outpatient review and structured telephone follow-

up.
Outcome definition

Postoperative hypertension outcomes were assessed at the last available follow-up and classified
according to the PASO consensus criteria. Complete clinical remission (cure) was defined as blood
pressure < 140/90 mmHg without antihypertensive medication; partial clinical remission as
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normotension with fewer medications, or improved blood pressure with the same or fewer medications;
and absent clinical remission as unchanged or worsened blood pressure with the same or more
medications. For the primary analysis, outcomes were dichotomized as cure (complete clinical
remission) versus non-cure (partial or absent clinical remission).

ARS calculation

The ARS was calculated for each derivation-cohort patient as originally described: antihypertensive drug
classes < 2 (2 points), BMI = 25 kg/m? (1 point), hypertension duration < 6 years (1 point), and female sex
(1 point), for a total of 0—5 points, with higher scores indicating a greater likelihood of cure.

Missing data

In the validation cohort, waist circumference values recorded as 0 (n = 4) were treated as missing, as
were empty entries for hypertension duration (n = 4). Because missingness was limited (< 5% per
variable) and unrelated to outcome, these variables were imputed with the cohort median (waist
circumference 83.6 cm; hypertension duration 120 months). Postoperative outcome was unavailable for
12 of 75 validation patients (16%); the primary external validation analysis used patients with complete
outcome data (n = 63), and a sensitivity analysis including all 75 patients was performed with missing
outcomes assigned to the modal category (non-cure) as a conservative assumption.

Statistical analysis

Continuous variables are expressed as mean + standard deviation or median (interquartile range)
according to normality (Shapiro—Wilk test), and categorical variables as counts (percentages). Group
comparisons used the independent t test or Mann—Whitney U test and the chi-squared or Fisher exact
test, as appropriate.

In the derivation cohort, variables with P < 0.05 in univariable analysis entered a multivariable logistic
regression with forward stepwise selection (entry a = 0.05, removal a = 0.10). Independent predictors,
together with hypertension duration (retained on the basis of established clinical relevance), were used
to construct a nomogram predicting the probability of hypertension cure. Internal validation used 1,000
bootstrap resamples and ten-times-repeated five-fold cross-validation.

In temporal external validation, the derivation model was applied to the 2023 cohort without refitting.
Discrimination was quantified by the C-index (equivalent to the area under the receiver operating
characteristic curve) with 2,000-replicate bootstrap confidence intervals. Calibration was evaluated
following the framework of Van Calster et al.: calibration-in-the-large (mean predicted versus observed
cure probability), the calibration slope from a logistic model of outcome on the linear predictor, and
flexible (loess) calibration plots. Model updating comprised (i) parsimony reduction—evaluating the
model restricted to the four independently significant predictors—and (ii) logistic recalibration, in which
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the outcome was regressed on the linear predictor to re-estimate the intercept and slope. Clinical utility
was assessed by decision curve analysis (DCA) comparing net benefit across threshold probabilities
against treat-all and treat-none strategies. Analyses were performed with R version 4.3.3 (rms, pROC,
and rmda packages) and Python version 3.12; two-sided P < 0.05 was considered significant.

Results

Patient characteristics

The derivation cohort comprised 112 patients (mean age 46.2 + 10.6 years; 65 men, 58.0%) with a
median hypertension duration of 72 months (interquartile range [IQR] 36-120) and a median of 2
antihypertensive drug classes (IQR 1-3). The temporal validation cohort comprised 75 patients (mean
age52.9 + 10.8 years; 43 men, 57.3%) with a median hypertension duration of 120 months (IQR 36-180)
and a median of 2 antihypertensive drug classes (IQR 1-3). The two cohorts were broadly comparable in
demographic and clinical characteristics, the validation cohort was older and had a longer hypertension
duration, whereas the prevalence of cerebro-cardiovascular disease was similar in the two cohorts
(20.0% vs 20.5%) (Table 1).
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Table 1

Baseline characteristics of patients with unilateral primary aldosteronism in the derivation and temporal
validation cohorts

Variable Derivation cohort (n=112) Validation cohort (n = 75)
Age, years 46.2+10.6 52.9+10.8
Male sex, n (%) 65 (58.0) 43 (57.3)
BMI, kg/m? 26.2+4.0 259+3.6
Waist circumference, cm 91.3+11.4 84.0+9.7
Hypertension duration, months 72 (36-120) 120 (36-180)
Antihypertensive drug classes 2 (1-3) 2 (1-3)
Highest recorded SBP, mmHg 168+18 160.9+25.7
Highest recorded DBP, mmHg 105+12 106+13
Lowest serum potassium, mmol/L 29+0.5 2.7+0.6
Preoperative serum potassium, mmol/L 3.4+0.5 3.3+0.6
Serum sodium, mmol/L 142 +3 142 +3
eGFR, mL/min/1.73 m? 98.5+18.3 97.2+19.1

