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The transition from radioimmunoassay (RIA) to chemiluminescent enzyme immunoassay (CLEIA)

for plasma aldosterone concentration (PAC) assays has raised concerns over its impact on primary
aldosteronism (PA) diagnosis. This study investigated the correlation between PAC and renin values
using RIA, CLEIA, and liquid chromatography/mass spectrometry/mass spectrometry (LC-MS/MS),
established cutoff values for PA diagnosis using the aldosterone-to-renin ratio (ARR) with PAC_CLEIA,
and assessed the differences in PAC values by measuring weak mineralocorticoids (WMs). This
retrospective study evaluated 312 serum PAC samples using RIA, CLEIA, and LC-MS/MS, and analyzed
315 plasma renin samples. Method correlations were assessed through Passing-Bablok regression.
Receiver operating characteristic curves determined ARR cutoffs for PA diagnosis. WMs were quantified
to evaluate theirimpact on APAC (RIA-LC-MS/MS) through multiple regression analysis. PAC_CLEIA
and PAC_LC-MS/MS values were highly correlated. ARRs derived from PAC_RIAs demonstrated more
false positives and lower specificity than ARRs using PAC_CLEIA or PAC_LC-MS/MS. WMs significantly
influenced APAC in both the PA and non-PA groups. ARRs using PAC_CLEIA are valuable for
determining PA cutoffs in clinical practice. The transition to PAC using CLEIA may enhance PA detection
rates. WMs were found to interfere with PAC measurements in the RIA method, affecting outcomes.

Keywords Primary aldosteronism, Aldosterone, Chemiluminescent enzyme immunoassay,
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Abbreviations

ARC Active renin concentration

ARR Aldosterone-to-renin ratio

AVS Adrenal vein sampling

CLEIA Chemiluminescent enzyme immunoassay
EIA Enzyme immunoassay

LC-MS/MS  Liquid chromatography/mass spectrometry/mass spectrometry
PAC Plasma aldosterone concentration

PRA Plasma renin activity

RIA Radioimmunoassay

WM Weak mineralocorticoid

Primary aldosteronism (PA) is the leading cause of secondary hypertension, characterized by excessive
aldosterone production, elevated plasma aldosterone concentrations (PACs), low plasma renin activity (PRA),
and increased cardiovascular risks'2. PA screening in patients with hypertension typically involves determining
PACs and the PAC/PRA ratio (aldosterone-to-renin ratio [ARR])**. Currently, the estimated prevalence of
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PA is as high as 4% in primary care, 10% in referred patients, and 20% among those with treatment-resistant
hypertension®~”. In Japan, PA is estimated to affect between 2 and 4 million people (1-2% of the population;
10-20% of patients with hypertension)3. Cases initially suspected to be essential hypertension are diagnosed as
PA upon closer evaluation>-13,

Given the likelihood of underdiagnosed mild PA cases, there is a need for highly sensitive and specific
screening tests. Targeted PA screening in treatment-resistant hypertension is cost-effective®!>!4, necessitating
the development of rapid and accurate screening methods'.

Traditionally, PACs are assessed using radioimmunoassay (RIA)!®!7, a method burdened by several
limitations such as the use and disposal of radioisotopes, manual measurement complexity, low traceability of
certified reference materials, low sensitivity at lesser concentrations, and the time needed for measurements® 18,
Moreover, the PACs measured by RIA can be affected by cross-reactivity with some weak mineralocorticoids
(WMs)®. However, the cross-reactivity of various WMs in different disease states remains unclear. The newer
chemiluminescent enzyme immunoassay (CLEIA) offers numerous advantages over the traditional RIA,
including greater sensitivity, certified traceability, and expedited, automated testing?*?!. CLEIA, principally
a sandwich assay (two-step immunoassay with anti-metatype antibody detection) employing more specific
monoclonal antibodies, offers quick aldosterone testing (<30 min). It uses a monoclonal antibody specific
for aldosterone, resulting in very low cross-reactivity with other steroids?*?!. PAC_CLEIA correlates strongly
with PACs measured by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS), the
international gold standard®*?3. The Japanese Guidelines for Primary Aldosteronism Treatment 2021 define
a PAC_CLEIA of 6.0 ng/dL or more and a PAC_CLEIA/PRA ratio of 20 or more as positive for PA. They also
categorize a PAC_CLEIA/PRA ratio of between 10 and 20 as borderline, and a PAC of 6.0 ng/dL or more and a
PAC_CLEIA/PRA ratio of between 10 and 20 as provisionally positive®. Notably, PAC_CLEIA values are lower
than conventional PAC_RIA values, deviating from the PAC_RIA cutoff values'®. Current screening criteria
are based on evidence from PAC_RIAs, whereas evidence concerning the utility and optimal cutoff values for
PAC_CLEIAs is limited.

The ARR is strongly influenced by the denominator, PRA. False positives can occur with low PRA values,
which can be as low as 0.1 ng/mL/h?. Older patients with hypertension are particularly likely to have low renin
levels. Traditionally, PRA has been used to assess renin levels and can be determined by liquid chromatography
coupled with mass spectrometry in the same run as aldosterone?>; however, the active renin concentration (ARC)
is increasingly being used'#?1:2. The ARC is less susceptible to interference by endogenous angiotensinogen and
can accurately and rapidly assess renin levels?!. The relationship between the ARC to the PRA level, and the
cutoff values for PA screening, are unclear.

To address these knowledge gaps, this study aimed to evaluate the accuracy and validity of PAC measurements
obtained through RIA, CLEIA, and LC-MS/MS methods, as well as plasma renin levels determined by PRA_
RIA, PRA_EIA, and ARC. Moreover, it aimed to establish optimal cutoff values for PA screening, specifically
focusing on PAC_CLEIAs and the PAC_CLEIA/PRA ratio. Furthermore, we investigated the impact of WMs
on variations in PAC values across these different measurement methods, identifying how these factors differ
by disease state.

Results

Participants and samples

This study included PAC and plasma renin samples from 227 and 245 patients, respectively, who underwent
PA screening, as well as loading tests and adrenal vein sampling (AVS). The final cohort of 220 patients had
an estimated glomerular filtration rate of 70.0 mL/min/1.73 m? (Table 1). For a broad validation of PAC value
conversion, the analysis included AVS-collected samples, which exhibit higher PAC values than those in clinical
practice. Out of 312 PAC samples, 242 (77.6%) were screening samples, 30 (9.6%) were used for loading tests,
and 40 (12.8%) were AVS samples. Out of 315 renin samples, 264 (83.8%) were for screening, 32 (10.2%) for
loading tests, and 19 (6.0%) were AVS samples (Supplemental Fig. 1, Step 1).

