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Abstract
Context: Clinicians frequently rely on aldosterone thresholds derived from older immunoassays to diagnose primary aldosteronism. Liquid 
chromatography–tandem mass spectrometry (LC-MS/MS) is increasingly widespread and reported to yield lower aldosterone concentrations.
Objective: Given the health impact of incorrect interpretations of aldosterone levels, we compared measurements using LC-MS/MS and im-
munoassay across the full range of aldosterone physiology by evaluating distinct regulation by angiotensin II and adrenocorticotropin (ACTH).
Methods: Normotensive volunteers underwent prospective characterization of aldosterone production by immunoassay and LC-MS/MS during 
4 conditions (n = 188): oral sodium suppression and restriction (to assess angiotensin II–mediated aldosterone production) and dexamethasone 
suppression and cosyntropin stimulation (to assess ACTH-mediated aldosterone production).
Results: Serum aldosterone concentrations by LC-MS/MS and immunoassay had a correlation of 0.69 (P < .001), with good agreement 
(intraclass correlation 0.76; 95% CI 0.52-0.87). Aldosterone was lower by LC-MS/MS than immunoassay (median 10.5 [3.8, 21.9] vs 19.6 [9.5, 
28.0] ng/dL; P < .001), with an average difference of 37.2%. The most notable discrepancy was in the clinically discriminatory range <20 ng/dL: 
9.9 (7.1, 13.8) ng/dL using immunoassay corresponded to 5.5 (1.4, 8.9) ng/dL by LC-MS/MS (P < .001). Following oral sodium suppression, the 
aldosterone-to-renin ratio was 4-fold higher using immunoassay (27.2 [19.7, 62.4] vs 6.4 [3.5, 19.1] ng/dL per ng/mL/hour; P < .001).
Conclusion: Aldosterone measurements are substantially lower by LC-MS/MS than immunoassay across the full physiologic range, especially 
when aldosterone levels were less than 20 ng/dL. These findings highlight the need to recalibrate diagnostic interpretations when measuring 
aldosterone via LC-MS/MS and provide insights into potential biologic causes of assay differences.
Key Words: aldosterone, primary aldosteronism, hypertension
Abbreviations: ACTH, adrenocorticotropin; ARR, aldosterone-to-renin ratio; BMI< body mass index; ELISA, enzyme-linked immunosorbent assay; LC-MS/MS, 
liquid chromatography–tandem mass spectrometry.

Mounting evidence identifies primary aldosteronism as an 
underrecognized and prevalent cause of hypertension [1-7] 
and excess cardiovascular risk [8-14]. Recent studies have 
demonstrated a severity spectrum of renin-independent al-
dosterone production that extends continuously across the 
“normal range” into primary aldosteronism [1, 15-18] and 
have shown that circulating aldosterone concentrations in 
primary aldosteronism can be highly variable [19-21], often 
lower than conventional diagnostic thresholds [1, 20, 22]. 
Increasingly, older immunoassay technologies have been sup-
planted by liquid chromatography–tandem mass spectrometry 

(LC-MS/MS) for clinical measurement of aldosterone concen-
tration; however, clinical guideline recommendations [22], 
and most clinical practice patterns, still generally rely on rela-
tively arbitrary thresholds derived from older immunoassay 
measurements.

With the development and dissemination of the LC-MS/MS 
approach to aldosterone quantification, studies in clinical pa-
tients, largely with hypertension and suspected primary aldos-
teronism, have reported the performance of LC-MS/MS relative 
to several immunoassays [23-34]. These studies have demon-
strated generally lower aldosterone values by LC-MS/MS,  
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especially in the context of interpreting categorical thresholds 
for confirmatory testing [26-30], thereby highlighting the 
importance of assay type in the establishment of diagnostic 
thresholds for primary aldosteronism and in the potential to 
confound the interpretation of screening and confirmatory 
tests. In contrast, prior studies have not compared LC-MS/
MS measurements with immunoassay across the entire dy-
namic range of aldosterone physiology, from levels near the 
lower limits of detection, as might be seen following aldos-
terone suppression maneuvers, to those approximating max-
imally stimulated aldosterone production, as might be seen 
in states of hyperaldosteronism. Apparently low values may 
still be clinically relevant, for in some clinical contexts they 
may still signify states of pathologic aldosterone excess that 
are erroneously missed. We aimed to compare aldosterone 
quantification using immunoassay and LC-MS/MS to deter-
mine whether differences between assay type were detectable 
across the full dynamic range of aldosterone production and 
to quantify the magnitude of these potential differences. To 
accomplish this goal, we studied aldosterone measurements in 
participants who underwent 4 controlled physiologic proto-
cols to suppress and to stimulate aldosterone by modifying 
angiotensin II and adrenocorticotropin (ACTH).