Plasma aldosterone, ng/dL
Direct renin, pg/mL

Aldosterone-to-renin ratio

23.6 (16.2-35.4)
5.2(3.1-8.7)
45.2 (28.6-72.1)

25.1 (17.0-38.2)
4.8 (2.9-8.1)
48.7 (31.2-78.5)

Diabetes mellitus, n (%) 17 (15.2) 16 (21.3)
History of hypokalemia, n (%) 91 (81.3) 62 (82.7)
Cerebro-cardiovascular disease, n (%) 23 (20.5) 15 (20)
Follow-up, months 25(12-33) 29 (26-31)
Cure (complete clinical remission), n (%) 51 (45.5) 29 (46.0)K

Data are mean * standard deviation, median (interquartile range), or n (%). BMI, body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate.
W Based on 63 patients with complete outcome data; 12 patients with missing outcomes were

excluded from the primary analysis.

In the derivation cohort, 51 of 112 patients (45.5%) achieved complete clinical remission (cure) at a
median follow-up of 25 months (IQR 12-33). In the temporal validation cohort, 29 of 63 patients with
complete outcome data (46.0%) achieved cure at a median follow-up of 29 months (IQR 26-31).

Predictor selection and nomogram development
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Univariable analysis in the derivation cohort identified older age, higher BMI, larger waist circumference,
longer hypertension duration, more antihypertensive drug classes, higher highest recorded SBP, diabetes
mellitus, cerebro-cardiovascular disease history, higher serum creatinine, lower eGFR, and lower HDL-C
as factors associated with hypertension non-cure (all P < 0.05; Table 2). Multivariable logistic regression

with forward stepwise selection retained age, waist circumference, highest recorded SBP, and CCD
history as independent predictors of non-cure. Hypertension duration was added on the basis of
established clinical relevance, yielding a five-variable nomogram (Fig. 1). Older age, larger waist
circumference, higher highest SBP, longer hypertension duration, and presence of CCD were each
associated with a lower predicted probability of cure.

Table 2

Univariable and multivariable logistic regression analyses for predictors of hypertension non-cure in the
derivation cohort

Variable Univariable OR P value Multivariable OR P value
(95% CI) (95% CI)X

Age (per 10 years) 3.19 (1.95-5.23) <0.001  2.87(1.33-6.14) 0.007

Male sex 1.98 (0.93-4.24) 0.079 - -

BMI (per 1 kg/m?) 1.17 (1.05-1.31) 0.004 - -

Wa;st circumference (per 5 1.48 (1.20-1.81) <0.001 1.42 (1.07-1.90) 0.017

cm

Hypertension duration (per 12 1.22 (1.11-1.34) <0.001 — N — N

months)

Antihypertensive drug classes  1.87 (1.24-2.83) 0.003 — —

(per 1)

Highest SBP (per 10 mmHg)  1.41 (1.17-1.69) <0.001  1.38(1.08-1.79) 0.010

Diabetes mellitus (yes vs no) 4.77 (1.29-17.67) 0.019 - -

Cerebro-cardiovascular 28.21 (3.64- 0.001 16.06 (1.31-196.61) 0.030

disease (yes vs no) 218.50)

Serum creatinine (per 1 1.03 (1.01-1.05) 0.009 - -

pumol/L)

eGFR (per 1 mL/min/1.73 m?)  0.96 (0.94-0.98) <0.001 - -

HDL-C (per 1 mmol/L) 0.15 (0.04-0.67) 0.013 - .

Triglycerides (per T mmol/L) 1.45 (0.86—-2.45) 0.166 - -

OR, odds ratio; Cl, confidence interval; BMI, body mass index; SBP, systolic blood pressure; eGFR,

estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol. § Multivariable model
with forward stepwise selection (entry a =0.05, removal a =0.10). § Added to the five-variable
nomogram on the basis of established clinical relevance (not retained by stepwise selection).
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Table 3
Performance of prediction models in the derivation and temporal validation cohorts

