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Objective: Primary aldosteronism (PA) is a common cause of secondary
hypertension with unilateral and bilateral subtypes requiring different
treatments. Adrenal vein sampling (AVS) is the gold standard for subtype
differentiation but can be unsuccessful by challenging right adrenal vein
anatomy. This study aimed to develop a clinical decision model using only
measurements from the left adrenal vein (LAV) and peripheral blood (IVC) to
differentiate between PA subtypes.

Methods: The retrospective cohort study included 54 PA patients who
underwent bilaterally successful AVS. The main objective was to determine
optimal cut-off values for the LAV/IVC index, using ROC analysis for subtype
prediction. The predictive value of this index was assessed with the Area Under
the Curve (AUC). The Youden index calculated cut-off values, targeting a
specificity >90% for PA subtype differentiation.

Results: The cohort, averaging 48.5 + 9.5 years in age, comprised 21 women and
33 men, among whom 26 presented with unilateral and 28 with bilateral disease.
LAV/IVC values <1.2 indicated unilateral right-sided disease (specificity 91%,
sensitivity 96%, AUC 0.98, 95% confidence interval (Cl) 0.95-1.0), values 1.2-2.4
suggested bilateral disease (sensitivity 93%, specificity 64%, AUC 0.85, Cl 0.73-
0.96), whereas values >4.4 predicted unilateral left-sided disease (specificity 93%,
sensitivity 60%, AUC 0.85, Cl 0.73-0.96). Published literature aligns with our
results on cut-off values.

Conclusions: Utilizing the LAV/IVC index, over 70% of unsuccessful AVS
procedures due to failed right adrenal cannulation could be interpreted with
over 90% certainty regarding the PA subtype, preventing unnecessary resampling
and aiding in determining the preferred treatment.
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primary aldosteronism, adrenal vein sampling, LAV/IVC index, disease subtype, failed
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Introduction

Primary aldosteronism (PA) is a common cause of secondary
hypertension and is associated with a higher risk of severe
cardiovascular and renal complications as compared to essential
hypertension (1-3). Autonomous aldosterone secretion can result
from a unilateral aldosterone-producing adenoma or bilateral
adrenal hyperplasia. Differentiating between these subtypes is
crucial as preferential treatment and associated outcomes differ
(4, 5). The preferred treatment for unilateral disease is
adrenalectomy, aiming to cure PA. Curation is associated with
better overall and long-term outcomes, including improved disease
control, quality of life and mortality (5-10). Patients with bilateral
disease are generally treated with mineralocorticoid receptor
antagonists (MRA). MRA treatment is associated with poorer
cardiovascular outcomes, substantial side effects, and reduced
quality of life as compared to adrenalectomy (1, 4, 11). Therefore,
identifying PA patients that will benefit from surgery is essential.

The gold standard for differentiating unilateral from bilateral
PA is adrenal vein sampling (AVS) (12-14). During AVS, both
adrenal veins are cannulated, and cortisol and aldosterone levels are
measured and expressed as an aldosterone/cortisol (A/C) ratio (15).
These ratios will be compared to determine the disease subtype.
However, AVS can fail due to difficult anatomy (16). Unsuccessful
sampling is mostly the result of failed cannulation of the right
adrenal vein (RAV). Despite increasing expertise and success rates,
recent findings show that failure rates range from 5% to 30% (12, 15,
17, 18). In case of failed sampling, repeat AVS is recommended;
otherwise, the etiology remains unknown, preventing
optimal treatment.

This study aimed to determine whether the A/C ratio of the left
adrenal vein (LAV) compared to the inferior vena cava (IVC) could
predict unilateral or bilateral disease in patients with failed RAV
sampling. Using two validation cohorts with successful and
unsuccessful samplings and subsequent treatment outcomes,
along with a comparison of reported cut-off values from the
literature, we aim to provide a clinically usable decision-making
model to help clinicians predict lateralization in case of unsuccessful
right-sided AVS.

Methods
Study design and patient population

We conducted a retrospective cohort study of adult patients
with PA who underwent AVS between May 2014 and July 2022 at
the Leiden University Medical Center (LUMC), a Dutch tertiary
referral center for adrenal disease. Patients with confirmed PA and
successful bilateral AVS were included.

Patients were excluded if they had other adrenal diseases like
Cushing’s disease or if there were major deviations in the pre-
protocol work-up, potentially leading to unreliable AVS outcomes.
We quantified the total amount of antihypertensive drugs, including
MRA, as the daily defined dose (DDD), ATC/DDD WHO Index
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2023. All patients underwent computed tomography (CT) or
magnetic resonance imaging (MRI) of the adrenal glands prior to
sampling. This retrospective study was approved by the scientific
board of the LUMC, code W2020.058, and patients were given the
opportunity to object to the use of their coded clinical data.

Primary aldosteronism diagnosis

The diagnostic work-up for PA starts with the aldosterone-to-
renin ratio (ARR) (12). The ARR was calculated as the plasma
aldosterone concentration (PAC) in pmol/L divided by the plasma
renin concentration (PRC) in mU/L. An ARR >100 pmol/mU along
with spontaneous hypokalemia confirmed the diagnosis PA (19).
Before May 2015, PAC was measured in nmol/L and the plasma
renin activity (PRA) in pg/L/hour; in this scenario an ARR >0.85
nmol/pg/hour and hypokalemia confirmed the diagnosis. If patients
did not meet these criteria with an ARR >30 pmol/mU, an
additional salt loading test (SLT) was performed, during which
two liters of 0.9% sodium chloride (NaCl) were administered in a
seated position (20). Plasma aldosterone measurements were taken
before and immediately after saline infusion. A consistently elevated
PAC >179 pmol/L after SLT confirmed PA (21). During both the
ARR and SLT, antihypertensive medication known to interfere with
renin and/or aldosterone was substituted with non-interfering
alternatives (Appendix SI) (12). Potassium was supplemented to
maintain normal range (3.5-5.0 mmol/L).

Hormone measurements

Serum aldosterone and renin were determined using
chemiluminescence technology (ImmunoDiagnostic Systems
GMBH, Germany), while cortisol levels were measured through
electro-chemiluminescence immunoassay (Elecsys Cortisol gen2
ECLIA Roche Diagnostic, Germany). The analytical variation was
4.0%-6.3% for aldosterone, 3.4%-4.3% for renin and 2.5%-4.1% for
cortisol. Before May 2015, a DiaSorin Plasma Renin activity RIA
(Gammacoat Plasma Renin Activity RIA, CA1553, DiaSorin, Italy)
was utilized. The ARR was clinically validated for both aldosterone
and renin assays, establishing a cut-off of 31 pmol/mU [equivalent
to 1.12 (ng/dl)/(pU/ml)], with a sensitivity of 99% and a specificity
of 79% (20).

