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BACKGROUND

Targeted treatment of primary aldosteronism (PA) is informed by
adrenal vein sampling (AVS), which remains limited to specialized
centers. Clinical prediction models have been developed to help se-
lect patients who would most likely benefit from AVS. Our aim was to
assess the performance of these models for PA subtyping.

METHODS

This external validation study evaluated consecutive patients re-
ferred for PA who underwent AVS at a tertiary care referral center in
Alberta, Canada during 2006-2018. In alignment with the original
study designs and intended uses of the clinical prediction models, the
primary outcome was the presence of lateralization on AVS. Model
discrimination was evaluated using the C-statistic. Model calibration
was assessed by comparing the observed vs. predicted probability of
lateralization in the external validation cohort.

RESULTS

The validation cohort included 342 PA patients who underwent
AVS (mean age, 52.1 years [SD, 11.5]; 201 [58.8%] male; 186 [54.4%]
with lateralization). Six published models were assessed. All
models demonstrated low-to-moderate discrimination in the val-
idation set (C-statistics; range, 0.60-0.72), representing a marked
decrease compared with the derivation sets (range, 0.80-0.87).

CONCLUSIONS

Overall, clinical prediction models did not accurately predict AVS later-
alization in this large cohort. These models cannot be reliably used to
inform the decision to pursue AVS for most patients.
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Comparison of observed and predicted probabilities of unilateral
PA revealed significant miscalibration. Calibration-in-the-large
for every model was >0 (range, 0.35-1.67), signifying systematic
underprediction of lateralizing disease. Calibration slopes were
consistently <1 (range, 0.35-0.87), indicating poor performance at
the extremes of risk.
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Primary aldosteronism (PA) is a common cause of hyper-
tension, affecting at least 10% of all people with high blood
pressure.! Distinguishing between unilateral vs. bilateral di-
sease helps to guide treatment. Specifically, adrenalectomy is
preferred for patients with unilateral disease, whereas min-
eralocorticoid receptor antagonist therapy is recommended
for patients with bilateral disease.>-> Subtyping is one of the
most challenging diagnostic steps, owing to the unreliability
of diagnostic imaging and limited availability of adrenal vein
sampling (AVS),>¢-10 creating a large care gap.!!

Consequently, multiple clinical prediction models have
been proposed to simplify the workup by helping to pri-
oritize patients most likely to benefit from AVS.!>"! These
frequently incorporate demographic, laboratory, and/or
imaging characteristics to stratify patients based on the
probability of having lateralizing disease. However, their
performance in clinical practice remains unclear, as previous
evaluations of these models have generally been limited by
nonstandardized reporting and the absence of key measures
of discrimination or calibration.!41518-22

As performance is commonly overestimated at the de-
velopment stage, external validation of a prediction model
is requisite for determining its generalizability before it can
be incorporated into clinical practice.?> Addressing this, we
sought to externally validate the performance of multiple
published clinical prediction models for subtyping in a large
and diverse cohort of patients with PA, using AVS as a ref-
erence standard, exactly as the models intended. Specifically,
we evaluated discrimination and calibration to determine
whether each model provided discriminate and reliable AVS
lateralization predictions in an independent dataset.

METHODS

This study was reported according to the Transparent
Reporting of a multivariable prediction model for Individual
Prognosis Or Diagnosis (TRIPOD) statement** and was
approved by the University of Calgary Conjoint Health
Research Ethics Board.

Validation study population

Data were prospectively collected. We identified all con-
secutive patients who underwent AVS in the workup of PA
from January 2006 to May 2018 using the regional AVS da-
tabase in Calgary, AB, Canada. This database has been used
in numerous studies evaluating PA workup and contains
detailed diagnostic information on all AVS performed in
Southern Alberta.*?>2¢ The catchment includes Alberta, the
interior of British Columbia, and Saskatchewan, representing
an ethnically and sociodemographically diverse population
in western Canada.