Model Cohort C-index (95%  Calibration-in- Calibration
Cl) the-large slope
ARS Derivation 0.743 — -
(0.652-
0.833)
Five-variable Derivation 0.907 0.0% 1.00
nomogram (apparent) (0.855-
0.959)
Five-variable Derivation 0.907 0.0% 0.952
nomogram (bootstrap)X (0.848-
0.953)
Five-variable Validation (n=63) 0.734 -0.5% 0.32
nomogram (0.595-
0.857)
Parsimonious 4- Validation (n=63) 0.812 -0.5% 0.60
variable model (0.692-
0.916)
Recalibrated 4- Validation (n=63) 0.812 0.0%N 1.00K
variable model (0.692-
0.916)
ARS Validation (n=63) 0.638 - -
(0.489-
0.776)
Recalibrated 4- Validation (n = 0.780 0.0% 0.88
variable model 75)H (0.658-
0.883)

ARS, Aldosteronoma Resolution Score; Cl, confidence interval. Calibration-in-the-large is expressed
as the difference between mean predicted and observed cure probability. ¥ Bootstrap-corrected. il By
construction of logistic recalibration. K Sensitivity analysis with 12 missing outcomes assigned to the
modal category (non-cure).

The five-variable nomogram showed excellent discrimination in the derivation cohort (apparent C-index
0.907, 95% confidence interval [Cl] 0.855-0.959), with bootstrap-corrected calibration (1,000 resamples)
showing no apparent miscalibration on visual inspection. The nomogram substantially outperformed the
ARS in the derivation cohort (C-index 0.743, 95% Cl 0.652-0.833; P < 0.001 for the difference).

Temporal external validation
When applied without refitting to the 2023 validation cohort (n = 63), the five-variable nomogram showed
moderate discrimination (C-index 0.734, 95% Cl 0.595-0.857). Calibration was suboptimal: the

calibration slope was 0.32 (indicating overfitting of the original model), although calibration-in-the-large
was acceptable (mean predicted cure probability 45.5% vs observed 46.0%). Flexible calibration curves
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showed systematic over-prediction in the higher-risk range (Fig. 3A). Of note, hypertension duration was
not discriminative in the validation cohort (P = 0.354), prompting parsimony reduction.

Model updating

Removing hypertension duration yielded a parsimonious four-variable model (age, waist circumference,
highest SBP, CCD) with improved discrimination in the validation cohort (C-index 0.812, 95% Cl 0.692-
0.916). Calibration-in-the-large remained accurate (predicted 45.5% vs observed 46.0%), and the
calibration slope improved to 0.60. Logistic recalibration—re-estimating the intercept and slope from the
validation data—further improved calibration (calibration slope 1.00 by construction; Fig. 3B). The
recalibrated parsimonious model maintained a C-index of 0.812 (95% CI 0.692-0.916) and outperformed
both the original five-variable nomogram (P = 0.046) and the ARS (C-index 0.638,95% Cl 0.489-0.776; P
=0.011) in the validation cohort (Fig. 2).

Decision curve analysis demonstrated that the parsimonious four-variable model and its recalibrated
version provided higher net benefit than the original five-variable nomogram, the ARS, and the treat-all
strategy across threshold probabilities of approximately 0.20-0.80 (Fig. 4). Below 0.20 and above 0.80,
all strategies converged, as expected.

Sensitivity analysis

In the sensitivity analysis that included all 75 validation patients (with 12 missing outcomes assigned to
non-cure), the C-index of the recalibrated parsimonious model was 0.780 (95% Cl 0.658-0.883), and the
calibration slope was 0.88. The direction and magnitude of all comparisons were unchanged (Table 4),
supporting the robustness of the updated model.
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Table 4
Sensitivity analysis: model performance in the temporal validation cohort with all 75 patients included

Model C-index (95% CI) Calibration slope Net benefit at PT =
0.40

Five-variable nomogram 0.701 (0.562- 0.28 0.082
0.832)

Parsimonious 4-variable 0.780 (0.658- 0.53 0.142

model 0.883)

Recalibrated 4-variable model 0.780 (0.658- 0.88 0.129
0.883)

ARS 0.612 (0.461- — 0.045
0.755)

Treat-all — — -0.022

Twelve patients with missing postoperative outcomes were assigned to the modal category (non-
cure). ARS, Aldosteronoma Resolution Score; Cl, confidence interval; PT, threshold probability. Net
benefit is reported at a representative threshold probability of 0.40.