Adrenal vein sampling

AVS was performed under continuous intravenous stimulation of
synthetic adrenocorticotropic hormone (ACTH) Synacthen® at 50 pg/
hour. This ACTH infusion enhances the specificity of AVS by
minimizing fluctuations in cortisol levels, assuming symmetrical
cortisol secretion, as cortisol functions as an internal control (22).
Autonomous cortisol secretion was ruled out with a dexamethasone
suppression test in case of clinical suspicion for Cushing’s syndrome or
in case of incidental detected adenomas. The right common femoral
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vein was punctured and a 5F sheath was inserted. Selective
catheterization of the left and right adrenal vein was performed
under fluoroscopic guidance. At least two blood samples were
obtained from each adrenal vein, along with two peripheral samples
from the sheath with the tip in the inferior vena cava. Aldosterone and
cortisol levels were measured in these blood samples, and the A/C
ratios of the LAV, RAV and IVC were compared to determine
lateralization and/or suppression. The selectivity index (SI), defined
as the cortisol ratio between the adrenal veins and the IVC, was used to
assess for sampling adequacy. A SI index of 3-fold greater in both
adrenal veins indicated successful bilateral sampling (Supplementary
Table S1) (23, 24).

Definition of bilateral and unilateral disease

The A/C ratio was determined by calculating the average of the
two samples from each site. To distinguish patients with unilateral
disease, the study utilized the lateralization index (LI), (A/C ratio of
the dominant vein)/(A/C ratio of the non-dominant vein), and
contralateral suppression index (CSI), (A/C ratio non-dominant
vein)/(A/C ratio IVC) (25). In our center, a LI > 4 was considered
indicative of unilateral disease. However, adrenalectomy was offered
from LI >3 onwards, given the high likelihood of biochemical cure
and clinical improvement. Additionally, a CSI <1 was considered
consistent with unilateral disease (Supplementary Table S1).
Patients failing to meet the criteria for both LI and CSI were
categorized as having bilateral disease. The LAV/IVC index was
defined as the A/C ratio between the left adrenal vein and the
inferior vena cava.

Definition of cure

Post-operative cure was assessed within the first-year post-
adrenalectomy. The definition of biochemical cure, according to
the Post-Adrenalectomy Surgical Outcomes (PASO) criteria, was
used (5). Biochemical cure was defined as the correction of
hypokalemia (if present pre-surgery) and normalization of the ARR
post-operatively; when ARR was not normalized, the salt loading test
was repeated. In addition, we assessed clinical improvement, defined
as improved control of hypertension, a reduction in antihypertensive
medication use, and symptom resolution.

Data collection of literature

A search strategy (Appendix S2) was developed using different
variations of the keywords ‘primary aldosteronism, ‘adrenal vein
sampling’ and ‘subtyping’. The PubMed database was explored
based on titles; 22 abstracts were screened. Full texts of the
eligible studies were evaluated, and a total of 8 studies were
included for the literature overview, focusing on unsuccessful
sampling of the RAV and using the LAV/IVC index to
predict lateralization.
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Statistical analysis

Baseline characteristics were reported as mean + standard
deviation (SD) or median and interquartile range (IQR) if not
normally distributed. Categorical variables were expressed as
absolute numbers and percentages. Differences between unilateral
and bilateral PA patients were tested using the independent T-test
and Mann-Whitney U-test. Additionally, the Kruskall Wallis test
was used to compare multiple groups for numerical values, and the
Chi-squared test for categorical values (26). Differences between
pre- and post-adrenalectomy outcomes in the unsuccessfully
sampled group were tested using the Wilcoxon signed-rank test
and McNemar test for categorical data. Receiver operating
characteristics (ROC) analysis was used to calculate cut-oft values
for both the LAV/IVC index and A/C ratio, aiming to predict the
disease subtype. The predictive value of these indices was measured
by the area under the curve (AUC). The ratio with the highest AUC,
representing the highest predictive value, was selected for further
analyses. The Youden index was used to select the optimal cut-off
values, ensuring a specificity over 90%, to limit false positive errors
and their clinical consequences associated with misclassifying
patients (27). Other optimal cut-off values with different desired
specificities (>85% and >95%) were identified and presented in the
supplementary. A post-hoc power calculation was conducted.
Assuming an o of 0.05 and a power of 0.80, calculations showed
that a sample size of at least 26 patients in each group would be
necessary to detect a difference between a 90% cure rate in the
intervention group and a 50% in the reference group (assuming that
half of the patients has unilateral disease). A p-value of <0.05 was
considered statistically significant. All statistical analyses were
performed using IBM SPSS Statistics version 29.0.

Results
Patient characteristics

Between 2014 and 2022, 92 patients with PA were identified, of
whom 82 underwent AVS. Among these, 54 (66%) samplings were
bilaterally successful and included in the study. Of these, 28 patients
had bilateral disease, while 26 had unilateral disease. The unilateral
disease group exhibited a more severe phenotype of PA with a
higher incidence of hypokalemia (85% vs. 32%, p<0.001) and a
trend towards a higher ARR ratio than those in the bilateral group
(353 vs. 215, p=0.21). Antihypertensive medication use was higher
in the unilateral disease group (4.6 vs. 3.6). Both groups showed a
substantial prevalence of cardiovascular comorbidities (e.g. chronic
kidney disease - defined as reduced eGFR or presence of
albuminuria - and left ventricular hypertrophy (LVH) - defined
as meeting ECG or ultrasonographic criteria for LVH) at
baseline (Table 1A).

Adrenal imaging revealed abnormalities in 58% of the unilateral
disease group and 32% of the bilateral disease group (p = 0.01). In
patients with unilateral disease, imaging showed both ipsilateral and
contralateral abnormalities, including adenomas and hyperplastic
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TABLE 1A Baseline characteristics of patients with bilaterally successful AVS.

Overall Bilateral Unilateral
N=54 N=28 N=26
Sex, male (%) 33 (61.1) 15 (53.6) 18 (69.2) 0.24°
Age (mean *+ SD) 485 + 9.5 463 £ 9.3 509 £9.3 0.07%
BMI (mean + SD) 299 £59 304 £59 294 +£59 0.57%
Number of antihypertensives before treatment (mean + SD) 4.1 + 3.1 3.6 +3.0 4.6 + 3.1 0.23*
Hypokalemia (%) 31 (57) 9 (32) 22 (85) <0.001¢
ARR
Renin in mU/L (mean + SD) 284.2 (386.4) 215.2 (331.7) 353.1 (430.0) 0.21*
Renin activity (median [IQR]) 1.49 [1.1-2.9] 1.39 [1.0-2.4] 1.59 [no range] 0.66°
Aldosterone before SLT (mean + SD) 761.6 (385.8) 766.6 (211.5) 753.9 (571.0) 0.93*
Aldosterone after SLT (mean + SD) 716.4 (1128.5) 455.2 (171.6) 1106.4 (1705.3) 0.07*
Cardiovascular comorbidities
Reduced kidney function (%) 17 (32) 9 (32) 8 (31) 0.91¢
Left ventricle hypertrophy (%) 9(17) 4 (14) 5 (20) 0.62°
Presence of albuminuria (%) 16 (30) 8 (29) 8 (31) 0.16°
Adequate controlled hypertension, yes (%) 10 (19) 6 (21) 4 (15) 0.57¢

BMI, body mass index; ARR, aldosterone renin ratio; SLT, salt loading test; SD, standard deviation; IQR, interquartile range. ARR measured in pmol/mU or renin activity in nmol/mcg/hour,
number of antihypertensives reported in DDD (daily defined doses). Reported as mean + SD, median [IQR] or N (%). *t-test. *Man Whitney U -test, “chi square.