The 220 patients were divided into non-PA and PA groups to assess screening parameters (Supplemental
Fig. 1, Step 2). The mean age and number of sexes in both groups are listed in Tablel. Age, sex, body mass index,
serum potassium level, and blood pressure were not significantly different between the two groups. However, the
incidence of adrenal nodules was higher in the PA group, which also had smaller tumor sizes than the non-PA
group (Table 1).

Correlations between PAC methods and bias analysis of PAC values

To explore correlations and conversion (regression) equations between PAC and PRA levels, we first measured
PAC:s (Table 2). The correlation analysis between PAC_LC-MS/MS and PAC_CLEIAs revealed an r of 0.999 across
the entire measurement range. The regression equation was: PAC_LC-MS/MS=0.957 x PAC_CLEIA-0.044
(Fig. 1A). In the Bland-Altman analysis, the bias between PAC_LC-MS/MS and PAC_CLEIAs was —4.097 ng/
dL across the entire measurement range (Fig. 1B). The bias between PAC_LC-MS/MS and PAC_CLEIAs was
-0.429 ng/dL within the PAC_CLEIA non-diluted range (Supplemental Fig. 2A). The correlation analysis
between PAC_LC-MS/MS and PAC_RIAs indicated an r of 0.992 and a regression equation of: PAC_LC-MS/
MS=0.723 x PAC_RIA-3.487 (Fig. 1C). The bias between the PAC_LC-MS/MS and PAC_RIAs was —-64.330 ng/
dL across the entire measurement range (Fig. 1D). The bias was -8.014 ng/dL for the PAC_CLEIA non-diluted
range (Supplemental Fig. 2B). When correlating PAC_RIAs and PAC_CLEIAs, the r was 0.991 and the equation
was: PAC_CLEIA =0.756 X PAC_RIA-3.458 (Fig. 1E). The bias between the PAC_CLEIAs and PAC_RIAs was
-60.233 ng/dL across the whole measurement range (Fig. 1F), and -7.584 ng/dL for the PAC_CLEIA non-diluted
range (Supplemental Fig. 2C). The regression analysis revealed a very strong correlation between PAC_LC-MS/
MS and PAC_CLEIA, while the PAC_RIA differed from the values obtained by LC-MS/MS and CLEIAs.

Scientific Reports |

(2024) 14:26040 | https://doi.org/10.1038/s41598-024-75645-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

All patients (n=220) non-PA (n=84) PA (n=72) p value
Age (years) 60.6+14.3 [24-87] 59.3+15.1 [25-87] 61.2+12.3 [33-81] 0.390
Sex (male, female) 104, 116 42,42 31,41 0.423
eGFR (mL/min/1.73m?)* 70.0 +20.8 [6.3-136.9] 71.8+22.7 [6.3-136.9] 69.2+18.6 [26.3-116.3] 0.441
Body mass index (kg/m?)* 25.9+6.6 [17.3-60.2] 24.2+5.1[17.3-44.6] 25.6+5.2 [17.8-43.0] 0.158
Systolic blood pressure (mmHg)* 134.1+19.0 [95.0-207.0] 128.9 +18.6 [95.0-180.0] 134.1+13.3 [110.0-173.0] 0.058
Diastolic blood pressure (mmHg)* 81.1+13.8 [42.0-146.0] 78.0+13.5 [42.0-118.0] 80.9+9.4 [54.0-116.0] 0.137
Serum potassium level (mmol/L)* 4.0+0.4 [2.7-5.5] 4.1+0.3[3.3-5.4] 4.0+£0.3 [2.7-4.9] 0.085
Prevalence of adrenal nodule on CT imaging (no. (%))* | 89 /208 (42.8) 22/80(27.5) 35/72(48.6) 0.007
Size of CT-detected adrenal nodules (mm)* 17.5+9.1 [5.0-65.0] 20.2+12.3 [9.0-65.0] 13.9+7.7 [5.0-50.0] 0.021
PRA
PRA_RIA (ng/mL/hr) 0.9 (0.4-1.6) [0.1-13] 0.9 (0.4-1.6) [0.1-13] 0.8 (0.3-1.2) [0.1-6.0] 0216
PRA_EIA (ng/mL/hr)* 1.2 (0.6-2.5) [0.2-20.5] 1.3 (0.5-2.5) [0.2-21] 0.9 (0.4-2.0) [0.2-9.8] 0.088
ARC (pg/mL) 8.64 (4.54-15.91) [1.51-101.4] | 9.14 (4.40-18.19) [1.51-101.4] | 6.60 (3.98-11.99) [1.54-65.83] 0.163
PAC
PAC_RIA (ng/dL) 13.7 (9.2-23.2) [3.7-77.0] 9.9 (8.0-13.6) [3.7-36.4] 24.2 (15.5-36.6) [6.8-77.0] <0.001
PAC_CLEIA (ng/dL) 5.8 (3.3-13.7) [0.5-56.6] 3.7 (2.4-6.1) [0.5-23.3] 16.4 (7.4-24.8) [2.8-56.6] <0.001
PAC_LC-MS/MS (ng/dL) 5.7 (2.9-13.3) [0.6-57.7] 3.8 (2.3-5.7) [0.8-18.9] 15.2 (7.1-24.6) [3.0-57.7] <0.001
PAC/PRA
PAC_RIA/PRA_RIA 19.0 (8.1-33.6) [1.1-212.5] 13.3 (6.6-22.3) [1.1-96.4] 34.4 (20.2-57.6) [3.3-212.5] <0.001
PAC_CLEIA/PRA_RIA 6.9 (3.0-18.4) [0.2-188.2] 3.9 (2.7-8.5) [0.2-48.1] 19.5 (13.3-39.3) [1.5-188.2] <0.001
PAC_LC-MS/MS/PRA_RIA 6.2 (2.9-17.7) [0.3-188.0] 4.1 (2.6-7.7) [0.3-48.2] 19.1 (12.0-38.2) [1.3-188.0] <0.001
PAC_RIA/PRA_EIA* 11.9 (5.2-25.4) [0.5-220.0] 10.2 (4.2-15.4) [0.5-101.5] 25.3 (14.1-48.4) [1.8-220.0] <0.001
PAC_CLEIA/PRA_EIA* 4.7 (2.0-13.7) [0.1-282.3] 2.9 (1.6-5.5) [0.1-44.3] 15.9 (8.1-26.9) [0.9-282.3] <0.001
PAC_LC-MS/MS/PRA_EIA* 4.1 (1.9-13.0) [0.1-282.0] 2.9 (1.8-5.7) [0.1-38.5] 15.8 (7.5-25.9) [0.8-282.0] <0.001
PAC/ARC
PAC_RIA/ARC 1.69 (0.76-3.55) [0.08-27.28] | 1.13 (0.67-2.35) [0.08-6.06] | 3.46 (1.74-6.31) [0.38-27.28] | <0.001
PAC_CLEIA/ARC 0.68 (0.27-1.93) [0.02-20.79] | 0.42 (0.22-0.82) [0.02-3.17] | 2.04 (1.02-3.77) [0.16-20.79] | <0.001
PAC_LC-MS/MS/ARC 0.64 (0.27-1.73) [0.02-19.18] | 0.42 (0.20-0.81) [0.02-2.70] | 1.99 (0.93-3.70) [0.13-19.18] | <0.001
Weak Mineralocorticoids
DOC (ng/dL)* - 2.5 (1.8-4.4) [0.0-60.6] 3.0 (1.9-5.8) [0.0-57.9] 0.076
B (ng/dL)* - 123.3 (70.2-261.5) [8.2-739.6] | 132.8 (83.6-239.7) [20.8-1585] 0.531
18-OHB (ng/dL)* - 343 (25.2-47.4) [3.4-113.0] | 62.4 (41.0-95.1) [10.4-217.8] | <0.001
18-OHF (ng/dL)* - 80.5 (47.9-98.6) [4.7-426.4] | 116.1 (70.3-170.8) [18.8-698.4] | <0.001
18-oxoF (ng/dL)* - 0.6 (0.4-1.2) [0.1-4.9] 2.2 (1.2-4.5) [0.3-58.6] <0.001