Patients were included if they had a diagnosis of PA (based
on an elevated aldosterone-renin ratio [ARR] >550 pmol/l
per ng/ml/h or >60 pmol/l per mIU/I and high-probability
features of PA [resistant hypertension, adrenal mass, sponta-
neous hypokalemia, and/or diuretic-induced hypokalemia])
and successful AVS, as defined by cannulation of both ad-
renal veins.”> Prior to AVS, potassium-sparing diuretics
were stopped for at least 4 weeks and other interfering
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medications were discontinued for 2 weeks; alpha blockers,
calcium channel blockers, and/or hydralazine were instead
used for blood pressure control.?

Outcome

The study outcome was the presence (or absence) of uni-
lateral PA as defined by AVS based on a standardized pro-
tocol and interpretation criteria. Lateralization with AVS
was selected to facilitate comparisons with other studies and
to align with the original intention of these clinical predic-
tion models. Post-treatment outcomes, such as biochemical
or clinical response to adrenalectomy,® were not considered
because these were not relevant for the intended use of the
AVS prediction models being studied; rather, post-treatment
outcomes would only be useful for assessing whether models
designed to predict postoperative success are effective at
prioritizing patients for surgical referral (which is entirely
different than and outside the scope of the present study).
We have previously published that our AVS interpretation
criteria and subsequent surgical decisions are associated
with excellent outcomes.?

A selectivity index of >2:1 at baseline or >3:1 fol-
lowing cosyntropin stimulation (250 pg cosyntropin bolus
followed by 6.25 pg infusion over 15 minutes) indicated
successful cannulation during AVS.2® The presence of
unilateral aldosterone hypersecretion was based on a lat-
eralization index of >3:1, comparing the dominant to the
nondominant adrenal gland, using unstimulated aldoste-
rone-cortisol ratios.>

Clinical prediction models

We defined a “clinical prediction model” as a model
that combined 2 or more independent variables to obtain
an estimate of the probability of having unilateral or bilat-
eral subtypes for PA in accordance with our institutional
AVS interpretation practice, as above. A sensitivity analysis
was also performed where we applied the same AVS selec-
tivity index and lateralization index thresholds used in the
original studies for each model to define successful AVS
and lateralization, respectively, and then reassessed model
performance.

We searched MEDLINE from inception to November
2020 using medical subject headings (“hyperaldosteronism”
and “clinical decision rules”) and author-supplied keywords
(“prediction score,” “prediction model,” “subtype predic-
tion”). Reference lists of included articles were also hand-
searched to identify other relevant studies. Studies were
considered for inclusion if they reported model derivation
using original data. Those that incorporated variables that
were not routinely collected at our institution (e.g., ARR
following captopril challenge) were excluded, as these
models could not be externally validated with our data.
We identified 6 models for inclusion.'?-1416-18 We addition-
ally assessed a prediction rule adopted by several societies
suggesting that the combination of age under 35 years,
hypokalemia, plasma aldosterone concentration (PAC)
>30 ng/dl, and a unilateral adrenal adenoma >1.0 cm is
specific for unilateral disease.>?
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Predictor variables

Based on the clinical prediction models identified, in-
formation on potential predictors of lateralization was
retrieved from clinical records. These included age (at the
time of AVS), sex, and baseline measures of serum potas-
sium, renal function, PAC, and ARR. The lowest serum
potassium on record was used to define hypokalemia.
PAC was measured by either solid-phase radioimmuno-
assay (Siemens Coat-A-Count Aldosterone assay; Siemens
Healthcare Diagnostics, Tarrytown, NY) or chemilumines-
cent immunoassay (Diasorin Liaison XL platform; Diasorin,
Mississauga, ON). Both assays performed similarly across
the range of measurements.” Renin was variably reported as
plasma renin activity (PRA), using the GammaCoat PRA I'?
assay (Diasorin, Stillwater, MN), or as direct renin concen-
tration (DRC), using the Diasorin Liaison XL platform. To
facilitate comparisons, DRC was converted to PRA (DRC of
14.1 mIU/l = PRA of 1 ng/ml/h).?” The highest ARR prior to
AVS (in the absence of confounding medications) was used.
Finally, computed tomography and magnetic resonance im-
aging reports were reviewed to determine the presence of
adrenal nodules. Where appropriate, we restricted the anal-
ysis to patients without visible adrenal nodularity >1.0 cm
to better match the population where the clinical prediction
models were originally derived.!¢!