Materials and Methods
Study Participants
Participants were recruited in the Prospective Phenotyping of 
Autonomous Aldosterone Secretion protocol (NCT03484130). 
This protocol enrolled “high-risk” normotensive adult vo-
lunteers aged 35-70 years with high–normal blood pressure, 
overweight or obese status, family history of young-onset hyper-
tension, and/or diabetes in order to characterize adrenal func-
tion and renin-independent aldosterone production prior to 
the potential longitudinal development of hypertension. “High-
risk” normotensives were selected to enrich the development 
of hypertension during the course of prospective follow-up. 
Participants were recruited to have either blood pressures of 
120-135/75-85 mmHg with at least 1 or more of the following, 
or blood pressures of 115-135/70-85 mmHg with at least 2 
or more of the following: body mass index (BMI) ≥25 kg/m2, 
family history of hypertension prior to the age of 60 years, and/
or diabetes with glycated hemoglobin <9%. Participants were 
excluded for known antihypertensive drug use or significant 
comorbidity including cardiovascular disease, chronic kidney 
disease, or actively treated cancer. All participants underwent 
controlled testing of the full range of aldosterone production in 
response to physiologic modulation of angiotensin II using oral 
sodium suppression and dietary sodium restriction, and after 
physiologic modulation of ACTH, using dexamethasone sup-
pression testing and cosyntropin stimulation, as detailed below. 
Blood samples were prospectively collected and stored in dupli-
cate to facilitate comparison of immunoassay and LC-MS/MS 
methodologies under all conditions.

Angiotensin II Stimulation and Suppression 
Protocols
In order to maximally stimulate angiotensin II–mediated al-
dosterone production, participants received a fixed sodium-
restricted diet of 10  mEq sodium (230  mg) and 75  mmol 
potassium per day for 5  days, prior to presenting to the 
Clinical Research Center for phlebotomy performed in the 

morning, while fasting, and after 30 minutes of upright/seated 
posture. To maximally suppress angiotensin II–mediated al-
dosterone production, participants then underwent oral so-
dium suppression with an intake of at least 200 mmol sodium 
(4600 mg) and 75 mmol potassium for 5 days, again followed 
by fasting, and upright/seated phlebotomy between 8 am and 
9 am. Urine was collected for 24 hours on the final day of 
both dietary phases; only participants achieving 24-hour 
urine sodium concentration of ≤50 mEq after sodium restric-
tion and ≥150 mEq after sodium suppression were included 
in the analyses to ensure that aldosterone measurements rep-
resented the ideal stimulated and suppressed states (n = 48 
participants and n = 96 paired measurements).

ACTH Stimulation and Suppression Protocols
The range of aldosterone production regulated by ACTH 
was then evaluated on a separate day on an ad libitum diet. 
Participants were prescribed a 1 mg oral dose of dexametha-
sone to be taken between 11 pm and 12 am on the evening 
before the study visit. On arrival to the Clinical Research 
Center the following morning at 8 am, they underwent seated 
phlebotomy while fasting. Participants then received an intra-
venous bolus of 250 µg of cosyntropin, followed by repeat 
seated phlebotomy 60 minutes later. Of the 48 subjects with 
adequate oral sodium suppression and sodium restriction, 46 
also successfully completed dexamethasone suppression and 
cosyntropin stimulation (n = 92 paired measurements).

All blood samples from oral sodium suppression, dietary 
sodium restriction, dexamethasone suppression, and 
cosyntropin stimulation protocols (n = 188 paired samples) 
were collected and frozen at –80°C, with 1 aliquot used for 
the measurement of serum aldosterone in the Brigham and 
Women’s Research Assay Core laboratory (Boston, MA, USA) 
by immunoassay and the other assayed using LC-MS/MS at 
the University of Michigan (Auchus Lab, Ann Arbor, MI, 
USA), as described in detail below.

All study participants provided written informed consent, 
and the study was approved by the Brigham and Women’s 
Hospital Institutional Review Board.

Laboratory Assays
Measurement of serum aldosterone was performed using 2 
analytical techniques: enzyme-linked immunosorbent assay 
(ELISA) and LC-MS/MS.