Table 1. Clinical characteristics of all patients in this cohort. Data were shown as mean + SD or median (25th-
75th percentile). Figures in brackets indicate minimum and maximum values. For comparisons between PA
and non-PA groups, the paired t test was used when the parameters were normally distributed, and the Mann-
Whitney U test was used when they were not normally distributed. All patients include gray group as shown

in Supplemental Fig. 1. PA primary aldosteronism, eGFR estimated glomerular filtration rate, CT computed
tomography, PRA Plasma renin activity, RIA Radioimmnoassay, EIA Enzyme immunoassay, ARC Active renin
concentration, PAC Plasma aldosterone concentration, CLEIA Chemiluminescent enzyme immunoassay,
LC-MS/MS Liquid Chromatography/Mass Spectrometry/Mass Spectrometry, DOC Deoxycorticosterone, B
Corticosterone, 18-OHF 18-Hydroxycortisol, 18-OHB 18-Hydroxycorticosterone, 18-oxoF 18-oxocortisol.
*Missing values were excluded and analyzed.

Figure 1G is a dot plot showing the different PAC measurements from the same samples. The PAC_RIA
values were significantly higher than PAC_LC-MS/MS values (p < 0.0001) within the entire measurement range,
while the PAC_CLEIA values closely aligned with those of PAC_LC-MS/MS. Moreover, the PAC_LC-MS/MS
and PAC_CLEIA values were lower than the PAC_RIA values in samples collected for screening (p <0.0001)
(Fig. 1H).

Correlations between PAC methods and bias analysis of PAC values in loading test and AVS
samples

Additional analyses were performed on each sample type to examine the correlation and bias of PAC values
in loading test and AVS samples. For the loading test samples, the correlation analysis between PAC_LC-MS/
MS and PAC_CLEIA revealed an r of 0.992 (Supplemental Fig. 3A). The bias between PAC_LC-MS/MS and
PAC_CLEIA was 0.322 ng/dL (Supplemental Fig. 3B). The correlation analysis between PAC_LC-MS/MS and
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All measurement renin sample data (n=315) and
aldosterone sample data (n=312)

PRA_RIA (ng/mL/hr) 0.7 (0.4-1.4) [0.1-13]
PRA_EIA (ng/mL/hr) 1.0 (0.6-2.4) [0.2-20.5]
ARC (pg/mL) 7.4 (3.8-14.5) [1.2-101.4]
PAC_RIA (ng/dL) 13.9 (8.8-26.2) [3.4-18,200]
PAC_CLEIA (ng/dL) 6.2 (3.2-17.7) [0.4-18,776]
PAC_LC-MS/MS (ng/dL) | 5.9 (2.8-17.0) [0.5-17,521]

Table 2. Characteristics of all renin and aldosterone samples in this Cohort. Data were shown as median
(25th-75th percentile). Figures in brackets indicate minimum and maximum values. PRA Plasma renin
activity, RIA Radioimmnoassay, EIA Enzyme immunoassay, ARC Active renin concentration, PAC
Plasma aldosterone concentration, CLEIA Chemiluminescent enzyme immunoassay, LC-MS/MS Liquid
Chromatography/Mass Spectrometry/Mass Spectrometry.

PAC_RIA revealed an r of 0.819 (Supplemental Fig. 3C). The bias between PAC_LC-MS/MS and PAC_RIA was
—5.476 ng/dL (Supplemental Fig. 3D). The correlation analysis between PAC_CLEIA and PAC_RIA revealed an
r of 0.817 (Supplemental Fig. 3E). The bias between PAC_CLEIA and PAC_RIA was -5.153 ng/dL (Supplemental
Fig. 3F).