Statistical analysis

We evaluated model performance in predicting unilateral
PA.23 For consistency, reverse coding of the outcome was
used for models designed to predict bilateral disease.'®!8 For
each model, we restricted our analysis to individuals who
had data for all the predictors of interest for complete case
analysis. Discrimination was examined by calculating the
C-statistic (where a value of 1.0 represents perfect discrimina-
tion and 0.5 reflects no discriminative ability). We considered
a C-statistic <0.60 to indicate poor discrimination, 0.60-0.75
to represent moderate discrimination, and >0.75 to be ac-
ceptable discrimination.®! Calibration was assessed using
locally estimated scatterplot smoothing plots, comparing
observed and predicted probabilities of lateralization (where
perfect calibration is represented as a 45° straight line with a
slope of one and an intercept of zero).**2 Whenever possible,
the expected probability of having the unilateral subtype
was calculated using the published intercept and regression
coefficients from the original model,'® where the predicted
probability was equal to 1/(1 + efinearpredictor) Qtherwise, the
predicted probability was based on published frequencies
of the outcome in the derivation dataset for each stratum of
risk,'21718 or was estimated from the reported sensitivities
and specificities given for at least 2 strata.!® Calibration as-
sessment was not possible for 1 model because none of the
above were available.! The calibration slope was calculated
by fitting a logistic regression model using the linear pre-
dictor from the original model as an independent variable
then estimating the corresponding regression coefficient.*®
The calibration intercept (“calibration-in-the-large”) was de-
termined by fixing the calibration slope at one and estimating
the corresponding model intercept.*®

Additionally, we recalibrated the widely cited Kiipers model
by adjusting the model intercept to our local dataset.!*** The
model intercept reflects the baseline risk of the outcome,
which may be different between populations.*® By updating
the intercept, the model may perform better with improved
calibration, provided that the original model was developed
appropriately.®#3¢ Recalibration was possible here because it
was the only full model (with regression coefficients and in-
tercept) reported. The regression coefficients were fixed at
their original values while a new intercept was estimated as
a free parameter.’® After updating the intercept, calibration
was reassessed. P value <0.05 was used to indicate statistical
significance. Statistical analyses were performed using SAS
version 9.4 (SAS Institute, Cary, NC).

RESULTS
Study participants

In total, 354 patients underwent AVS for the investigation
of PA during the study period. After excluding 12 patients
where cannulation of both adrenal veins could not be con-
firmed, the validation cohort included 342 people (reflecting
2 96.6% AVS success rate).

Overall, the mean age was 52.1 (SD, 11.5) years and
201 (58.8%) participants were male (Table 1). All patients
had cross-sectional adrenal imaging; 318 (93%) received
computed tomography and 24 (7%) magnetic resonance
imaging. A discrete unilateral adrenal nodule measuring
>1.0 cm was detected in 45% of patients. Hypokalemia
(serum potassium <3.5 mmol/l) was present in 68.8% (218
of 317 known values). The median PAC was 522 (interquar-
tile range, 457) pmol/l and median ARR was 2,930 (inter-
quartile range, 3,632) pmol/l per ng/ml/h (i.e., 5.3 times the
upper limit of normal). There were 186 (54.4%) people with
lateralization on AVS.

Additional subgroups were defined to facilitate prediction
rule comparisons, one that excluded patients with bilateral
adrenal lesions (>1.0 cm)!” and another which only included
patients with normal cross-sectional imaging (lesions absent
or <1.0 cm),'® comprising 328 and 174 patients, respectively.
The baseline characteristics of these subgroups were broadly
similar to those of the overall validation cohort (Table 1).
Rates of lateralization were also similar at 54.8% and 40.2%,
respectively.