The ELISA (IBL-America; Minneapolis, MN, USA; catalog 
#IB79134, RRID:AB_2813725, https://scicrunch.org/re-
sources/Antibodies/search?q=AB_2813725&l=AB_2813725) 
has a reported analytical sensitivity of <0.57 ng/dL and a dy-
namic range of 0.57 ng/dL to 100 ng/dL. The manufacturer’s 
reported interassay coefficient of variation is 8.6% to 9.9% 
and the intra-assay coefficient of variation is 3.9% to 9.7%. 
The study laboratory interassay coefficient of variation is 
7.9% to 15.9% (7.9% at a concentration of 51.27 ng/dL and 
15.9% at a concentration of 5.58 ng/dL) and the intra-assay 
coefficient of variation is 4.9% to 13.5% (4.9% at 51.28 ng/
dL and 13.5% at 5.67  ng/dL). The immunoassay has re-
ported 17.2% cross-reactivity with tetrahydroaldosterone 
and otherwise cross-reactivities of <0.02% with prednisolone 
and <0.003% with cortisol, 11-deoxycortisol, progesterone, 
testosterone, and androstenedione.

Aldosterone was measured with other steroid analytes using 
an Agilent 6495 triple quadrupole tandem mass spectrometer 
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with 2-dimensional liquid chromatography (LC) on Agilent 
1260 and 1290 systems after supported liquid extraction as 
previously described [35, 36]. The standard curve was gen-
erated as follows: A solution containing all stable isotope–la-
belled internal standards, including the aldosterone-d8 from 
Steraloids, was first prepared in acetonitrile. A set of 12 ex-
ternal calibrators (standards) was created from a certified 
analytical stock solution (1 mg/mL, Cerilliant) via 1:1 serial 
dilution, using the internal standard solution as solvent and 
as diluent. The same internal standard solution was added to 
each sample during processing, so that the amount of internal 
standard injected after extraction, drying, and reconstitution 
at 100% recovery would be equal to the amount injected with 
each standard solution. Standards and reconstituted samples 
are injected in 40% aqueous methanol, which approximates 
the LC mobile phase starting conditions, without spiking or 
extraction. The aldosterone-d8 internal standard corrects for 
both matrix effects and extraction variability in the samples. 
Aldosterone and the aldosterone-d8 (Steraloids, Newport, RI) 
internal standard were eluted from the 150-mm biphenyl re-
solving column (Phenomenex, Torrance, CA) at 11.9 to 12.2 
minutes, with precursor and quantifier (qualifier) product ions 
of 361.2/315.1 (343.2) and 369.2/351.2 (323.2), respectively. 
The lower limit of quantitation was estimated from the signal-
to-noise ratio of pooled samples, using the Mass Hunter “peak-
to-peak” method in a noise region window lacking interfering 
peaks of 0.25 minutes most often postpeak, and extrapolated 
to a concentration that yields a signal-to-noise ratio of 5. This 
theoretical lower limit of quantitation was 1.4 to 2.5 ng/dL, 
and samples assayed as below the lower limit of quantification 
were set equal to the lower limit determined for that assay 
batch. Chromatograms for all samples below quantitation 
were reviewed and confirmed to have similar signal for the 
internal standard as quantified samples, which excludes high 
ion suppression or low recovery as artifacts that precluded 
quantitation. Only 1 sample was not quantitated (reported as 
the lower limit) due to a quantifier/qualifier ion ratio outside 
80% to 120% of the ratio for the calibrator standard. The 
intra- and interassay coefficients of variation were <12% for 
all analytes including aldosterone [35-37].

Statistical Analyses
Variables are shown as mean (SD) or median (interquartile 
range), unless otherwise noted. Serum aldosterone concentra-
tions are shown as paired values using each of the 2 ana-
lytical techniques on blood samples drawn under controlled 
conditions designed to maximally stimulate and suppress al-
dosterone production under the regulatory control of angio-
tensin II and ACTH. The Wilcoxon rank sum test was used 
to compare median aldosterone concentrations using LC-MS/
MS and immunoassay in the full set of 188 samples across the 
entire range of aldosterone concentrations. The consistency 
of aldosterone values by immunoassay and LC-MS/MS was 
evaluated using the Pearson (r) correlation coefficient. Bland–
Altman analysis was used to evaluate average bias between 
aldosterone assays. Absolute agreement between the 2 assays 
was determined by computing the average intraclass correl-
ation coefficient using a 2-way mixed effects model.

To evaluate the full range of aldosterone physiology, the 
2 assays were compared within each of the 4 conditions in-
dividually. Aldosterone values from oral sodium suppression 
and dietary sodium restriction were then combined to evaluate 
the calibration of the immunoassay relative to LC-MS/MS 

across the range of aldosterone production under the con-
trol of angiotensin II. Serum aldosterone concentrations by 
immunoassay were divided into 4 clinically relevant and ap-
proximately equal-sized categories (<10 ng/dL, 10 to 20 ng/dL,  
20 to 30 ng/dL, and ≥30 ng/dL) to facilitate clinically relevant 
comparisons between median immunoassay and LC-MS/MS 
values, the median difference between measurements, and the 
median percent difference. The percent difference was calcu-
lated as the aldosterone concentration using immunoassay 
minus the concentration using LC-MS/MS divided by the im-
munoassay value. The identical approach was then used to 
compare immunoassay and LC-MS/MS aldosterone concen-
trations across the range of aldosterone secretion under the 
control of ACTH, combining aldosterone values from dexa-
methasone suppression and cosyntropin stimulation.