Regarding PAC values, RIA produced significantly higher values compared with LC-MS/MS (p <0.0001),
whereas no significant difference was found between CLEIA and LC-MS/MS (Supplemental Fig. 3G). For
the AVS samples, the correlation analysis between PAC_LC-MS/MS and PAC_CLEIA revealed an r of 0.999
(Supplemental Fig. 4A). The bias between PAC_LC-MS/MS and PAC_CLEIA was 28.84 ng/dL (Supplemental
Fig. 4B). The correlation analysis between PAC_LC-MS/MS and PAC_RIAs revealed an r of 0.990 (Supplemental
Fig. 4C). The bias between PAC_LC-MS/MS and PAC_RIA was -448.1 ng/dL (Supplemental Fig. 4D). The
correlation analysis between PAC_CLEIA and PAC_RIA revealed an r of 0.989 (Supplemental Fig. 4E). The bias
between PAC_CLEIA and PAC_RIA was -419.2 ng/dL (Supplemental Fig. 4F). Again, RIAs yielded significantly
higher PAC values than LC-MS/MS (p <0.0001), with no significant difference between CLEIAs and LC-MS/
MS (Supplemental Fig. 4G).

Correlations between PRA methods
For the 315 total renin samples, the median values are shown in Table 2. The correlation analysis between PRA_
RIAs and PRA_EIAs over the entire measurement range yielded an r of 0.975 and a regression equation of:
PRA_FIA=1.692XPRA_RIA-0.203 (Fig. 2A). For PRA_RIA values of 2 ng/mL/h or less (the most relevant
PA diagnostic range), r was 0.896 and the regression equation was: PRA_EIA =1.6 X PRA_RIA-0.18 (Fig. 2B).
The slope was more than 1 for both the full measurement range and the low-PRA_RIA (<2 ng/mL/h) range,
indicating that values obtained by EIA were significantly higher than those obtained by RIA across both ranges,
as shown in dot plots (Fig. 2C,D).

In the Bland-Altman analysis, the bias between the PRA_EIAs and PRA_RIAs was+0.732 ng/mL/h across
the entire measurement range (Supplemental Fig. 5A).

Correlations between PRA and ARC methods

The correlation analysis between ARCs and PRA_RIAs showed an r of 0.893 across the entire range, with the
equation: ARC=10.193 Xx PRA_RIA +0.499 (Fig. 2E). For PRA_RIA values of 2 ng/mL/h or less, the r was 0.766,
and the equation was: ARC=11.356 X PRA_RIA-0.982 (Fig. 2F). Between ARCs and PRA_EIAs, the r was 0.902
across the entire measurement range, and the equation was: ARC=6.456 X PRA_EIA +0.365 (Fig. 2G). For
PRA_RIA values of less than 2 ng/mL/h, the r was 0.864, and the equation was: ARC=8.716 X PRA_EIA-0.770
(Fig. 2H).

Although correlations between PRA and ARC values were relatively low, PRA is a discontinuous variable
measured in increments of 0.1 ng/mL/h by both RIA and EIA, while ARC is a continuous variable. Hence, a
range of ARC values can correspond to a specific PRA value, especially when considering the lower PRA values
that are important for PA diagnosis.

Cutoff values for ARR for PA screening

The screening parameters for the 220 eligible patients were compared between non-PA and PA groups
(Supplemental Fig. 1; Step 2). In the PA group, ARR values based on PRA_RIA were significantly higher than
those is the non-PA group across all three PAC assay methods (p <0.001) (Table 1, Fig. 3A-C). Most patients
in the PA group were taking calcium channel blockers (CCBs) or mineralocorticoid receptor blockers (MRBs)
because the cohort was part of a retrospective analysis that included patients without hypertension, patients with
other endocrine disorders, and patients taking drugs affecting the renin-angiotensin-aldosterone system (Table
1, Supplemental Table 3).

ARR values based on ARCs were also compared between the PA and non-PA groups. Using all three methods
for measuring PAC, ARR values were higher in the PA group (p <0.0001) (Table 1, Supplemental Fig. 6A-C).
PAC values were plotted against the corresponding PAC/PRA_RIA or PAC/ARC ratios for each of the three PAC
methods, showing that the PA and non-PA groups were separable (Supplemental Fig. 6).
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Fig. 1. Passing-Bablok regression analysis for plasma aldosterone concentration (PAC) (A,C,E) and Bland-
Altman analysis (B,D,F), along with comparisons of PAC measurements from identical samples over the
full measurement range (G) and in screening samples only (H) (values from the same sample are connected
by lines). Values from chemiluminescent enzyme immunoassay (CLEIA) and liquid chromatography/mass
spectrometry/mass spectrometry (LC-MS/MS) were highly correlated and nearly identical. In contrast,
radioimmunoassay (RIA) values were higher than both CLEIA and LC-MS/MS values. Differences between
groups were evaluated using Friedman’s test followed by Dunn’s multiple comparisons test. “Screening’,
“loading test”, “AVS”, and “95% LoA” refer to screening, loading test, adrenal venous sampling samples, and
95% limits of agreement, respectively.
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Fig. 2. Passing-Bablok regression analysis for renin measurements over the entire range (A,E,G) and in

the low plasma renin activity (PRA) range (B,F,H), in addition to comparisons of PRA measurements from
identical samples over the full measurement range (G) and in radioimmunoassay (RIA) values <2 ng/mL/h
(D) (values from the same samples are connected by a line). PRA values from enzyme immunoassay (EIA)
were significantly higher than PRA_RIA values. Correlations between PRA and active renin concentration
(ARC) values were relatively low, complicating accurate conversion. Notably, in the low-renin range, a broad
range of ARC values corresponded to each PRA value, allowing for a more granular assessment of renin values.
Inter-group differences were evaluated using Wilcoxon matched-pairs signed rank tests. “Screening,” “loading
test”, and “AVS” signify screening, loading test, and adrenal venous sampling samples, respectively.
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Fig. 3. Distribution of plasma aldosterone concentration (PAC) and plasma renin activity (PRA) in the
primary aldosteronism (PA) and non-PA groups according to different aldosterone-to-renin ratio (ARR)
methods (A-C) and derivation of ARR cutoft values using receiver operating characteristic curve analysis (D-
I). For all PAC assay methods, PAC/PRA _ radioimmunoassay (RIA) was significantly higher in the PA group
than in the non-PA group. Cutoff values and specificity are shown, with sensitivity set at 80.6%. The area under
the curve (AUC) was greater for the ARR using PAC determined by chemiluminescent enzyme immunoassay
(CLEIA) than for the ARR using PAC determined by RIA. Inter-group differences were evaluated using the
Mann-Whitney U test. The letter “a” represents specificity and an ARR threshold at 90.3% sensitivity; “b”
represents specificity and an ARR threshold at 80.6% sensitivity; “c” represents sensitivity, specificity, and an
ARR threshold at the Youden Index.