TABLE 1B Sampling and treatment outcomes of patients with bilaterally successful AVS.

Bilateral Unilateral
N=28 N=26
Outcome AVS (N, %) 28 (52)
Bilateral disease 15 (28)
Unilateral left-sided disease 11 (20)

Unilateral right-sided disease

Outcome adrenal imaging (%) 0.01*
Normal adrenal glands 30 (55.6) 19 (67.9) 11 (42.3)
Bilateral abnormalities 7 (13.0) 0 (0.0) 7 (26.9)
Unilateral abnormalities 17 (31.5) 9 (32.1) 8 (30.8)

A/C ratio (median [IQR]) 3.9 [2.2-10.7] <0.001°
Bilateral disease 3.8 [2.8-9.3]
Unilateral left-sided disease 10.6 [5.5-15.3]
Unilateral right-sided disease 0.9 [0.4-2.0]

LAV/IVC index (median [IQR]) 2.1 [1.4-3.7] <0.001°
Bilateral disease 2.1 [1.7-3.2]
Unilateral left-sided disease 4.8 [3.2-5.9]
Unilateral right-sided disease 0.6 [0.1-1.0]

Underwent adrenalectomy with available follow-up data
(cured, %)

Unilateral left-sided disease (N=14) 13 (92.9%)

Unilateral right-sided disease (N=5) 5 (100%)
Post-operative biochemical outcomes N=19

Hypokalemia (%) 0 (0)

ARR (median [IQR]) 6.2 [2.0-16.7]
Post-operative clinical outcomes N=19

Improvement of symptoms, yes (%) 10 (53)

Total number of 1.0 [0.0-2.5]

(Continued)
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TABLE 1B Continued

Overall

N =54

10.3389/fendo.2024.1497787

antihypertensives (median [IQR])

Reduced number of

antihypertensives (median [IQR])
Adequately controlled hypertension, yes (%)

Bilateral Unilateral P-value
N=28 N=26

2.8 [1.8-4.5]

12 (63)

AVS, adrenal vein sampling; A/C, aldosteron/cortisol; LAV, left adrenal vein; IVC, inferior vena cava; IQR, interquartile range; ARR, aldosterone renin ratio. ARR measured in pmol/mU, number
of antihypertensives reported in DDD (daily defined doses). Reported as mean + SD, median [IQR] or N (%). t-test. Man Whitney U-test, “chi-square, *Kruskal Wallis (unilateral left vs. bilateral

vs. unilateral right).

adrenal glands. In the bilateral disease group, no abnormalities in
both adrenal glands were seen, but unilateral abnormalities were
observed in 10 patients on either the left or right side. Full details are
provided in Supplementary Table S2.

Adrenalectomy was performed in 22 patients with unilateral
disease, surgery was recommended for an additional 3 patients but
not (yet) performed. Post-adrenalectomy, 93% of the unilateral left
group and 100% of the unilateral right group achieved biochemical
cure of PA (Table 1B). Symptom improvement, particularly better
cognitive functioning such as improved concentration, was
observed in 53% of the patients. Antihypertensive medication use
could be reduced in nearly all patients (95%) and fully eliminated in
13% (Table 1B). Follow-up data was not available for three patients:
one was lost to follow-up, and two patients no longer had
hypertension, antihypertensive medication use, or symptoms, but
their clinicians did not verify biochemical cure (Supplementary
Figure S1). Regarding histology, the pathology of the adrenal glands
revealed adenoma in 14 patients and hyperplasia was found in 14
patients. The observed pathological variants of aldosterone-
producing adenomas in our cohort were KCNJ5 (N=5), ATP1A1
(N=5), and CACNA1D (N=4) mutations.

Subtyping of primary aldosteronism
The A/C ratio differed between groups (p<0.001): unilateral

right-sided (median: 0.9, IQR [0.4-2.0]), bilateral (median: 3.8, IQR
[2.8-9.3]) and left-sided disease (median: 10.6, IQR [5.5-15.3])

(Table 1B). Similar differences were observed in the LAV/IVC
index (p<0.001): unilateral right-sided (median: 0.6, IQR [0.1-
1.0]), bilateral (median: 2.1, IQR [1.7-3.2]) and unilateral left-
sided disease (median: 4.8, IQR [3.2-5.9]). ROC analysis evaluated
the accuracy of the A/C ratio and LAV/IVC index in predicting
disease subtype (Figure 1). Both ratios showed good predictive
ability; however, the A/C ratio had a lower area under the curve.
Therefore, this study focused on the LAV/IVC values. For cut-off
values off the A/C ratio, see Appendix S3.

Unilateral left-sided disease

Using the LAV/IVC index, a cut-off value of >4.4 predicted
unilateral left-sided disease with a sensitivity of 60% and specificity of
93% (AUC 0.85, 95% confidence interval (CI) 0.73-0.96), Figure 2A.
In other words, when roughly half of the patients have unilateral
disease, the LAV/IVC index of >4.4 has a positive predictive value of
93% for left-sided disease. However, this cut-off value missed 40% of
patients with left-sided disease. Additional cut-off values derived from
the same ROC-curve of >4.1 and >5.9 showed a sensitivity of 60%
and 27%, with a specificity of 89% and 96%, respectively (Figure 2A).