After oral sodium suppression only, the aldosterone-to-
renin ratio (ARR) was calculated using both LC-MS/MS- and 
immunoassay-derived aldosterone concentrations divided by 
the plasma renin activity. The Wilcoxon rank sum test was 
used to compare ARRs using LC-MS/MS vs immunoassay in 
the subset of 42 cases with plasma renin activity ≤1.0 ng/mL/
hour after sodium suppression.

A P < .05 was considered statistically significant. All ana-
lyses were performed using SAS, version 9.4 (Cary, NC), and 
STATA, version 14 (College Station, TX).

Results
As anticipated on the basis of the study design, the population 
was obese, with a mean BMI of 30.1 (4.5) kg/m2, and had 
an untreated blood pressure of 123 (7) over 77 (5) mmHg 
(Table 1). Total 24-hour urinary sodium excretion confirmed 
effective sodium balance following loading and restriction 
protocols, and serum cortisol concentrations confirmed ef-
fective dexamethasone suppression and cosyntropin stimula-
tion protocols (Table 1).

Overall, aldosterone concentrations using LC-MS/MS and 
immunoassay were strongly correlated (Pearson r = 0.69, 
P < .001), and there was good agreement between LC-MS/MS 
and immunoassay, with an intraclass correlation coefficient of 
0.76 (95% CI 0.52-0.87).

After controlled physiologic suppression of aldosterone 
with either oral sodium loading (Fig. 1A) or dexamethasone 
(Fig. 1D), aldosterone concentrations near the lower end of 
detection were consistently lower using LC-MS/MS than 
using immunoassay. In the intermediate to higher range of al-
dosterone values achieved by stimulation with dietary sodium 
restriction (Fig. 1B) or ACTH stimulation (Fig. 1E), LC-MS/
MS again yielded consistently lower aldosterone concentra-
tions than immunoassay. The full range of aldosterone con-
centrations across angiotensin II and ACTH modulation are 
shown in Fig. 1C and 1F, respectively.

Aldosterone concentrations were lower using LC-MS/
MS in nearly all participants and across the entire dynamic 
range of aldosterone production. The proportion of aldos-
terone concentrations that were lower using LC-MS/MS than 
using immunoassay was 93.8% for values <10 ng/dL, 89.6% 
for values 10-20 ng/dL, 73.6% for values 20-30 ng/dL, and 
82.1% for values >30 ng/dL. This discrepancy was most not-
able in the clinically relevant ranges of <10  ng/dL and 10 
to 20  ng/dL, whereby LC-MS/MS measurements were on 
average substantially lower than immunoassay (up to 65% 
lower) (Tables 2 and 3).
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Figure 2 demonstrates that aldosterone concentrations 
were generally lower using LC-MS/MS than using immuno-
assay across the full range of aldosterone values obtained by 
controlled physiologic suppression and stimulation, with the 
serum aldosterone concentration 37.2% lower using LC-MS/
MS than using immunoassay overall (median 10.5 [3.8, 21.9] 
vs 19.6 [9.5, 28.0] ng/dL; P < .001). The difference in aldos-
terone concentrations using each assay across the full spec-
trum of values is shown in a Bland–Altman plot (Fig. 3), which 
demonstrates a bias of 7.3 ng/dL (SD 12.0 ng/dL) higher aldos-
terone level using immunoassay. The individual percent differ-
ences between LC-MS/MS and immunoassay on a per-sample 
basis, across the range of values achieved through angiotensin 
II and ACTH manipulation, are shown in Fig. 4.

In samples drawn after oral sodium suppression, an ARR 
of 6.2 [3.4, 14.8]  ng/dL per  ng/mL/hour using LC-MS/MS 
corresponded to 23.3 [15.9, 52.8]  ng/dL per  ng/mL/hour 
using immunoassay (P < .001). In the subset of 42 subjects 
with a suppressed plasma renin activity (≤1.0  ng/mL/hour) 
after oral sodium suppression, the ARR was similarly several 
fold higher using immunoassay than LC-MS/MS (27.2 [19.7, 
62.4] vs 6.4 [3.5, 19.1] ng/dL per ng/mL/hour; P < .001).