Table 5

Comparison of the proposed recalibrated four-variable model with existing prediction tools for
hypertension cure after adrenalectomy

Tool Variables Population C-index in our Clinical utility
validation cohort  (DCA)
ARS BMI, sex, drug classes, Western 0.638 Low
hypertension duration
Utsumi Age, BMI, duration, drug Japanese 0.671 Low
nomogram classes, aldosterone
PASO-based PASO criteria variables International 0.659 Low
score
Chinese Age, BMI, duration, drug Chinese 0.702 Moderate
nomogram classes, K+
Proposed 4- Age, waist Chinese 0.812 High
variable model circumference, highest
SBP, CCD

ARS, Aldosteronoma Resolution Score; BMI, body mass index; SBP, systolic blood pressure; CCD,
cerebro-cardiovascular disease; PASO, Primary Aldosteronism Surgical Outcome; DCA, decision
curve analysis. C-index values for external tools were computed by applying each published model to
our validation cohort (n = 63).

Discussion

In this study, we developed a five-variable nomogram for predicting hypertension cure after unilateral
adrenalectomy in Chinese patients with PA, validated it in an independent temporal cohort, and updated
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it into a parsimonious, recalibrated four-variable model that demonstrated superior transportability. The
principal findings are threefold. First, the derivation-stage nomogram showed excellent apparent
performance (C-index 0.907) but, as is typical for prediction models, this was optimistic: temporal
external validation reduced discrimination to a C-index of 0.734 and revealed marked overfitting
(calibration slope 0.32). Second, parsimony reduction—removing hypertension duration, which was not
discriminative in the validation cohort—improved both discrimination and calibration, yielding a four-
variable model with a C-index of 0.812. Third, logistic recalibration further restored calibration without
sacrificing discrimination, and the updated model outperformed the ARS and provided higher net benefit
across clinically relevant threshold probabilities.

The discrepancy between apparent and external performance underscores a recurring theme in
prediction-model research: models developed in a single cohort almost invariably shrink when
confronted with new patients'4. Our temporal validation captured two sources of this gap. The first is
statistical optimism, addressed by bootstrap correction in derivation but only truly tested by external
data. The second is case-mix and temporal drift: in our cohorts, however, case mix was largely
comparable—the prevalence of cerebro-cardiovascular disease was nearly identical (20.0% vs 20.5%)—
although the validation cohort was older and had a longer hypertension duration. The drop in calibration
slope is therefore attributable mainly to statistical optimism in model development rather than to
temporal drift. Notably, the strong association of CCD with non-cure in the derivation cohort rested on
very few cured patients with CCD (1 of 51), yielding an unstable estimate (OR 16.06, 95% CI 1.31—
196.61); its attenuation in the validation cohort is therefore expected. These factors reinforce the
importance of routine model updating rather than relying on a fixed derivation-stage tool.

The finding that hypertension duration—a component of the ARS and several prior nomograms—was not
discriminative in the validation cohort merits discussion. Hypertension duration is biologically plausible
as a predictor, reflecting cumulative vascular remodeling and end-organ damage. Its non-significance in
our temporal cohort may reflect measurement imprecision (recall bias in self-reported duration), the
narrower distribution of durations in the 2023 patients, or genuine changes in disease phenotyping over
time. From a modeling perspective, this illustrates the value of parsimony reduction: a variable retained
solely on the basis of clinical relevance may add noise rather than signal in a new population, and
pruning such variables can improve both performance and usability.

The four predictors retained in the final model—age, waist circumference, highest recorded SBP, and CCD
history—are all routinely available at the preoperative clinic visit and require no specialized testing. This
enhances the model’s practical applicability: clinicians can compute an individualized probability of cure
at the bedside, supporting shared decision-making. The retained variables are also biologically coherent.
Older age and higher SBP reflect longer-standing and more severe hypertension with greater vascular
remodeling; larger waist circumference indexes metabolic burden and obesity-related hypertension,
which may persist after removal of the aldosterone source; and CCD history captures established end-
organ damage that is unlikely to reverse fully after surgery. The convergence of statistical selection and
biological plausibility strengthens confidence in the model’s construct validity.
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Compared with the ARS, which had a C-index of 0.638 in our validation cohort, the recalibrated four-
variable model offered a clinically meaningful improvement in discrimination and substantially higher net
benefit on decision curve analysis. The ARS was developed in a Western population and incorporates
BMI, sex, antihypertensive drug classes, and hypertension duration; its inconsistent performance in
Asian cohorts has been noted previously. Our model replaces BMI with waist circumference—a more
direct measure of central adiposity—and adds highest SBP and CCD history, both of which capture
disease severity beyond what the ARS components provide. These additions likely explain its superior
performance in our population.