Unilateral right-sided disease

The optimal cut-oft value of the LAV/IVC index for the left
adrenal vein was found at <1.2 for predicting right-sided disease

A/C ratio

*

A/C ratio

o

=

Unilateral right

Bilateral
AVS result

Unilateral left

FIGURE 1

LAV/IVC index

LAV/IVC index
s
*
o
° o
4
2
Unilateral right Bilateral Unilateral left
AVS result

Distribution of the A/C ratio and LAV/IVC index. A/C ratio distribution in the LAV according to disease subtype. Outliers from the unilateral left group
(35.3, 41.4 and 47.9) are not displayed. Median A/C ratios (p<0.001); unilateral right 0.9, bilateral 3.8, unilateral left 10.6.B. LAV/IVC index,
representing the A/C ratio between LAV and IVC, according to disease subtype. Outliers from the unilateral left group (9.7, 10.8 and 25.1) are not
displayed. Median LAV/IVC index (p<0.001); unilateral right 0.6, bilateral 2.1, unilateral left 4.8. A/C, aldosterone/cortisol; LAV, left adrenal vein; IVC,

inferior vena cava. * P < 0.001.
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FIGURE 2

ROC curves of the A/C ratio and LAV/IVC index. ROC-curves of A/C and LAV/IVC cut-off values for (A). Unilateral left-sided disease; (B). Bilateral
disease; (C). Unilateral right-sided disease. A/C, aldosterone/cortisol; LAV, left adrenal vein; IVC, inferior vena cava; AUC, area under the curve.

with a sensitivity of 96% and specificity of 91% (AUC 0.98, CI 0.95-
1.00), Figure 2C. Other cut-off values of <1.1 and <1.5 derived from
the same ROC-curve, resulted in a sensitivity of 91% and 100% with
a specificity of 100% and 82%, respectively.

Bilateral disease

To predict bilateral disease, a cut-off of value <2.4 was found to
have a sensitivity of 64% and a specificity of 93% (AUC 0.85, CI
0.73-0.96). Alternative cut-oft values of <1.8 and <2.5 derived from
the same ROC-curve provided a sensitivity of 39% and 64% with a
specificity of 100% and 87%, respectively (Figure 2B).

Clinical decision model

Combining the calculated (optimal) cut-off values, we
developed a clinical decision model (Figure 3). Additional cut-oft
values for different specificities (>85% and >95%) for the clinical
decision model are provided in Supplementary Figure S2.
Validating this model on our own study cohort of bilaterally
successful sampled patients (N=54), we found that the disease
subtype could have been predicted for 74% of the patients. Of
whom, 20% were diagnosed with right-sided disease, 35% with
bilateral disease, and 19% with left-sided disease. To further validate
the tool, we extended the analysis with patients who had
unsuccessfully right-sided sampling followed by an adrenalectomy
(Table 2). During the study period, right-sided sampling failed in 24
patients, of whom 17 were predicted to have unilateral disease by
our clinical model. Among those who opted for surgery according
to our model’s recommendation, 14/14 (100%) achieved
biochemical cure post-adrenalectomy. In this group (male 79%,
age 49 [43-60] years, BMI 30.1 + 6.1 kg/m’), differences were
observed postoperatively in both the number of antihypertensive
medications (in DDD) and the prevalence of uncontrolled
hypertension. Additionally, 36% reported a reduction in
symptoms, particularly cognitive improvements (Table 2).

Frontiers in Endocrinology

Review of the literature

Various studies have investigated the use of the LAV/IVC index
to predict disease subtype. Using the previously described search
strategy, 8 articles were identified comparing the LAV/IVC index
(28-35). Their cut-oft values, including sensitivity, specificity, LI,
and SI together with our own data is presented in Table 3.

Discussion

This study provides evidence that left vein AVS data alone
effectively classifies PA subtypes in over 70% of cases, reducing the
need for resampling or treatment deferral.

Previous studies have shown a nearly 40% discordance between
AVS outcomes and anatomical imaging (22). We similarly observed
poor concordance in our cohort (Supplementary Table S2), which
underscores the necessity of AVS for accurately distinguishing
unilateral and bilateral PA. Although AVS is a reliable diagnostic
procedure, there are important challenges, such as the risk of
unsuccessful right-sided sampling, invasiveness, costs, and the
associated major medication adjustments, which can lead to a
period of uncontrolled hypertension (11-13, 16, 17, 22).
Altogether, these factors highlight the importance of strategies to
reduce the reliance on resampling.

Our clinical decision model accurately predicts disease subtypes
with a specificity of >90% based on left-sided sampling data alone:
LAV/IVC <1.2 predicts unilateral right-sided disease, 1.2 to 2.4
predicts bilateral disease, and >4.4 predicts unilateral left-sided
disease. Resampling is only recommended for LAV/IVC values
between 2.4 and 4.4. Optional cut-off values with higher (>95%) or
lower (>85%) specificities can be chosen (Supplementary Figure S2).
Furthermore, our model not only reduces unnecessary invasive
resamplings, but also optimizes resource use and lowers healthcare
costs. At the LUMC, the second-largest AVS expertise center in the
Netherlands (performing 25-50 AVS procedures annually with a
success rate of 66%), approximately 30% of the AVS procedures
require resampling. Using our model, over 70% of failed procedures
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Clinical decision model. Treatment algorithm to interpret AVS sampling data of isolated successful left-sided sampling using the LAV/IVC index,
based on specificity >90%. AVS, adrenal vein sampling; LAV, left adrenal vein; IVC, inferior vena cava.

can still be interpreted, reducing the resampling rate to 9 per 100
cases, translating to an annual cost saving of approximately
€35,000 (36).

Our study is the first to develop a complete clinical model based
on cut-off values for predicting lateralization or bilateral disease,
incorporating the CSI for right-sided disease. Additionally, it includes
a comparison of reported cut-off values from existing literature. In
contrast to our study, the clinical tool proposed by Zibar Tomsic et al.
proposed lower thresholds (<0.37) for right-sided disease and lower
thresholds (0.38-0.68) for bilateral disease (35). Differences stem from
their exclusion of the CSL as it was found to have limited value by
Young et al. (37). Recent consensus guidelines however,

demonstrated the utility of the CSI for subtyping PA and therefore,
it was implemented in our study (12, 15, 18, 38-40). The 100%
biochemical cure rate observed in our cohort for right-sided disease -
based on the LAV/IVC index - supports the inclusion of the CSIL
Furthermore, could their focus on high sensitivity, while we
prioritized specificity to avoid misclassification, explain the
differences in cut-off values.

While thresholds like LI >4 are widely used in the international
literature, our model considered LI >3 for offering adrenalectomy.
This was based on clinical evidence suggesting a high likelihood of
cure or significant symptomatic improvement, even at lower
thresholds. In our cohort, over 90% of patients with LI >3 who

TABLE 2 Pre- and post-operative data of patients with unsuccessful right-sided sampling, N = 14.

Pre-operative Post-operative P-value

Sex, male (%) 11 (79)
Age (median [IQR]) 49 [43-60]
BMI (mean + SD) 30.1 £ 6.1
Number of antihypertensives (median [IQR]) 3.3 [1.8-6.5] 0 [0-2.3] 0.03*
Hypokalemia (%) 12 (86) 0 (0) <0.001°
ARR

Renin in mU/L (median [IQR]) 136.7 [69.3-494.0] 7.1 [0.9-15] 0.05%

Renin activity (median [IQR]) 4.3 [4.3-5.1] 0.5 [no range]
Adequately controlled hypertension (N, %) 2 (14) 12 (86) 0.08"
Presence of symptom, yes (%)

Decrease 5 (36)

Increase 8 (57)

Similar 1(7)

BMI, body mass index; ARR, aldosterone renin ratio; SD, standard deviation; IQR, interquartile range. ARR measured in pmol/mU or renin activity in nmol/mcg/hour, number of
antihypertensives reported in DDD (daily defined doses). Reported as mean + SD, median [IQR] or N (%). “Wilcoxon Signed Rank - test. *Mc Nemar.