Discussion
We have demonstrated that aldosterone concentrations using 
LC-MS/MS are systematically lower than using immunoassay 
across the entire physiologic spectrum, ranging from as much 
as 53.8% to 65.8% lower when maximally suppressed by oral 

Figure 1. Agreement between aldosterone concentration by assay type under conditions of oral sodium suppression (A), dietary sodium restriction (B), 
combined angiotensin II modulation (C), dexamethasone suppression (D), ACTH stimulation (E), and combined ACTH modulation (F). Samples assayed 
for serum aldosterone concentration by LC-MS/MS (liquid chromatography–tandem mass spectrometry) and immunoassay are shown from overweight 
normotensive volunteers after oral sodium suppression (red; A and C), sodium restriction (blue; B and C), dexamethasone suppression (green; D and F), 
and 250 µg ACTH stimulation (orange; E and F). The dashed line represents identity; ie, the same value of aldosterone returned by both assays.

Table 1. Population characteristics of the study population (n = 48)

Characteristics All subjects 

Age, y 49.3 ± 10.1

Female, n (%) 22 (45.8)

BMI, kg/m2 30.1 ± 4.5

Race, n (%)

 White 40 (83.3)

 Black/African-American 3 (6.3)

 Asian 3 (6.3)

 American Indian or Alaska Native 1 (2.1)

 More than 1 of the above 1 (2.1)

Screening systolic BP, mmHg 123 ± 7

Screening diastolic BP, mmHg 77 ± 5

Screening potassium, mEq/L 4.30 ± 0.35

Screening eGFR, mL/min/1.73 m2 89 ± 13

Sodium suppression

 24-hour urine sodium, mmol 255.0 (193.1, 304.3)

Sodium restriction

 24-hour urine sodium, mmol 13.6 (7.8, 20.4)

Dexamethasone suppression

 Cortisol, μg/dL 0.9 (0.7, 1.3)

Cosyntropin stimulation

 Cortisol, μg/dL 20.8 (18.7, 24.6)

Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated 
glomerular filtration rate.
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sodium loading or dexamethasone to 34.9% to 46.3% lower 
under maximal stimulatory conditions of extreme dietary so-
dium restriction and cosyntropin administration. While clin-
ical guidelines for primary aldosteronism have emphasized 
the importance of minimizing false positive screening results 
to limit unnecessary downstream testing [22], our findings 
highlight that the contemporary clinical concern should be 
the risk of false negative testing caused by the significantly 
lower aldosterone concentrations detected using modern 
LC-MS/MS assay techniques; most clinicians have not yet re-
calibrated their interpretations to accommodate this finding. 
Given that primary aldosteronism is highly prevalent [1, 5, 
38, 39], yet rarely diagnosed [19, 20, 40-44], it is paramount 
that clinicians be aware that interpretations of circulating al-
dosterone and ARR values need to be recalibrated to include 
much lower values than previously recommended [45].

These data extend the findings of prior studies comparing 
LC-MS/MS and immunoassay techniques for aldosterone 

quantification [23-34]. In one of the original papers validating 
aldosterone measurement using LC-MS/MS in 1997, Fredline 
et  al compared aldosterone concentrations using LC-MS/
MS and radioimmunoassay from 78 patients with unclear 
clinical histories in a mix of supine or upright posture and 
demonstrated a mean difference of 0.52 ng/dL (SE 0.37 ng/
dL) over the range of 0.14 to 47.2 ng/dL [23], with a 6-fold 
greater difference at lower, compared with higher, concentra-
tions. Multiple subsequent studies comparing a variety of im-
munoassay and LC-MS/MS techniques in healthy volunteers 
[25], as well as patients with hypertension and suspected or 
confirmed primary aldosteronism [27-34] under an array of 
postural and medication conditions, have demonstrated con-
sistently lower aldosterone values using LC-MS/MS, with im-
munoassay returning values of plasma aldosterone ranging 
from 27% to 86% higher than LC-MS/MS, with the greatest 
difference detected at the lower range of aldosterone concen-
trations [25-28, 30-34].