To evaluate the suitability of each method for PA screening, receiver operating characteristic (ROC) curves
were created for the PAC/PRA ratio based on PAC values measured by RIA, CLEIA, and LC-MS/MS. The area
under the curve (AUC) values were 0.872 for PAC_LC-MS/MS/PRA_RIA, 0.872 for PAC_CLEIA/PRA_RIA, and
0.801 for PAC_RIA/PRA_RIA (Fig. 3D-F). There was no significant difference in AUC between PAC_LC-MS/
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MS/PRA_RIA and PAC_CLEIA/PRA_RIA. However, the AUC of PAC_RIA/PRA_RIA was significantly different
from that of PAC_LC-MS/MS/PRA_RIA (p<0.05) and PAC_CLEIA/PRA_RIA (p<0.05). At a sensitivity of
80.6%, the cutoff value was 10.0 ng/dL/ng/mL/h for PAC_LC-MS/MS/PRA_RIA (specificity: 85.7%), 10.5 ng/
dL/ng/mL/h for PAC_CLEIA/PRA_RIA (specificity: 84.5%), and 19.1 ng/dL/ng/mL/h for PAC_RIA/PRA_RIA
(specificity: 67.9%) (Fig. 3D-F). At a sensitivity of 90.3%, the cutoff value was 4.67 ng/dL/ng/mL/h for PAC_LC-
MS/MS/PRA_RIA (specificity: 55%), 5.47 ng/dL/ng/mL/h for PAC_CLEIA/PRA_RIA (specificity: 58%), and
11.6 ng/dL/ng/mL/h for PAC_RIA/PRA_RIA (specificity: 44%) (Supplemental Table 4).

We also created ROC curves for the PAC/ARC ratios corresponding to each PAC assay method. The AUC for
PAC_CLEIA/ARC was 0.855. At a sensitivity of 80.6%, the cutoff value was 0.72 ng/dL/pg/mL for PAC_LC-MS/
MS/ARC (specificity: 73.8%), 0.77 ng/dL/pg/mL for PAC_CLEIA/ARC (specificity: 73.8%), and 1.60 ng/dL/pg/
mL for PAC_RIA/ARC (specificity: 60.7%) (Fig. 3G-I). At a sensitivity of 80.6%, the specificity was lower for the
PAC/ARC ratio than for the PAC/PRA ratio using all the PAC methods; however, at a sensitivity of 90.3%, the
specificity was similar between ARC-based and PRA-based ratios from all PAC methods (Supplemental Table 4).

Furthermore, we identified the following cutoff values for the combination of ARR and PAC at a sensitivity of
81%: PAC_RIA/PRA_RIA ratio more than 11.6 ng/dL/ng/mL/h and PAC_RIA more than 11.5 ng/dL (specificity:
82%); PAC_CLEIA/PRA_RIA ratio more than 5.47 ng/dL/ng/mL/h and PAC_CLEIA more than 5.4 ng/dL
(specificity: 82%); and PAC_LC-MS/MS/PRA_RIA ratio more than 4.66 ng/dL/ng/mL/h and PAC_LC-MS/MS
more than 5.8 ng/dL (specificity: 85%) (Supplemental Tables 6, 7).

When we substituted ARCs for PRA levels, the combined ARR and PAC values remained effective screening
parameters for PA. We identified the following cutoff values for the combination of ARR (PAC/ARC ratio) and
PAC at a sensitivity of 81%: PAC_RIA/ARC ratio more than 1.10 ng/dL/pg/dL and PAC_RIA more than 11.6 ng/
dL (specificity: 86%); PAC_CLEIA/ARC ratio more than 0.51 ng/dL/pg/dL and PAC_CLEIA more than 5.5 ng/
dL (specificity: 85%); and PAC_LC-MS/MS/ARC ratio more than 0.49 ng/dL/pg/dL and PAC_LC-MS/MS more
than 5.8 ng/dL (specificity: 86%). These results were generally similar to the specificity of cutoff values for the
PAC/PRA_RIA ratio plus PAC combinations (Supplemental Table 8).

Impact of changes in the ARR screening method on PA diagnosis rates

To clarify the impact of screening method changes on PA diagnostic rates (sensitivity and specificity), we utilized
waterfall plots. These plots assessed the concordance between ARRs (PAC/PRA_RIA ratios) computed with
three PAC methods using identical samples from both PA and non-PA groups. When comparing LC-MS/MS
and RIAs, the first y-axis represented the PAC_LC-MS/MS/PRA_RIA ratio, while the second y-axis showed
the PAC_RIA/PRA_RIA ratio. The 80.6%-sensitivity cutoff values, as determined by ROC curve analysis for
each ARR, were indicated in each y-axis. Then, ARRs were plotted from left to right in descending order of
value. In the PA group, the determinations were almost identical; however, in the non-PA group, divergence
occurred in 15 cases, which yielded false-positive PAC_RIA results (Fig. 4A, B). Waterfall plots comparing the
PAC_LC-MS/MS/PRA_RIA ratio on the first y-axis and the PAC_CLEIA/PRA_RIA ratio on the second y-axis,
indicated closely aligned results in both the PA and non-PA groups (Fig. 4C, D). When the first y-axis was set to
PAC_CLEIA/PRA_RIA and the second to PAC_RIA/PRA_RIA, the determinations were nearly identical in the
PA group but diverged in 17 cases in the non-PA group, resulting in false-positive PAC_RIA results (Fig. 4E, F).

Characteristics of false-positive patients by PAC_RIA/PRA_RIA

Further analysis of false-positives identified by PAC_RIA/PRA_RIA, when compared to PAC_LC-MS/MS/
PRA_RIA in patients without PA, revealed distinct characteristics (Supplemental Table 9). Compared with true-
negatives in patients without PA, the false-positives had significantly lower PAC_CLEIA and PAC_LC-MS/MS
values (p=0.007 and p=0.010, respectively), as well as lower PRA_RIA and ARC values (both p<0.0001).
These differences resulted in higher ARRs or PAC/ARC ratios. Interestingly, lower levels of corticosterone (B)
and 18-oxocortisol (180xoF) (p=0.038 and p=0.041, respectively) were also characteristic of the false-positive

group.