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2024.1497787
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

ter Haar et al. 10.3389/fendo.2024.1497787

TABLE 3 Comparison of cut-off values with sensitivity/specificity >90%, derived from other literature.

Authors Number Cut-off value Sensitivity % = Specificity % Stimulated with

of patients (LAV/IVC) ACTH

Unilateral left-sided disease

Wang et al. 222 >8.6 19% 97% 31 31 +
Our study 54 >5.9 27% 96% 31 3:1 +
Kogjan et al. 168 >5.9 30% 99% 41 51 +
Strajina et al. 150 =5.5 45% 82% 41 51 +
Kocjan et al. 168 >5.5 32% 97% 41 51 +
Pasternak et al. 36 >5.5 32% 97% 4:1 | unknown | +
Lee et al. 121 >5.5 34% 100% 41 | 51 +
Wang et al. 222 >5.5 49% 89% 31 31 +
Our study 54 >5.5 33% 93% 31 31 +
Our study 54 >4.4 60% 93% 3:1 31 +
Kocjan et al. 168 4.3 51% 95% 41 51 +
Zibar Tomsic et al. 60 >34 5.8% 100% 41 | 51 +
Lee et al. 121 >3.1 74% 82% 41 | 51 +

Bilateral disease

Kogjan et al. 168 <2.5 70% 87% 4:1 51 +
Suntornlohanakul et al. 62 <24 64% 89% 41 51 +
Our study 54 <2.4 64% 93% 3:1  3:1 +
Our study 54 <1.8 39% 100% 3:1  3:1 +

Unilateral right-sided disease

Kogjan et al. 168 <1.25 97% 87% 41 51 +
Our study 54 <1.2 91% 93% 3:1  3:1 +
Our study 54 <1.1 91% 100% 3:1  3:1 +
Lee et al. 121 <1.0 98% 93% 41 51 +
Kocjan et al. 168 <0.5 57% 95% 41 51 +
Kogjan et al. 168 <0.5 47% 95% 41 51 +
Strajina et al. 150 <0.5 81% 100% 41 51 +
Lee et al. 121 <0.5 96% 96% 41 51 +
Wang et al. 222 <0.5 71% 95% 31 31 +
Pasternak et al. 36 <0.5 47% 95% 4:1 | unknown | +
Zibar Tomsic et al. 60 <0.37 97.1% 88.4% 41 51 +
Wang et al. 222 <0.3 71% 97% 31 31 +
Lin et al. 111 <0.07 40% 100% 21 21 -
Suntornlohanakul et al. 62 <0.08 10% 99% 41 51 +

LAV, left adrenal vein; IVC, inferior vena cava; LI, lateralization index; SI, sensitivity index; ACTH, adrenocorticotropic hormone.

underwent adrenalectomy achieved biochemical cure, aligning with Importantly, the LAV/IVC index values predicting unilateral or
published cure rates for LI >4. Crucially, shared decision-making plays  bilateral disease in our study align well with findings from most other
a critical role in cases with intermediate LI values, as the probability of ~ studies (Table 3). Although previous studies have explored cut-off
cure progressively increases with higher LI thresholds. values for interpreting lateralization using the LAV/IVC index, no
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consensus has been reached. Pasternak et al. initially proposed cut-oft
values (>5.5 for unilateral left-sided disease, <0.5 for unilateral right-
sided disease) (31). Subsequent studies have tested and adapted these
values (28-35). Pasternak’s cut-off value of >5.5 for left-sided disease,
showed a sensitivity of 32% and specificity of 97%; our study found
comparable values of 33% sensitivity and 93% specificity. Both results
are consistent with those found by Kocjan and Wang’s et al. (28, 34).
Using the Youden’s index, the optimal cut-off value with a desired
specificity >90% was found, yielding >4.4, which demonstrated similar
sensitivity and specificity as Kocjan’s cut-off value of >4.3 (28).

In contrast to many other studies, our cut-off values for bilateral
disease were determined at 1.2-2.4 with 93% specificity, while
similar studies suggested slightly higher cut-offs with lower
specificities (87-89%) (28, 33). For unilateral right-sided disease,
our study found a value of <1.2, with a specificity of 91%, aligning
with values reported by Lee and Kocjan et al. (28, 29). Discrepancies
in reported cut-off values for right-sided disease in other studies
may be due to the exclusion of the CSI, potentially missing patients
with right-sided disease. Factors such as severe PA in the cohort
(Suntornlohanakul et al.) and the use of unstimulated AVS (Lin
et al.) could explain their extremely low reported cut-off values.
Since our model is developed with ACTH-stimulated AVS, its
applicability for centers with unstimulated AVS is questionable.
Our results, reflecting similar sensitivities, specificities, and patient
demographics as found in existing literature, are representative for
the PA population.

Limitations of our study include its retrospective study design
and relatively small study group. To address this, we performed an
extensive literature analysis that supports our data. Furthermore,
subtype determination relied on successful sampling outcomes,
whereas other studies used the post-adrenalectomy data to
confirm unilateral disease. However, our cure rates >95% post-
adrenalectomy, align with published outcomes (5-9), supporting
the validity of our findings.

While our high biochemical cure rates highlight the validity of our
approach, these reflect biochemical outcomes only, as defined by the
PASO criteria. Clinical cure, defined as complete blood pressure
normalization without antihypertensive medication, was less
applicable to our cohort due to the considerable presence of pre-
existing cardiovascular damage (e.g. chronic kidney disease, left
ventricular hypertrophy) in our patients at baseline (Table 1A).
These comorbidities reduced the likelihood of achieving complete
clinical cure, even in patients with normalized ARR and correction
of potassium levels postoperatively. Instead, we assessed clinical
improvement in patients who underwent adrenalectomy,
encompassing better-controlled hypertension, reduced medication
use, and symptom resolution (Table 1B). These findings indicate that
adrenalectomy not only resolves biochemical hyperaldosteronism but
also leads to meaningful clinical benefits, including enhanced quality of
life. This aligns with existing literature, such as Venema et al, who
reported significant improvements in both physical and mental health
domains after treatment for primary aldosteronism (41).