Table 2. Serum aldosterone by immunoassay vs liquid chromatography–tandem mass spectrometry during physiologic maneuvers to modify 
angiotensin II

 Serum aldosterone by immunoassay

<10 ng/dL 10-20 ng/dL 20-30 ng/dL ≥30 ng/dL 

N 26 24 23 23

Aldosterone, ng/dL 7.7  
(6.8, 8.7)

13.9  
(12.1, 16.8)

23.4  
(21.6, 26.1)

42.7  
(35.8, 52.5) Immunoassay

 LC-MS/MS 2.5  
(1.4, 5.4)

6.6  
(1.4, 13.7)

21.6  
(13.3, 25.3)

30.8  
(18.8, 45.0)

Median difference in aldosterone,  
ng/dL

4.4  
(2.0, 5.9)

7.4  
(2.4, 10.5)

2.8  
(–2.3, 9.5)

18.5  
(1.3, 30.4)

Median percent difference in aldosterone, % 65.8  
(24.1, 79.8)

51.4  
(13.5, 86.3)

13.3  
(–10.1, 41.7)

34.9  
(3.3, 61.4)

Proportion with aldosterone lower by LC-MS/MS 
than Immunoassay, n (%)

25/26  
(96.2)

23/24  
(95.8)

14/23  
(60.9)

19/23  
(82.6)

Results are median with interquartile range. All samples obtained under conditions of oral sodium suppression and sodium restriction to modulate 
angiotensin II were pooled and categorized based on the aldosterone concentration by immunoassay (n = 96).
Abbreviations: ACTH, adrenocorticotropin; LC-MS/MS, liquid chromatography–tandem mass spectrometry.

Table 3. Serum aldosterone by immunoassay vs liquid chromatography–tandem mass spectrometry during physiologic maneuvers to modify ACTH

 Serum aldosterone by immunoassay

<10 ng/dL 10-20 ng/dL 20-30 ng/dL ≥30 ng/dL 

N 22 24 30 16

Aldosterone, ng/dL     

 Immunoassay 6.3  
(5.4, 7.5)

13.7  
(11.8, 16.1)

23.7  
(22.0, 27.3)

43.7  
(35.1, 48.4)

 LC-MS/MS 2.6  
(1.4, 4.6)

9.2  
(6.4, 12.4)

17.1  
(9.4, 23.5)

23.9  
(13.7, 31.4)

Median difference in aldosterone, ng/dL 3.1  
(1.5, 4.6)

4.0  
(1.3-6.5)

7.8  
(1.1, 12.2)

18.6  
(10.2, 33.7)

Median percent difference in aldosterone, % 53.8  
(27.9, 70.0)

25.9  
(11.9, 49.7)

31.0  
(4.9, 57.1)

46.3  
(27.4, 69.6)

Proportion with aldosterone lower by LC-MS/
MS than immunoassay, n (%)

20/22  
(90.9)

20/24  
(83.3)

25/30  
(83.3)

13/16  
(81.3)

Results are median with interquartile range. All samples obtained under conditions of dexamethasone suppression and cosyntropin stimulation to modulate 
ACTH were pooled and categorized based on the aldosterone concentration by immunoassay (n = 92).
Abbreviations: ACTH, adrenocorticotropin; LC-MS/MS, liquid chromatography–tandem mass spectrometry.
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While prior studies have demonstrated a consistent dis-
crepancy between assays and have attributed suboptimal and 
inconsistent accuracy of immunoassay quantification to anti-
body cross-reactivity and interference [24, 26, 30, 46, 47], these 
studies have not been designed to interrogate pathophysio-
logic causes of such a discrepancy. The current study provides 
insight into potential causes of assay disagreement by modu-
lating aldosterone production in normotensive volunteers not 
taking antihypertensive medications, under strictly controlled 
posture, diet, and time of day, and with targeted modula-
tion of each angiotensin II and ACTH to achieve maximal 
physiologic suppression and stimulation. While angiotensin II 
predominantly increases zona glomerulosa synthesis of aldos-
terone, ACTH diffusely stimulates adrenal steroidogenesis; 
therefore, distinct modulations of each of these regulators 
can provide clues into the mechanisms underlying assay dif-
ferences. One putative explanation for the magnified dis-
crepancy between immunoassay and LC-MS/MS at low 
values is based on the presence of immunoassay antibody 
cross-reactivity with alternative steroid hormones including 
aldosterone metabolites such as tetrahydroaldosterone (and 
possibly also aldosterone-18-glucuronide). Free aldosterone, 