WNMs cross-react with the PAC measurement system, particularly the RIA method
Lastly, we utilized 150 serum samples to investigate the cause of the significantly higher PAC_RIA values compared
with PAC_CLEIA and PAC_ LC-MS/MS values, identifying which WMs contributed more to APAC (PAC_RIA-
PAC_LC-MS/MS) through multiple regression analysis (Supplemental Fig. 1, Step 3). 18-hydroxycorticosterone
(180HB), 18-hydroxycortisol (180HF), and 180xoF values were significantly higher in the PA group than those
in the non-PA group, while deoxycorticosterone (DOC) and B showed no significant differences (Table 1). The
multiple regression analysis indicated that the APAC was strongly correlated with B, I80HB, and DOC across
all 150 samples: in the non-PA group, 180HB, 180xoF, and B contributed; in the PA group, B, DOC, and 180HB
were significant contributors (Supplemental Table 10).

This data clarifies that the WMs affecting APAC values and PAC_RIAs differ between the non-PA and PA
groups. Notably, PAC_RIAs exhibited cross-reactivity not only with PAC but also with certain WMs, particularly
DOC, B and 180HB, resulting in higher values for PAC_RIAs compared with PAC_LC-MS/MS.

Discussion

PAC has traditionally been measured using RIA. However, in recent years, many institutions have transitioned
to using CLEIA for PAC measurement due to its potential advantages. Several factors contribute to the superior
performance of CLEIA compared with RIA, including the high specificity of the reaction, the use of antibodies
with improved selectivity and affinity, and calibrations traceable to Certified Reference Material (CRM)?2. Despite
this shift, there are few reports that have comprehensively measured and compared PACs of multiple specimens
by RIA, CLEIA, and LC-MS/MS in the same specimen®*?%%”. Our study addresses this gap by conducting a
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Fig. 4. Waterfall plots evaluating the concordance of aldosterone-to-renin ratios (ARRs) measured by different
plasma aldosterone concentration (PAC) assays between primary aldosteronism (PA) and non-PA groups.
(A,C.E). ARRs shown on the left y-axis are plotted on the x-axis from left to right in descending order, and the
corresponding ARRs on the right y-axis are aligned at the same x-coordinate. Cutoff values for each ARR at a
sensitivity of 80.6% are indicated on both the left and right y-axes. (B,D,F) Enlarged views of the dotted line
areas in A, C, and E, respectively. Dots in the pink false-positive (FP) zone indicate false positives for ARRs on
the right y-axis. The ARRs using PAC values determined by radioimmunoassay (RIA) resulted in more false
positives than the ARRs using PAC values determined by chemiluminescent enzyme immunoassay (CLEIA).
Units for all y-axis values are ng/dL/ng/mL/h.
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thorough comparison of these three methods using the same specimens, providing valuable insights into their
relative performance and clinical implications.

Our findings corroborate previous studies , showing a strong correlation between PAC_CLEIA and
PAC_LC-MS/MS values (r=0.999, p<0.0001). CLEIA maintains a high correlation with LC-MS/MS across
screening, loading test, and AVS samples, with minimal bias in PAC values. This confirms CLEIA as a highly
accurate and reliable method for PAC measurement, suitable for PA screening, diagnostic testing, and AVS. The
strong correlation with LC-MS/MS, considered the gold standard, further validates the accuracy of CLEIA for
PAC measurement.

Additionally, we derived a conversion equation from PAC_RIA to PAC_CLEIA. This equation serves two
important purposes: first, it allows for the recalibration of past PAC measurements obtained through RIA,
ensuring continuity in patient data interpretation; second, it provides a foundation for optimizing future PA
screening cutoff values based on CLEIA measurements. This conversion tool could be particularly beneficial in
clinical settings transitioning from RIA to CLEIA, enabling more accurate comparisons of historical and current
PAC data.

Our study also investigated renin activity, comparing PRA and ARC measurements. We found that the ARC
is particularly suitable for detailed evaluation in patients with PRA values of 2 ng/mL/h or less, which is the
range relevant for PA diagnosis. The ARC offers advantages in terms of speed (<30 min) and sensitivity, with a
threshold value of 0.04 pg/mL showing excellent sensitivity*!. These characteristics make the ARC a promising
parameter for PA screening.

However, our analysis revealed a relatively weak correlation between PRA_RIA and the ARC (r=0.894).
The slope of the regression equation was 10.193, which complicates the conversion between PRA and ARC
values. This weak correlation likely stems from the fundamental differences in their measurement principles:
PRA quantifies angiotensin I production per unit time using angiotensinogen in the blood as a substrate, while
the ARC directly measures the ARC using a specific monoclonal antibody?!. We also assessed the accuracy of
the PAC, PRA, and ARR values for their clinical importance in PA screening. We determined PA screening
cutoff values for the ARR with a sensitivity setting at 80%. Previously, a considerable variation in ARR cutoff
values has been used for PA screening (Supplemental Table 5). This variability in ARR cutoff values may be due
to differences in participant recruitment conditions and patient population characteristics in different study
settings. In our study, a PAC_RIA/PRA_RIA ratio cutoft value of more than 19.1 ng/dL/ng/mL/h achieved a
sensitivity of 80.6%, consistent with the Nishizaka and Calhoun studies?-3!.

Previous studies have suggested that combining ARR and PAC values can improve PA screening accuracy by
reducing false-positives®**2 These studies found that using combinations of ARR and PAC cutoff values tended
to increase specificity at the expense of sensitivity for detecting treatment-resistant hypertension or hypertension
in the target population®®32. Our results align with these findings, demonstrating an increase in specificity and
improved accuracy of PA screening when using combined criteria (Supplemental Tables 6, 7, 8). We observed a
consistent trend across studies evaluating different ARR cutoff values, with higher cutoff values being associated
with lower sensitivity and higher specificity. This trend was evident in our own data as well as in the varying ARR
sensitivity reported across different studies (Supplemental Table 5). The observed pattern reflects the inherent
trade-off between sensitivity and specificity in diagnostic testing.