Our prediction model, validated internally and on unsuccessfully
sampled patients, demonstrated its reliability. Notably, 74% of
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patients with successful bilateral sampling had their disease subtype
predicted based on left-sided data alone. Furthermore, the clinical
decision model accurately predicted lateralization in 14 out of 14
unsuccessfully sampled patients of whom follow-up data was
available, as confirmed by biochemical cure post-adrenalectomy.

Our study presents a reliable prediction model, although there is a
40% chance it may not detect patients with left-sided disease due to the
model’s sensitivity of 60%. This raises concerns about potential missed
opportunities for beneficial adrenalectomies and, consequently, the
cure of PA. However, the model’s specificity exceeding 90% acts as a
safeguard, reducing the likelihood of unintended surgeries.

Misclassifying bilateral patients as unilateral often occurs with
exceptionally high LAV/IVC values, suggesting significant left adrenal
gland overproduction. However, even in cases of misclassification,
adrenalectomy in bilateral patients with this high LAV/IVC can still
be beneficial by reducing disease severity and improving quality of
life, even without complete cure of the disease (25, 42-45). Certain
clinical scenarios could alter the reliability of this model. When in
doubt, expert consultation, either locally or through a collaboration
such as the European Network Reference, is essential. Future research
should focus on validating the model in external cohorts,
standardized AVS protocols and the reproductivity in cases of
unexpectedly failed left-sided sampling.

In conclusion, our study emphasizes the LAV/IVC index’s utility
as a valuable predictor for primary aldosteronism subtype, when
right-sided sampling fails. Our proposed clinical decision model,
integrating the CSI, defines thresholds and could potentially reduce
the need for resampling in over 70% of cases with failed right-sided
cannulation. Overall, this model facilitates a more efficient and
precise approach to subtype classification in patients with PA.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The requirement of ethical approval was waived by Scientific
Board Internal Medicine - Leiden University Medical Center for the
studies involving humans. The studies were conducted in
accordance with the local legislation and institutional
requirements. The participants were given the opportunity to
object to the use of their data.

Author contributions

StH: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Resources,
Software, Validation, Visualization, Writing - original draft,

frontiersin.org


https://doi.org/10.3389/fendo.2024.1497787
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

ter Haar et al.

Writing - review & editing. SvG: Conceptualization, Data curation,
Formal analysis, Investigation, Methodology, Project administration,
Resources, Software, Validation, Visualization, Writing — original
draft, Writing - review & editing. EC: Conceptualization, Writing —
review & editing. AVE: Conceptualization, Writing - review &
editing. BB: Conceptualization, Writing - review & editing. OD:
Conceptualization, Methodology, Writing - review & editing. MN:
Conceptualization, Methodology, Resources, Supervision, Writing —
original draft, Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

We acknowledge the patients for using their clinical data for
this study.

References

1. Hundemer GL, Curhan GC, Yozamp N, Wang M, Vaidya A. Cardiometabolic
outcomes and mortality in medically treated primary aldosteronism: a retrospective cohort
study. Lancet Diabetes Endocrinol. (2018) 6:51-9. doi: 10.1016/52213-8587(17)30367-4

2. Mulatero P, Monticone S, Bertello C, Viola A, Tizzani D, Iannaccone A, et al.
Long-term cardio- and cerebrovascular events in patients with primary aldosteronism.
J Clin Endocrinol Metab. (2013) 98:4826-33. doi: 10.1210/jc.2013-2805

3. Young WF. Primary aldosteronism: renaissance of a syndrome. Clin Endocrinol
(Oxf). (2007) 66:607-18. doi: 10.1111/j.1365-2265.2007.02775.x

4. Lim PO, Young WF, MacDonald TM. A review of the medical treatment of
primary aldosteronism. J Hypertens. (2001) 19:353-61. doi: 10.1097/00004872-
200103000-00001

5. Williams TA, Lenders JWM, Mulatero P, Burrello J, Rottenkolber M, Adolf C,
et al. 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) 5:689-99. doi: 10.1016/52213-
8587(17)30135-3

6. Hannon M]J, Sze WC, Carpenter R, Parvanta L, Matson M, Sahdev A, et al.
Clinical outcomes following unilateral adrenalectomy in patients with primary
aldosteronism. Qjm. (2017) 110:277-81. doi: 10.1093/qjmed/hcw194

7. Katabami T, Fukuda H, Tsukiyama H, Tanaka Y, Takeda Y, Kurihara I, et al.
Clinical and biochemical outcomes after adrenalectomy and medical treatment in
patients with unilateral primary aldosteronism. J Hypertens. (2019) 37:1513-20.
doi: 10.1097/HJH.0000000000002070

8. Sukor N, Kogovsek C, Gordon RD, Robson D, Stowasser M. Improved quality of
life, blood pressure, and biochemical status following laparoscopic adrenalectomy for
unilateral primary aldosteronism. J Clin Endocrinol Metab. (2010) 95:1360-4.
doi: 10.1210/jc.2009-1763

9. Ishihara Y, Umakoshi H, Kaneko H, Nanba K, Tsuiki M, Kusakabe T, et al.
Prediction of long-term biochemical cure in patients with unilateral primary
hyperaldosteronism treated surgically based on the early post-operative plasma
aldosterone value. Endocr J. (2022) 69:407-15. doi: 10.1507/endocrj.EJ21-0430

10. Chen SY, Chen JY, Huang WC, Puar THK, Chin Kek P, Chueh JS, et al.
Cardiovascular outcomes and all-cause mortality in primary aldosteronism after
adrenalectomy or mineralocorticoid receptor antagonist treatment: a meta-analysis.
Eur J Endocrinol. (2022) 187:547-s58. doi: 10.1530/EJE-22-0375

11. Ghose RP, Hall PM, Bravo EL. Medical management of aldosterone-producing
adenomas. Ann Intern Med. (1999) 131:105-8. doi: 10.7326/0003-4819-131-2-
199907200-00005

12. Funder JW, Carey RM, Mantero F, Murad MH, Reincke M, Shibata H, et al. The
management of primary aldosteronism: case detection, diagnosis, and treatment: an

Frontiers in Endocrinology

10.3389/fendo.2024.1497787

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2024.
1497787/full#supplementary-material

endocrine society clinical practice guideline. J Clin Endocrinol Metab. (2016) 101:1889—
916. doi: 10.1210/jc.2015-4061

13. Kogjan T, Jensterle M, Vidmar G, Vrckovnik R, Berden P, Stankovic M. Adrenal
vein sampling for primary aldosteronism: a 15-year national referral center experience.
Radiol Oncol. (2020) 54:409-18. doi: 10.2478/raon-2020-0052

14. Stowasser M. Adrenal venous sampling for differentiating unilateral from
bilateral primary aldosteronism: still the best, but could be better. Hypertension.
(2015) 65:704-6. doi: 10.1161/HYPERTENSIONAHA.115.04930

15. Quencer KB. Adrenal vein sampling: technique and protocol, a systematic
review. CVIR Endovasc. (2021) 4:38. doi: 10.1186/s42155-021-00220-y