Prediction models

Six clinical prediction models were included, based out
of Japan,'s-18 France,'® Italy,'? and the United Kingdom!
(Supplementary Table S1 online). Most of the original
studies were small with typically <50 people with lateralizing
disease.!>"1416 Rates of lateralization varied, ranging from
10.5%'¢ to 65.3%.'"* The reported demographic character-
istics in the derivation cohorts were generally similar to
those in the validation cohort. Variables incorporated into
the models included sex, serum potassium, renal function,
PAC and/or ARR levels, and presence of an adrenal nodule
(Supplementary Figure S1 online). In the derivation sets,
discrimination was frequently reported to be excellent with
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C-statistics of 0.80-0.87.1%1618 None of the studies provided
measures of calibration.

Model performances

When externally validated, the rates of lateraliza-
tion generally increased with each point assigned for the
models that predicted the unilateral subtype!?-14!7 (and
the reverse for those designed to predict bilateral di-
sease)!®1% (Table 2). In many cases, however, differences
between strata were small and the range in the reported
frequencies of lateralization was narrow. Correspondingly,
the models had low-to-modest discriminative ability
overall (Figure 1), with C-statistics between 0.60 (95%
confidence intervals [CIs], 0.51, 0.69) and 0.72 (95% CI,
0.66, 0.78).

For the 5 models where calibration assessment was
possible, plots were used to examine the observed vs.
predicted probabilities of the unilateral subtype (Figure 2).
Three models were unable to accommodate a large spec-
trum of probabilities.!>!617 Specifically, in the Kamemura
model, patients were universally classified as having a high
probability of bilateral disease. In contrast, most patients
were considered to have at least a 50% chance of lateral-
ization using the Mulatero model. Calibration intercepts
(calibration-in-the-large) were uniformly >0 (from 0.35
[95% CI, 0.07, 0.64] to 1.67 [95% CI, 1.32, 2.01]; i.e.,
showing systematic bias with underprediction of the uni-
lateral subtype) and the corresponding slopes were all
<1 (from 0.35 [95% CI, 0.21, 0.50] to 0.87 [95% CI, 0.18,
1.70]; i.e., indicating that lateralizing disease was generally
underestimated and bilateral disease was overestimated
at the extremes of risk). After recalibration, the Kiipers
model demonstrated some improvement, but substantial
bias remained with significant variability at the extremes
of the predicted probabilities (Supplementary Figure S2
online).

The guideline-based prediction rule was assessed sep-
arately, as it was designed to confirm unilateral disease in
high-probability cases (rather than broadly differentiating
between unilateral vs. bilateral subtypes).»* The pres-
ence of all 4 predictors from the rule was highly specific
for lateralization but lacked sensitivity (specificity, 100.0%
[95% CI, 97.0%, 100.0%]; sensitivity, 2.6% [95% CI, 0.7%,
6.6%]).

Sensitivity analysis

When the models were reexamined using the AVS interpre-
tation criteria originally described in the derivation cohorts,
there was incremental improvement in performance across
all models, although our overall findings remained sim-
ilar (Supplementary Figures S3 and S4 online). The largest
improvements were seen in the Kobayashi model, which had
a C-statistic of 0.80 (95% CI, 0.74, 0.85), calibration inter-
cept crossing zero (—0.21 [95% CI, —0.50, 0.08]) and slope
crossing one (0.89 [95% CI, 0.67, 1.13]). Calibration meas-
ures also improved in the Mulatero and Umakoshi models,
but these continued to be limited by a narrow range of
predictions and modest discrimination.

DISCUSSION

In this study, we attempted external validation of 6 clin-
ical prediction models for detecting lateralization on AVS in
a large and diverse cohort of patients with PA,!>-1416-18 and
consistently found that these had low-to-modest discrimi-
nation and calibration. The range of predictions from these
models was generally narrow and the frequency of lateraliza-
tion was commonly underestimated. Given the importance
of accurate subtyping for informing treatment decisions (i.e.,
both to minimize missed opportunities for intervention in
patients with unilateral PA and to avoid unnecessary surgery
in those with bilateral disease), our findings suggest that clin-
ical assessment alone cannot be reliably used to decide upon
whether AVS should be offered. Indeed, a robust prediction
tool with good discrimination that remains well-calibrated
across diverse settings is needed, but presently lacking.