In terms of PAC measurement, CLEIA demonstrated strong correlations with the gold standard LC-MS/MS,
affirming its accuracy. This high correlation, coupled with CLEIA' ability to provide fast results, suggests it may
be particularly useful for rapid testing during AVS. Moreover, our analysis revealed thata PAC_CLEIA/PRA_RIA
ratio of 10.5 ng/dL/ng/mL/h achieved a sensitivity of 80.6% with few false-positives (specificity: 84.5%). These
performance characteristics suggest that the PAC_CLEIA/PRA_RIA ratio could serve as a valuable parameter
for PA screening, offering a good balance between sensitivity and specificity. Recently, Ono et al. reported a
PAC_CLEIA/PRA_RIA ratio of 31.5 ng/dL/ng/mL/hr (sensitivity 90.2%, specificity 76.8%) as the cutoff value
for aldosterone-producing adenoma (APA) detection?®. The variation in these cutoff values is likely attributable
to differences in the characteristics of the study populations, the specific patient groups targeted by the cutoft
values, and the influence of medications, such as MRBs, that may affect ARR in our cohort.

Although we have presented an ARR screening cutoff using PAC_CLEIA, the current consensus for screening
cutoffs still employs PAC_RIA, which generally shows higher values than PAC_CLEIA. In our cohort, the
median PAC_RIA was over twice as high as the median PAC_CLEIA. This discrepancy raises questions about
the underlying causes of these differences.

Artifactual results in immunoassays can be due to various interferences, including cross-reacting substances,
heterophile antibodies, autoantibodies, and the high-dose hook effect?>34. However, the precise reasons for the
discrepancies between PAC_RIA and PAC_CLEIA values remain unclear. Nishikawa et al. reported that the
addition of 180xoF to samples led to discrepancies of up to 24% in PAC-RIA measurements!®, suggesting the
potential influence of WMs on RIA results.

To investigate the degree of WM interference in PAC measurement, we measured WMs in the same samples
where PAC was measured. Our multiple regression analysis revealed that the WMs contributing to APAC (PAC_
RIA-PAC_LC/MS/MS) varied between the non-PA and PA groups. This variation could be linked to differing
expressions of steroid synthases, notably aldosterone synthase, in PA and normal adrenal glands.

In adrenal glands with APAs, tumors with KCNJ5 mutations have been reported to consist of cells expressing
only CYP11B2 and cells that co-express CYP11B2 and 17a-hydroxylase, with some cells also co-expressing
CYP11B2, 17a-hydroxylase, and CYP11B1%. This suggests that the steroid synthase expression profile in the
adrenal gland may differ significantly between PA and non-PA groups. Our observations suggested potential
differences in the contributions of various steroid metabolites between the PA and non-PA groups. In the PA
group, we noted possible influences from DOC and B, which are precursors of aldosterone, as well as 180OHB.
In contrast, the non-PA group appeared to show potential contributions from 180HB, 180xoF, and B. The PAC_

22,27,28
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RIA values seemed to exhibit some degree of cross-reactivity with WMs, which appeared to vary depending
on the underlying pathology. This variability in cross-reactivity, along with differences in true PAC levels, may
contribute to the tendency for PAC_RIA values to be somewhat higher than those obtained through PAC_LC-
MS/MS.

This study has a few limitations that may affect the generalizability of its findings. First, is the selection bias
inherent in our cohort, which predominantly comprises patients receiving MRBs and CCBs in a university
hospital setting. These medications may influence the ARR, which could result in false-negative results in PA
screening. Second, additional variables such as the timing of blood sampling, freezing and thawing procedures,
salt consumption, potassium levels, and patient posture can also impact the levels of renin and aldosterone.
Despite our efforts to mitigate these effects, the retrospective design of our study precluded the evaluation of all
patients under optimal conditions.

Ideally, medications that interfere with the renin-angiotensin-aldosterone system, including angiotensin-
converting enzyme inhibitors, angiotensin II type 1 receptor blockers, beta-blockers, and diuretics, should be
discontinued at least 2 weeks before testing, while MRBs should be withdrawn for 4 weeks*. Despite our efforts
to control for these variables, the lack of standardized conditions may have affected the diagnostic performance
of the ARR in our cohort. Consequently, future prospective studies with stricter control of these variables—
including medication use, patient age, disease duration, and underlying comorbidities—are warranted. Such
studies could help establish more accurate cut-off values for the ARR using different measurement methods and
contribute to improving the diagnostic accuracy for PA screening.

In conclusion, our study suggests the potential utility of CLEIA as a method for measuring PAC, and
proposes PA screening cutoff values based on PAC_CLEIA. Our findings indicate that PAC_RIA, which remains
in use in many settings, may yield somewhat higher values compared with the CLEIA method, possibly due
to the influence of WMs. This study aims to contribute to the ongoing improvement of hypertension care by
potentially enhancing the accuracy of PA screening. By doing so, we hope to support efforts to identify PA
cases that may otherwise go undetected, ultimately leading to more targeted and effective patient care. However,
further research and clinical validation may be necessary to fully establish the role of CLEIA in PA screening
and diagnosis.

Methods

This study was approved by the Ethics Committee of Chiba University Graduate School of Medicine (approval
number: 2020-3795). Written informed consent was not required as the study was retrospective and used only
surplus blood samples from regular medical care. The requirement for informed consent has been waived by the
Ethics Committee of Chiba University Graduate School of Medicine due to the retrospective nature of the study.
Details of the study were disclosed in advance on the website, and patients had the option to opt out. This study
was designed in accordance with the STARD checklist.

Participants
We retrospectively examined 312 PAC samples from 227 patients and 315 plasma renin samples from 245 patients
treated at Chiba University Hospital in Japan between March 31 and May 13, 2021 (Supplemental Fig. 1).

In step 1, we derived conversion equations between the different assays. For aldosterone, the equations were
derived between PAC_CLEIA and PAC_LC-MS/MS, PAC_RIA and PAC_LC-MS/MS, and PAC_RIA and PAC_
CLEIA. For renin, equations were derived between PRA_RIA and PRA_EIA, PRA_RIA and ARC, and PRA_EIA
and ARC. The equations were also derived for samples in the low range (PRA <2 ng/mL/h). PRA_EIA samples
outside the sensitivity range were excluded. Due to the higher PAC values in loading test and AVS samples
and the potential for drug interference (e.g., corticotropin, captopril, furosemide), which may lead to PAC and
renin differences, separate analyses were performed for each sample type. As the study aimed to reflect clinical
practice, loading test and AVS samples were included when deriving conversion equations.