16. Araki T, Imaizumi A, Okada H, Onishi H. Unusual anatomical variants of the
left adrenal vein via the renal capsular vein preventing successful adrenal vein sampling.
Cardiovasc Intervent Radiol. (2017) 40:1296-8. doi: 10.1007/s00270-017-1652-y

17. Stewart PM, Allolio B. Adrenal vein sampling for Primary Aldosteronism: time
for a reality check. Clin Endocrinol (Oxf). (2010) 72:146-8. doi: 10.1111/j.1365-
2265.2009.03714.x

18. Wolley MJ, Gordon RD, Ahmed AH, Stowasser M. Does contralateral
suppression at adrenal venous sampling predict outcome following unilateral
adrenalectomy for primary aldosteronism? A retrospective study. J Clin Endocrinol
Metab. (2015) 100:1477-84. doi: 10.1210/jc.2014-3676

19. Jansen PM, van den Born BJ, Frenkel WJ, de Bruijne EL, Deinum J, Kerstens
MN, et al. Test characteristics of the aldosterone-to-renin ratio as a screening test for
primary aldosteronism. ] Hypertens. (2014) 32:115-26. doi: 10.1097/
HJH.0b013e3283656b54

20. Manolopoulou J, Fischer E, Dietz A, Diederich S, Holmes D, Junnila R, et al.
Clinical validation for the aldosterone-to-renin ratio and aldosterone suppression
testing using simultaneous fully automated chemiluminescence immunoassays. ]
Hypertens. (2015) 33:2500-11. doi: 10.1097/HJH.0000000000000727

21. Rossi GP, Belfiore A, Bernini G, Desideri G, Fabris B, Ferri C, et al. Prospective
evaluation of the saline infusion test for excluding primary aldosteronism due to
aldosterone-producing adenoma. J Hypertens. (2007) 25:1433-42. doi: 10.1097/
HJH.0b013e328126856¢

22. Kempers MJ, Lenders JW, van Outheusden L, van der Wilt GJ, Schultze Kool L],
Hermus AR, et al. Systematic review: diagnostic procedures to differentiate unilateral

from bilateral adrenal abnormality in primary aldosteronism. Ann Intern Med. (2009)
151:329-37. doi: 10.7326/0003-4819-151-5-200909010-00007

23. Rossi GP, Maiolino G, Seccia TM. Adrenal venous sampling: where do we stand?
Endocrinol Metab Clin North Am. (2019) 48:843-58. doi: 10.1016/j.c1.2019.08.012

24. Rossi GP, Auchus RJ, Brown M, Lenders JW, Naruse M, Plouin PF, et al. An
expert consensus statement on use of adrenal vein sampling for the subtyping of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1497787/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1497787/full#supplementary-material
https://doi.org/10.1016/S2213-8587(17)30367-4
https://doi.org/10.1210/jc.2013-2805
https://doi.org/10.1111/j.1365-2265.2007.02775.x
https://doi.org/10.1097/00004872-200103000-00001
https://doi.org/10.1097/00004872-200103000-00001
https://doi.org/10.1016/S2213-8587(17)30135-3
https://doi.org/10.1016/S2213-8587(17)30135-3
https://doi.org/10.1093/qjmed/hcw194
https://doi.org/10.1097/HJH.0000000000002070
https://doi.org/10.1210/jc.2009-1763
https://doi.org/10.1507/endocrj.EJ21-0430
https://doi.org/10.1530/EJE-22-0375
https://doi.org/10.7326/0003-4819-131-2-199907200-00005
https://doi.org/10.7326/0003-4819-131-2-199907200-00005
https://doi.org/10.1210/jc.2015-4061
https://doi.org/10.2478/raon-2020-0052
https://doi.org/10.1161/HYPERTENSIONAHA.115.04930
https://doi.org/10.1186/s42155-021-00220-y
https://doi.org/10.1007/s00270-017-1652-y
https://doi.org/10.1111/j.1365-2265.2009.03714.x
https://doi.org/10.1111/j.1365-2265.2009.03714.x
https://doi.org/10.1210/jc.2014-3676
https://doi.org/10.1097/HJH.0b013e3283656b54
https://doi.org/10.1097/HJH.0b013e3283656b54
https://doi.org/10.1097/HJH.0000000000000727
https://doi.org/10.1097/HJH.0b013e328126856e
https://doi.org/10.1097/HJH.0b013e328126856e
https://doi.org/10.7326/0003-4819-151-5-200909010-00007
https://doi.org/10.1016/j.ecl.2019.08.012
https://doi.org/10.3389/fendo.2024.1497787
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

ter Haar et al.

primary aldosteronism. Hypertension. (2014) 63:151-60. doi: 10.1161/
HYPERTENSIONAHA.113.02097

25. Prins MLM, Ballieux B, Meijer OC, Pereira AM, Nijhoff MF. Adrenal vein
sampling in a patient with primary hyperaldosteronism and severe contrast allergy. J
Endocr Soc. (2021) 5:bvab122. doi: 10.1210/jendso/bvab122

26. le Cessie S, Goeman JJ, Dekkers OM. Who is afraid of non-normal data?
Choosing between parametric and non-parametric tests. Eur J Endocrinol. (2020) 182:
El-e3. doi: 10.1530/EJE-19-0922

27. Youden WJ. Index for rating diagnostic tests. Cancer. (1950) 3:32-5.
doi: 10.1002/1097-0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3

28. Kogcjan T, Vidmar G, Vrckovnik R, Stankovic M. Limited diagnostic utility of
partially successful adrenal vein sampling for primary aldosteronism subtyping.
Endokrynol Pol. (2021) 72:293-300. doi: 10.5603/EP.a2021.0030

29. Lee SE, Park SW, Choi MS, Kim G, Yoo JH, Ahn J, et al. Primary aldosteronism
subtyping in the setting of partially successful adrenal vein sampling. Ther Adv
Endocrinol Metab. (2021) 12:2042018821989239. doi: 10.1177/2042018821989239

30. LinL, ZhouL, Guo Y, Liu Z, Chen T, Liu Z, et al. Can incomplete adrenal venous
sampling data be used in predicting the subtype of primary aldosteronism? Ann
Endocrinol (Paris). (2019) 80:301-7. doi: 10.1016/j.ando.2019.10.001

31. Pasternak JD, Epelboym I, Seiser N, Wingo M, Herman M, Cowan V, et al.
Diagnostic utility of data from adrenal venous sampling for primary aldosteronism
despite failed cannulation of the right adrenal vein. Surgery. (2016) 159:267-73.
doi: 10.1016/j.surg.2015.06.048