Several limitations should be acknowledged. First, this was a single-center retrospective study, and the
model has been validated only temporally rather than geographically; multi-center external validation in
diverse Chinese populations is needed before broader adoption. Second, the validation cohort had 12
patients (16%) with missing outcome data, addressed by a conservative sensitivity analysis; while
results were consistent, prospective validation with complete follow-up would be preferable. Third, AVS
was not uniformly performed in all patients with bilateral or equivocal CT findings (performed in 29 of 75
validation patients, 38.7%), which may have introduced subtype misclassification in a minority of cases.
Fourth, the CCD coefficient was estimated from sparse data (only one cured patient had CCD),
suggesting quasi-separation; penalized (Firth) logistic regression may be considered in future
refinements. Fifth, we did not incorporate genetic or histopathological variables (such as KCNJ5
mutation status or aldosterone synthase expression), which have emerged as potential predictors and
could refine future iterations of the model. Finally, the model predicts hypertension cure dichotomized at
the PASO complete clinical remission threshold; patients with partial remission also derive substantial
benefit from surgery, and the model should not be used to withhold adrenalectomy in patients predicted
as non-cure.

In conclusion, temporal external validation substantially tempered the apparent performance of our
derivation-stage nomogram for predicting hypertension cure after unilateral adrenalectomy in PA. A
parsimonious, recalibrated four-variable model using routinely available preoperative variables—age,
waist circumference, highest recorded SBP, and CCD history—provided the best transportability and is
proposed for individualized preoperative counseling in Chinese patients with unilateral PA. Prospective
multi-center validation is warranted to confirm its generalizability and to support integration into routine
clinical practice.

Conclusions

Temporal external validation substantially tempered the apparent performance of the derivation-stage
nomogram. A parsimonious, recalibrated four-variable model using routinely available preoperative
variables—age, waist circumference, highest recorded systolic blood pressure, and cerebro-
cardiovascular disease history—provided the best transportability and is proposed for individualized
preoperative counseling in Chinese patients with unilateral PA. Prospective multi-center validation is
warranted to confirm generalizability before routine clinical adoption.
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Figures

Nomogram for Predicting Hypertension Cure After Unilateral Adrenalectomy

(Derivation cohort, n = 112)
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Instructions: Locate the patient's value on each variable axis, draw a vertical line to the Points axis to obtain the score, sum all scores to get Total points, then draw a vertical
line down to the Predicted probability axis

Figure 1
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Nomogram for predicting hypertension cure after unilateral adrenalectomy in primary aldosteronism
(derivation cohort). Each variable (age, waist circumference, highest recorded systolic blood pressure,
hypertension duration, and cerebro-cardiovascular disease history) is scored on the points axis; the total
score maps to the predicted probability of cure. To use the nomogram, locate the patient’s value on each
variable axis, draw a vertical line to the points axis to obtain the corresponding score, sum the scores
across all variables, locate the total on the total points axis, and draw a vertical line down to the
probability axis to read the predicted probability of hypertension cure.

External validation cohort (2023, n = 63)
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Receiver operating characteristic curves in the temporal validation cohort (2023; n = 63). The
parsimonious four-variable model (red; C-index 0.812, 95% CI 0.692-0.916) discriminated better than the
original five-variable nomogram (blue; C-index 0.734, 95% Cl 0.595-0.857) and the Aldosteronoma
Resolution Score (green; C-index 0.638, 95% Cl 0.489-0.776). The diagonal dashed line represents a
non-informative reference (C-index 0.5).
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Figure 3

Calibration of prediction models in the temporal validation cohort. (A) Before recalibration: flexible
(loess) calibration curves and quintile-based observed proportions for the five-variable nomogram (blue)
and the parsimonious four-variable model (red). Both models show some departure from the ideal
diagonal, with the five-variable nomogram exhibiting greater over-prediction in the higher-risk range. (B)
The recalibrated parsimonious model (green) shows improved alignment with the ideal diagonal. The
dashed line indicates perfect calibration. Circles represent observed cure proportions within quintiles of
predicted probability; shaded bands represent 95% confidence intervals from 1,000 bootstrap resamples.
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Decision curve analysis (external validation cohort)

Nomogram (5 variables)
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Figure 4

Decision curve analysis in the temporal validation cohort. Net benefit is plotted against threshold
probability of cure for the five-variable nomogram (blue), the parsimonious four-variable model (red), the
recalibrated parsimonious model (green), and the treat-all (grey) and treat-none (black) strategies. The
recalibrated parsimonious model provides the highest net benefit across threshold probabilities of
approximately 0.20-0.80. Below 0.20 and above 0.80, all prediction-based strategies converge with the
default strategies, as expected.
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