Previous evaluations of these models have been limited
in scope.?*332 Generally, these have confirmed modest
discrimination, but none have examined calibration. The
Kiipers model has been the subject of greatest study with ex-
ternal validations (with C-statistic, if available) performed
in German,? British,'"* Chinese (C-statistic, 0.64),"> and
Japanese (C-statistic, 0.80)!% cohorts. A recent study
evaluated the Kiipers, Kamemura, and Kobayashi models in
an Italian population'®; while no C-statistics or measures of
calibration were provided, the investigators reported only
modest model accuracy at distinguishing between unilat-
eral vs. bilateral subtypes (accuracy range, 72.7%-74.1%).
Consistent with the common rule that prognostic models
generalize best to populations that are similar to the devel-
opment population, a limited validation of the Kamemura
model in an independent Japanese cohort—one that shared
many similar characteristics with the derivation cohort—re-
ported fair discrimination (C-statistic, 0.78).!8 Finally, the
guideline-based prediction rule has only been evaluated
in small groups, all showing limited sensitivity, but high
specificity for unilateral disease.?'??> In contrast to pre-
vious validation studies, ours was the first to assess multiple
dimensions of model performance, and demonstrated global
miscalibration with systematic underprediction of laterali-
zation. Importantly, good discrimination, even if present, is
insufficient to guide diagnostic decisions, as it only captures
relative ranks between subjects. Calibration, however, is a
crucial property of a prognostic model because it reflects ab-
solute risk for individuals.??

There were multiple possible reasons why the studied
models did not perform well externally, including method-
ological factors (e.g., overfitting of the original models),*”
clinical heterogeneity (e.g., diversity in participant charac-
teristics, laboratory assays, and interpretation criteria),*
and incomplete data (e.g., potential omission of important
predictors that were either unknown or unmeasured). First,
the inclusion of many variables in a model with comparatively
few outcomes may lead to overly optimistic measures of per-
formance that only become apparent when the same model
is evaluated in an independent dataset. Addressing clinical
heterogeneity, we partially accounted for differences in base-
line risk using recalibration techniques and also accounted
for differences in AVS interpretation criteria,®!*3¢ but found
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Table 2. Frequencies of the unilateral subtype according to stratum for each prediction model and the guideline-based prediction rule

No. with unilateral No. with bilateral
Model (no.) Points No. in category subtype (%) subtype (%)
Mulatero [n = 271]2 Negative 215 104 (48.4) 111 (51.6)
Positive 56 48 (85.7) 8 (14.3)
Kipers [n = 263] 0 20 11 (55.0) 9 (45.0)
1 23 10 (43.5) 13 (56.5)
2 44 17 (38.6) 27 (61.4)
8 34 14 (41.2) 20 (58.8)
4 21 10 (47.6) 11 (52.4)
5 &2 36 (69.2) 16 (30.8)
6 44 35 (79.6) 9 (20.4)
7 25 24 (96.0) 1(4.0)
Sze [n = 263]° 0 9 4 (44.4) 5 (55.6)
1 21 10 (47.6) 11 (52.4)
2 50 21 (42.0) 29 (58.0)
3 38 17 (44.7) 21(55.3)
4 19 6 (31.6) 13 (68.4)
5 54 39 (72.2) 15 (27.8)
6 47 36 (76.6) 11 (23.4)
7 25 24 (96.0) 1(4.0)
Kamemura [n = 141]° 0 52 26 (50.0) 26 (50.0)
1 60 26 (43.3) 34 (56.7)
2 25 7 (28.0) 18 (72.0)
3 4 0 (0) 4 (100)
Umakoshi [n = 304]¢ Low 66 25 (37.9) 41 (62.1)
Low-moderate 28 13 (46.4) 15 (53.6)
High-moderate 93 42 (45.2) 51 (54.8)
High 117 92 (78.6) 25 (21.4)
Kobayashi [n = 269]° 0 37 26 (83.9) 5(16.1)
1 27 24 (88.9) 3(11.1)
2 21 12 (70.6) 5(29.4)
3 39 27 (61.4) 17 (38.6)
4 17 9 (52.9) 8 (47.1)
5 22 12 (50.0) 12 (50.0)
6 20 8 (38.1) 13 (61.9)
7 23 10 (45.4) 12 (54.6)
8 24 11 (42.3) 15 (57.7)
9 21 7 (33.3) 14 (66.7)
10 10 3(27.3) 8(72.7)
11 7 2 (28.6) 5(71.4)
12 1 0 (0) 1(100)
Endocrine Society and European Society of Hypertension [n = 271]¢ Negative 267 148 (55.4) 119 (44.6)
Positive 4 4 (100) 0 (0)

Data are no. (%).