In step 2, we calculated ARR thresholds (PAC/PRA_RIA, PAC/ARC). Medical records were reviewed to
include only screening samples, excluding loading test and AVS samples. Only samples with concurrent
aldosterone and renin measurements were selected. When multiple samples were taken from a patient, the early
morning resting sample was used. For PRA_RIA, the ARR was calculated from the lower detection limit if the
observed value was below this limit.

In total, 220 patients were classified into three groups: the PA group, which met the PA diagnostic criteria
(n=72); the non-PA group, which fulfilled the criteria for non-PA diagnostic conditions (n=_84); and the gray
group, which did not fit into either of the other two categories (n=64). The PA diagnostic criteria included:
hypertension; 1 or more elevated PAC_RIA (> 12 ng/dL) and PAC_RIA/PRA_RIA ratio (>20 ng/dL/ng/mL/h);
and 1 or more positive functional confirmatory test (saline infusion, captopril loading, or furosemide-upright
loading). The 72 patients in the PA group included seven with APAs, 23 with bilateral hyperaldosteronism
(BHA), and 42 with no diagnosis of APA or BHA. The non-PA group included patients with: no hypertension
or hypoadrenocorticism, those with hypertension with negative screening and functional tests, those who had
undergone adrenalectomy for unilateral aldosteronism or unilateral adrenal tumor. The gray group, which
included patients who did not fit into the other two groups (positive screening tests but negative or no functional
tests; nonfunctioning adrenal tumors; secondary hypertension resulting from non-PA disorders; bilateral
aldosteronism and post-unilateral adrenalectomy), was excluded from the analysis.

In step 3, WMs were analyzed in the aldosterone samples utilized in step 2 to explore the factors causing
differences between PAC assays. A total of 150 WM samples from the PA (n=68) and non-PA groups (n=82)
were analyzed, excluding those with insufficient volume. WM types such as DOC, B, 18-OHB, 18-OHEF, and
18-oxoF were measured.
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Aldosterone, renin and WM measurement methods

For serum PAC, blood samples were first subjected to serum separation, and the serum was stored at — 30 °C for
a few days. PAC_RIA measurements were performed using the Spac-S Aldosterone Kit (Fujirebio, Inc., Tokyo,
Japan). The remaining serum was returned to — 30 °C storage, and subsequently, PAC_CLEIA was measured
using Lumipulse Presto Aldosterone (Fujirebio, Inc., Tokyo, Japan). This refreezing process was repeated before
performing PAC_LC-MS/MS (ASKA Pharmaceutical Co., Ltd, Tokyo, Japan). Additionally, some samples were
analyzed for DOC, B, 18-OHB, 18-OHE, and 18-oxoF using LC-MS/MS.

Plasma renin was assessed similarly; however, the blood samples underwent plasma separation instead.
Regarding our sample handling procedures, samples were maintained in a frozen state throughout transport
and were stored at -80 °C. For analysis, frozen samples were thawed in a water bath for 10-15 min. After thawing,
samples were vortexed and centrifuged at 3000 rpm for 5 min at room temperature for measurement. PRA_RIA
was conducted using the Renin Activity (PRA) “FR” kit (Fujirebio, Inc, Tokyo, Japan), while PRA_EIA was
performed with the Renin Activity Kit “Yamasa” (YAMASA CORPORATION, Chiba, Japan). The ARC was
assessed using CLEIA (Lumipulse Presto Renin, Fujirebio, Inc, Tokyo, Japan), which is available only in Japan.

PAC_RIA, PRA_RIA, and PRA_EIA were carried out by SRL (Tokyo, Japan). PAC_LC-MS/MS and WMs
were assessed at ASKA Pharmaceutical Medical Co., Ltd.,, and PAC_CLEIA and ARC measurements were
conducted at Fujirebio, Inc., using the fully automated CLEIA system, LUMIPULSE 12400. Additional details
about the assays are provided in the Supplemental Materials.

Analytical performance and method comparisons

Lumipulse Presto Aldosterone is traceable to NMIJ] CRM 6402. This method demonstrated an intra-run
coefficient of variation (CV) ranging from 1.0% to 2.4%, an inter-run CV from 0.9% to 1.5%, and a between-
day CV from more than 0.0% to 1.7%!. The limit of quantification (LoQ) was 0.4 ng/dL, with a measurement
range from 0.4 to 200 ng/dL?!. LC-MS/MS is also traceable to NMIJ CRM 6402. It has a quantification range of
0.5 to 1000 ng/dL, with intra-assay precision showing a CV between 2.8% and 3.9% (n=5), and an inter-assay
precision showing a CV between 4.8% and 7.9%"°. The Spac-S Aldosterone Kit is traceable to a manufacturer’s
in-house standard. This method is a direct aldosterone measurement that does not include processes such as
extraction. The limit of detection (LoD), calculated using the 3SD method, is 0.54 ng/dL, with a quantification
range of 2.5 to 160 ng/dL. The intra-assay precision shows a CV between 1.8% and 8.3% (n=10), while the inter-
assay precision shows a CV between 2.8% and 4.5%"°.

Statistical analysis

Data were analyzed with a combination of software packages: GraphPad Prism v.10.0.3, JMP Pro v.17.1.0, and R
v.4.0.4. Data are presented as means + standard deviations (when normally distributed) or medians (interquartile
ranges) (when not normally distributed). Passing-Bablok regression and Pearson’s correlation coefficient were
used to compare the two methods. Bland-Altman analysis evaluated mean differences. Differences in values
between the two methods were assessed using Wilcoxon matched-pair signed rank tests. Friedman’s test, followed
by Dunn’s multiple comparisons test, was used for comparisons between the three methods. For inter-group
comparisons, paired t-tests were employed for normally distributed variables and Mann-Whitney U tests for
non-normally distributed variables. ROC curve analysis examined the diagnostic abilities of each measurement.
AUCs were compared using DeLong’s tests across methods and optimal cutoff values were established. Multiple
linear regression analysis identified factors contributing to discrepancies between PAC measurement methods.
Multicollinearity was assessed through the variance inflation factor (VIF), ensuring that each variable’s VIF was
less than 5. Statistical significance was set at a p-value of 0.05 or less.

Data availability

All data generated and analyzed during this study are included in this article and the supplementary materials.
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