32. Strajina V, Al-Hilli Z, Andrews JC, Bancos I, Thompson GB, Farley DR, et al.
Primary aldosteronism: making sense of partial data sets from failed adrenal venous
sampling-suppression of adrenal aldosterone production can be used in clinical
decision making. Surgery. (2018) 163:801-6. doi: 10.1016/j.surg.2017.10.012

33. Suntornlohanakul O, Soonthornpun S, Srisintorn W, Murray RD, Kietsiriroje N.
Performance of the unilateral AV/IVC index in primary hyperaldosteronism subtype
prediction: A validation study in a single tertiary centre. Clin Endocrinol (Oxf). (2020)
93:111-8. doi: 10.1111/cen.14210

34. Wang TS, Kline G, Yen TW, Yin Z, Liu Y, Rilling W, et al. A multi-institutional
comparison of adrenal venous sampling in patients with primary aldosteronism:
caution advised if successful bilateral adrenal vein sampling is not achieved. World |
Surg. (2018) 42:466-72. doi: 10.1007/500268-017-4327-6

35. Zibar Tomsic K, Dusek T, Alduk A, Knezevic N, Molnar V, Kraljevic I, et al.
Subtyping primary aldosteronism by inconclusive adrenal vein sampling: A derivation
and validation study in a tertiary centre. Clin Endocrinol (Oxf). (2022) 97:849-59.
doi: 10.1111/cen.14794

Frontiers in Endocrinology

11

10.3389/fendo.2024.1497787

36. Rossi GP, Barisa M, Allolio B, Auchus RJ, Amar L, Cohen D, et al. The Adrenal
Vein Sampling International Study (AVIS) for identifying the major subtypes of
primary aldosteronism. J Clin Endocrinol Metab. (2012) 97:1606-14. doi: 10.1210/
jc.2011-2830

37. Young WF, Stanson AW, Thompson GB, Grant CS, Farley DR, van Heerden JA.
Role for adrenal venous sampling in primary aldosteronism. Surgery. (2004) 136:1227-
35. doi: 10.1016/j.surg.2004.06.051

38. Lee J, Kang B, Ha J, Kim MH, Choi B, Hong TH, et al. Clinical outcomes of
primary aldosteronism based on lateralization index and contralateral suppression
index after adrenal venous sampling in real-world practice: a retrospective cohort
study. BMC Endocr Disord. (2020) 20:114. doi: 10.1186/s12902-020-00591-8

39. Umakoshi H, Tanase-Nakao K, Wada N, Ichijo T, Sone M, Inagaki N, et al.
Importance of contralateral aldosterone suppression during adrenal vein sampling in
the subtype evaluation of primary aldosteronism. Clin Endocrinol (Oxf). (2015) 83:462—
7. doi: 10.1111/cen.2015.83.issue-4

40. Burrello J, Burrello A, Pieroni J, Sconfienza E, Forestiero V, Amongero M, et al.
Prediction of hyperaldosteronism subtypes when adrenal vein sampling is unilaterally
successful. Eur | Endocrinol. (2020) 183:657-67. doi: 10.1530/EJE-20-0656

41. Velema M, Dekkers T, Hermus A, Timmers H, Lenders J, Groenewoud H, et al.
Quality of life in primary aldosteronism: A comparative effectiveness study of
adrenalectomy and medical treatment. J Clin Endocrinol Metab. (2018) 103:16-24.
doi: 10.1210/jc.2017-01442

42. Hundemer GL, Vaidya A. MANAGEMENT OF ENDOCRINE DISEASE: The
role of surgical adrenalectomy in primary aldosteronism. Eur J Endocrinol. (2020) 183:
R185-196. doi: 10.1530/EJE-20-0863

43. Szabo Yamashita T, Shariq OA, Foster TR, Lyden ML, Dy BM, Young WEF]r,,
et al. Unilateral adrenalectomy for primary aldosteronism due to bilateral adrenal
disease can result in resolution of hypokalemia and amelioration of hypertension.
World ] Surg. (2023) 47:314-8. doi: 10.1007/500268-022-06780-x

44. Williams TA, Gong S, Tsurutani Y, Tezuka Y, Thuzar M, Burrello J, et al.
Adrenal surgery for bilateral primary aldosteronism: an international retrospective
cohort study. Lancet Diabetes Endocrinol. (2022) 10:769-71. doi: 10.1016/S2213-8587
(22)00253-4

45. Mulatero P, Sechi LA, Williams TA, Lenders JWM, Reincke M, Satoh F, et al.
Subtype diagnosis, treatment, complications and outcomes of primary
aldosteronism and future direction of research: a position statement and
consensus of the Working Group on Endocrine Hypertension of the European
Society of Hypertension. ] Hypertens. (2020) 38:1929-36. doi: 10.1097/HJH.0000
000000002520

frontiersin.org


https://doi.org/10.1161/HYPERTENSIONAHA.113.02097
https://doi.org/10.1161/HYPERTENSIONAHA.113.02097
https://doi.org/10.1210/jendso/bvab122
https://doi.org/10.1530/EJE-19-0922
https://doi.org/10.1002/1097-0142(1950)3:1%3C32::AID-CNCR2820030106%3E3.0.CO;2-3
https://doi.org/10.5603/EP.a2021.0030
https://doi.org/10.1177/2042018821989239
https://doi.org/10.1016/j.ando.2019.10.001
https://doi.org/10.1016/j.surg.2015.06.048
https://doi.org/10.1016/j.surg.2017.10.012
https://doi.org/10.1111/cen.14210
https://doi.org/10.1007/s00268-017-4327-6
https://doi.org/10.1111/cen.14794
https://doi.org/10.1210/jc.2011-2830
https://doi.org/10.1210/jc.2011-2830
https://doi.org/10.1016/j.surg.2004.06.051
https://doi.org/10.1186/s12902-020-00591-8
https://doi.org/10.1111/cen.2015.83.issue-4
https://doi.org/10.1530/EJE-20-0656
https://doi.org/10.1210/jc.2017-01442
https://doi.org/10.1530/EJE-20-0863
https://doi.org/10.1007/s00268-022-06780-x
https://doi.org/10.1016/S2213-8587(22)00253-4
https://doi.org/10.1016/S2213-8587(22)00253-4
https://doi.org/10.1097/HJH.0000000000002520
https://doi.org/10.1097/HJH.0000000000002520
https://doi.org/10.3389/fendo.2024.1497787
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	A clinical decision model for failed adrenal vein sampling in primary aldosteronism
	Introduction
	Methods
	Study design and patient population
	Primary aldosteronism diagnosis
	Hormone measurements
	Adrenal vein sampling
	Definition of bilateral and unilateral disease
	Definition of cure
	Data collection of literature
	Statistical analysis

	Results
	Patient characteristics
	Subtyping of primary aldosteronism
	Unilateral left-sided disease
	Unilateral right-sided disease
	Bilateral disease
	Clinical decision model
	Review of the literature

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