2Based on the combined presence of serum potassium <3.0 mmol/l and plasma aldosterone concentration >25 ng/dl (>694 pmol/l).

A modification of the clinical prediction model derived by Kiipers et al.

°The models by Kamemura et al. and Kobayashi et al. were developed to predict bilateral disease (i.e., higher scores correlating with a lower frequency of the
unilateral subtype).

dAfter excluding patients with bilateral adrenal lesions seen on computed tomography (CT), patients were categorized into 4 categories in ascending frequencies
of having a unilateral subtype (normal CT with normokalemia [serum potassium 23.5 mmol/I]; unilateral adenoma with normokalemia; normal CT with hypokalemia;
and unilateral adenoma with hypokalemia).

eBased on the combined presence of age <35 years, serum potassium <3.5 mmol/l, plasma aldosterone concentration >30 ng/dl (>831 pmol/l), and a unilateral
adrenal adenoma >1.0 cm with a contralateral normal adrenal gland.
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minimal improvement in overall performance. Admittedly,
wide variability exists between practices for patients with
PA, and it is impossible to find a single “representative” pop-
ulation.® Indeed, many PA patients are never identified or
referred for subtyping.'!! However, these facts simply rein-
force the difficulty in generalizing clinical prediction models
for PA subtyping. The third factor was likely the most signif-
icant limitation of every model. It is not surprising that the
major determinants of lateralization are more complex than
can be captured with current data. For instance, imaging
abnormalities and hypokalemia were the strongest predictors
of lateralization, and were included in most models, but
these still proved to be unreliable.>!>!416-18:29 Specifically, an
adrenal nodule may frequently be discordant with AVS,’ and
the absence of a visible nodule does not rule-out unilateral
disease.’® Previous studies supporting the use of computed
tomography alone were limited by small sample sizes and in-
consistent verification with AVS.1%%* Moreover, hypokalemia
is frequently detected in patients with both unilateral and bi-
lateral subtypes.*® As such, the common variables purported
to be associated with lateralization are not sufficiently sensi-
tive to guide most clinical decisions. While there may be a
limited role for the highly specific guideline-based predic-
tion rule for identifying a selected group of patients who are
likely to have unilateral disease, it cannot be used to decide
upon AVS for the majority of PA patients.>*

This study had multiple strengths (i.e., at our center, AVS
has been verified to be a reliable reference standard with a
high degree of success and a low rate of false positive lat-
eralization; baseline characteristics, including mean age and
the proportion male, were generally similar to those in the
derivation studies, thus allowing for fair comparisons; there
were a large number of patients who had lateralization pro-
viding sufficient power to evaluate each model; and we were
able to assess performance using a range of AVS interpreta-
tion criteria).®?%3 There were some weaknesses. First, there
were occasional missing data for the predictors of interest
in the validation cohort. However, we performed complete
case analysis for each model, only including people where
all variables were known. Second, we were unable to eval-
uate models that used variables which were not routinely
collected at our center.'®!? Even so, we were able to assess the
commonly referenced models in this study.

In conclusion, the clinical prediction models evaluated
here lack generalizability and cannot reliably predict lat-
eralization. The presence of young age, hypokalemia,
high aldosterone, and a unilateral adrenal nodule, even
in combination, are not sufficiently accurate to distin-
guish between unilateral and bilateral disease in most
people. Correspondingly, the absence of these factors
cannot be used to withhold AVS, as this is likely to miss
many lateralizing cases. Therefore, whenever available,
AVS should still be offered to guide diagnostic subtyping
decisions for most patients with PA.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of
Hypertension online.
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