measured by LC-MS/MS, reflects less than 1% of daily aldos-
terone metabolite production, whereas tetrahydroaldosterone 
and aldosterone-18-glucuronide reflect the remainder  
[48-50]. In the current study, oral sodium and dexamethasone 
suppression maneuvers to acutely reduce the production of 
aldosterone, measured exclusively using LC-MS/MS, would 
be expected to have relatively little impact on longer circu-
lating metabolites concurrently detected by immunoassay. 
Conversely, with acute stimulation using sodium restriction 
and cosyntropin, relative increases in aldosterone produc-
tion would be detected by both LC-MS/MS and immuno-
assay, without adequate time for substantial equilibration 
and increases in concentrations of aldosterone metabolites, 
resulting in a less pronounced difference in reported aldos-
terone concentration using immunoassay and LC-MS/MS. 
This is consistent with previous reports among patients with 
confirmed primary aldosteronism following an oral sodium 
suppression test, in whom elevated 24-hour urinary aldos-
terone excretion—measuring the combination of both free 
aldosterone and aldosterone-18-glucuronide—often cor-
responded to low concentrations (<10 ng/dL) of circulating 
free aldosterone measured using LC-MS/MS and poor per-
formance of the ARR [1]. Further, the discrepancies detected 
between immunoassay and LC-MS/MS were largely con-
sistent, regardless of modulation of aldosterone production 
via angiotensin II or ACTH, suggesting that cross-reactivity 
with other zona fasciculata–derived steroids is not the only 
contributor to assay-based differences. Whether detection of 
free aldosterone alone, as is done by LC-MS/MS, or detection 
of total aldosterone, including relevant metabolites, provides 
better diagnostic accuracy for primary aldosteronism is un-
certain, though incorporation of tetrahydroaldosterone into 
screening has been demonstrated to have high sensitivity and 
specificity [48] and probably should be re-evaluated in fu-
ture studies. Routine measurement of tetrahydroaldosterone 
and aldosterone-18-glucuronide using LC-MS/MS techniques 
could provide clarification on this question.

The present study demonstrates the need for clinical inter-
pretation of aldosterone values to incorporate explicit aware-
ness of the assay technique used, not only among patients 
presenting with clinical suspicion of primary aldosteronism, 
but across the full dynamic range of aldosterone production, 
especially in the clinically discriminatory range of <20 ng/dL. 

Figure 3. Bland–Altman plot demonstrating agreement between 
immunoassay and LC-MS/MS. The 2 assays yielded an average 
difference in aldosterone concentration of 7.3 ng/dL higher (solid line; SD 
12.0 ng/dL) by immunoassay than using LC-MS/MS, with 95% limits of 
agreement from –16.2 to 30.8 ng/dL (dashed lines), comparing all 188 
samples from n = 48 subjects across 4 experimental conditions.

Figure 2. Absolute difference in aldosterone concentration by assay type under conditions of angiotensin II modulation (A) and ACTH modulation (B), 
ordered from lowest to highest aldosterone concentration. All samples obtained under conditions of oral sodium suppression and dietary sodium 
restriction to modulate angiotensin II were pooled (A: red, oral sodium suppression; blue; sodium restriction) and all samples obtained under ACTH 
modulation were pooled (B; green: dexamethasone suppression; orange, ACTH stimulation). Each participant sample is represented, ordered from the 
lowest to highest aldosterone concentration by immunoassay. The vertical bars represent the absolute difference between immunoassay and LC-MS/
MS (liquid chromatography–tandem mass spectrometry), with positive values indicating a higher immunoassay and lower LC-MS/MS result.
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Recent studies have extended these observations to evaluate 
the implications of assay-specific diagnostic thresholds for 
patients with suspected primary aldosteronism undergoing 
confirmatory testing [27, 28, 31]. Most recently, Eisenhofer 
et al reported 62 of 240 patients having discordant results 
of seated saline suppression testing despite method-specific 
cut-off values, and raised the specter of misdiagnosis in 60% 
or more of cases labeled with bilateral primary aldoster-
onism [30].

In the aforementioned studies, the authors emphasized the 
risk of false positive results, derived from relying on immuno-
assays, that may lead to unnecessary invasive procedures in 
the absence of true primary aldosteronism. However, a major 
limitation in adjudicating which assay is more accurate is the 
absence of a universal gold standard to define genuine pri-
mary aldosteronism, especially in cases of milder forms of 
primary aldosteronism and those that do not undergo sur-
gical adrenalectomy. Though elevations in aldosterone using 
LC-MS/MS may be high enough to rule in the diagnosis, sev-
eral recent studies have also demonstrated the converse—that 
primary aldosteronism may be erroneously missed based on 
aldosterone values that are considered “too low.” For ex-
ample, in a cohort of resistant hypertension patients referred 
to a hypertension specialty center, 24.5% had a circulating 
aldosterone concentration below 10  ng/dL using LC-MS/
MS despite having confirmed primary aldosteronism defined 
using oral sodium suppression testing [1, 22]. Since many 
clinicians consider 10 ng/dL to be an arbitrary exclusionary 
threshold for primary aldosteronism, the implications are 
that at least one-quarter of confirmed primary aldosteronism 
cases within resistant hypertension patients could be errone-
ously excluded when aldosterone is measured via LC-MS/
MS assays. Similarly, in a study of patients with confirmed 
primary aldosteronism, 30% had a circulating aldosterone 
concentration below 10 ng/dL on at least 1 occasion when 
measured using LC-MS/MS [20]. Finally, among 340 patients 
with confirmed primary aldosteronism who underwent ad-
renal venous sampling, 26% had an inferior vena cava aldos-
terone concentration ≤5 ng/dL by LC-MS/MS at the time of 
AVS [19]. All 3 of these studies underscore the risk of false 
negative interpretations of aldosterone levels when measured 

using LC-MS/MS assays. These studies highlight the need for 
increased clinician awareness of assay characteristics and for 
updated clinical guidelines to reflect recalibrations adapted 
to modern diagnostic LC-MS/MS assays that provide more 
accurate quantification of aldosterone, distinct from its re-
lated steroid metabolites [24]. Consequently, recent clinical 
recommendations have emphasized the need to recalibrate 
diagnostic thresholds for primary aldosteronism to include 
aldosterone concentrations as low as 5 or 6 ng/dL, particu-
larly when measured using an LC-MS/MS assay [20, 45, 51]. 
Similar changes to clinical interpretations of testosterone [52] 
and cortisol [53, 54] values, due to the use of LC-MS/MS or 
more modern immunoassays, have already been recognized 
and recommended in the routine evaluation of hypogonadism 
and adrenal insufficiency, respectively.

While this study benefits from prospective assessment 
of adults evaluated under carefully controlled conditions, 
key limitations must be acknowledged. First, the subjects 
under study were normotensive volunteers who would not 
meet current guideline criteria for primary aldosteronism 
screening in clinical practice. However, this study did not 
aim to establish diagnostic thresholds to verify the accuracy 
of LC-MS/MS in diagnosing primary aldosteronism, but ra-
ther used established maneuvers to isolate key regulators 
of aldosterone production—angiotensin II and ACTH—in 
order to achieve aldosterone concentrations that span the 
full range over which the comparison of LC-MS/MS with 
immunoassay is relevant and important. Second, LC-MS/
MS was compared with only 1 immunoassay technique 
despite known discrepancies between immunoassays [47]. 
Although differences in immunoassay characteristics could 
influence the precision of the comparison with LC-MS/MS 
and the strength of the reported interassay correlation, the 
central findings would not be changed: the interpretation of 
aldosterone values is highly dependent on assay type, and 
traditionally “normal” aldosterone concentrations yielded 
by LC-MS/MS may still represent pathologic aldosterone 
production. Third, we used only 1 LC-MS/MS platform for 
all of our measurements. We anticipate that different com-
mercial laboratories could have minor variations in the cali-
bration of their LC-MS/MS measurements; however, when 

Figure 4. Percent difference in aldosterone concentration by assay type under conditions of angiotensin II modulation (A) and ACTH modulation (B), 
ordered from lowest to highest aldosterone concentration. All samples obtained under conditions of oral sodium suppression and dietary sodium 
restriction to modulate angiotensin II were pooled (A: red, oral sodium suppression; blue; sodium restriction) and all samples obtained under ACTH 
modulation were pooled (B; green: dexamethasone suppression; orange, ACTH stimulation). Each participant sample is represented, ordered from the 
lowest to highest aldosterone concentration by immunoassay. The vertical bars represent the percent difference between immunoassay and LC-MS/MS 
(liquid chromatography–tandem mass spectrometry) as a proportion of the immunoassay aldosterone concentration, with positive values indicating a 
higher immunoassay and lower LC-MS/MS result.
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calibrating with the same standard, these differences should 
be negligible [26].

Conclusions
In summary, by using controlled maneuvers to capture the en-
tire physiologic range of aldosterone production and to isolate 
distinct, acute regulatory actions of angiotensin II and ACTH, 
we describe a substantial and consistent discrepancy in al-
dosterone concentrations between immunoassay and LC-MS/
MS, wherein LC-MS/MS measurements are on average ap-
proximately 35% lower, and up to 50% to 65% lower in the 
most clinically relevant range. These differences, especially 
notable at lower values, mark the need for a recalibration of 
clinical intuition about what constitutes a circulating aldos-
terone concentration that is “high enough” for a diagnosis 
of primary aldosteronism, and raise concern for false nega-
tive interpretations that have resulted due to lack of aware-
ness of assay type and calibration. The increased reliance 
on LC-MS/MS platforms for measuring aldosterone should 
result in a liberalization of diagnostic interpretations to in-
clude lower thresholds [45]. Given the public health burden 
of hypertension and hypertensive cardiovascular disease, 
clinician awareness of these systematic differences is critical 
to ensure accurate interpretation of primary aldosteronism 
testing so that patients are not deprived of targeted therapies 
or even cure.
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