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Heightened Cardiovascular Risk in 
Hypertension Associated With  
Renin- Independent Aldosteronism Versus 
Renin- Dependent Aldosteronism:  
A Collaborative Study
Jinbo Hu , MD, PhD*; Hang Shen, MD*; Peiqi Huo, MD*; Jun Yang , MBBS, PhD; Peter J Fuller, MBBS, 
PhD; Kanran Wang, MD; Yi Yang, PhD; Linqiang Ma, MD, PhD; Qingfeng Cheng, MD, PhD; Lilin Gong, MD, PhD; 
Wenwen He, MD; Ting Luo, PhD; Mei Mei, MD, PhD; Yue Wang, MD, PhD; Zhipeng Du, MD; Rong Luo, MD; Jun 
Cai, MD, PhD; Qifu Li , MD, PhD; Ying Song, MD, PhD; Shumin Yang, MD, PhD

BACKGROUND: While both renin- dependent and renin- independent aldosterone secretion contribute to aldosteronism, their 
relative associations with cardiovascular disease (CVD) risk has not been investigated.

METHODS AND RESULTS: A total of 2909 participants from the FOS (Framingham Offspring Study) with baseline, serum aldoster-
one concentration, and plasma renin concentration who attended the sixth examination cycle and were followed up until 2014 
and who were free of CVD were included. We further recruited 2612 hypertensive participants from the CONPASS (Chongqing 
Primary Aldosteronism Study). Captopril challenge test was performed to confirm renin- dependent or - independent aldoster-
onism in CONPASS. Among 1433 hypertensive subjects of FOS, when compared with those with serum aldosterone con-
centration <10 ng dL−1 (normal aldosterone), participants who had serum aldosterone concentration ≥10 ng dL−1 and plasma 
renin concentration ≤15 mIU L−1 (identified as renin- independent aldosteronism) showed a higher risk of CVD (hazard ratio, 
1.40 [95% CI, 1.08– 1.82]), while those who had serum aldosterone concentration ≥10 ng dL−1 and plasma renin concentration 
>15 mIU L−1 (identified as renin- dependent aldosteronism) showed an unchanged CVD risk. In CONPASS, renin- independent 
aldosteronism carried a significantly higher risk of CVD than normal aldosterone (odds ratio, 2.57 [95% CI, 1.13– 5.86]), while 
the CVD risk remained unchanged in renin- dependent aldosteronism. Elevation of the urinary potassium- to- sodium excretion 
ratio, reflective of mineralocorticoid receptor activity, was only observed in participants with renin- independent aldosteronism.

CONCLUSIONS: Among patients with hypertension, renin- independent aldosteronism is more closely associated with CVD risk 
than renin- dependent aldosteronism.

Key Words: cardiovascular disease ■ hypertension ■ mineralocorticoid receptor activity ■ renin- dependent aldosteronism ■ renin- 
independent aldosteronism

Excess or inappropriate release of aldosterone 
activates the mineralocorticoid receptor (MR) 
to induce endothelial dysfunction and adverse 

cardiorenal remodeling.1– 4 Both renin- dependent and 
renin- independent aldosterone secretion contribute 
to aldosteronism.5– 7 It is widely known that inhibition 
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of renin- dependent aldosteronism, also recognized 
as an activated renin– angiotensin– aldosterone sys-
tem,5 confers cardiovascular benefits.8– 10 Subjects 
with renin- independent aldosteronism also exhibited 
a higher risk of cardiovascular diseases (CVD) than 
essential hypertension.11 However, the risk of CVD in 
renin- independent compared with renin- dependent 
aldosteronism has not been systematically examined.

Previous data on the relationship between aldoste-
rone, renin, and CVD were equivocal. In the general 
population of the FOS (Framingham Offspring Study), 
neither renin nor aldosterone was found to be associ-
ated with CVD incidence during a median of 7 years 
follow- up.12,13 In contrast, the Jackson Heart Study 
showed that in a population of Black patients, either 
elevated baseline serum aldosterone concentration 
or plasma renin activity was associated with a higher 
risk of CVD after 12 years of follow- up.14 In other stud-
ies, among participants who had a high risk of CVD or 
cardiovascular comorbidities, the effects of circulating 
aldosterone and renin on the incidence of CVD were 
contradictory between different cohorts.15– 23 These in-
consistent results may be ascribed, at least partially, 
to the failure to distinguish between renin- independent 
and renin- dependent aldosteronism, as well as con-
founders of aldosterone and renin measurements such 

as medications and hypokalemia. A more recent study 
of 948 adults from the MESA (Multi- Ethnic Study of 
Atherosclerosis) cohort who were not taking antihy-
pertensive medications identified an association be-
tween aldosterone and risk of all- cause mortality when 
plasma renin activity was suppressed, but mortality 
caused by CVD was not evaluated.24

Here, using the 20- year longitudinal data from 
the FOS (exploration cohort), we compared the 
long- term risk of CVD in renin- dependent and renin- 
independent aldosteronism. In the cross- sectional 
analysis of the CONPASS (Chongqing Primary 
Aldosteronism Study), we enrolled hypertensive 
participants who were not taking interfering medi-
cations. The captopril challenge test (CCT), together 
with indirect measurements of MR activity, was con-
ducted to distinguish the types of aldosteronism. We 
hypothesized that renin- independent aldosteronism 
would confer a higher risk of CVD compared with 
renin- dependent aldosteronism.

METHODS

Reproducible Research Statement
Study protocol and statistical code are available from 
Ying Song (e-mail: shuiyunying@126.com) or Shumin 
Yang (e-mail:443068494@qq.com).

Data Availability Statement
Data are available to approved people through written 
agreements with the authors and the data partner.

Study Population
The prospective cohort of the FOS has been evalu-
ated since 1971 to 1975 with the study design previ-
ously published.12,13,25 For the current analyses, FOS 
participants were included if they attended the sixth 
examination cycle (1995– 1998, baseline) and were 
followed up until December 31, 2014; had serum al-
dosterone and plasma renin concentration measured 
at baseline; and had available medical records of 
baseline and follow- up cardiovascular events. For the 
analysis of CVD outcomes, subjects with a history 
of CVD at baseline were excluded. The institutional 
review board at the Boston Medical Center approved 
the FOS.

We used the database (2014– 2020) of CONPASS 
(Chongqing Primary Aldosteronism Study) to per-
form cross- sectional analyses.26– 28 Participants of 
CONPASS were recruited from primary care and the 
largest tertiary referral center in Chongqing, China. The 
CONPASS recruited a wide range of patients, from 
those with newly diagnosed hypertension in primary 

CLINICAL PERSPECTIVE

What Is New?
• Renin- independent aldosteronism may confer a 

higher risk of cardiovascular disease than renin- 
dependent aldosteronism among patients with 
hypertension, likely because of an increase in 
mineralocorticoid activity.

What Are the Clinical Implications?
• More attention to the renin- independent aldo-

steronism may be required for interventions on 
the renin– angiotensin– aldosterone system and 
cardiovascular disease prevention.
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care,26 to those with resistant hypertension in the re-
ferral center with the objectives of evaluating the prev-
alence of primary aldosteronism and long- term CVD 
outcomes in patients with primary aldosteronism and 
essential hypertension.27– 29 The CONPASS was ap-
proved by the ethical committee of Chongqing Medical 
University. Written informed consent was obtained 
from all study participants.

Physical Examination and Laboratory 
Measurement
Evaluations of physical examination, anthropometry, 
and other laboratory assessments were described in 
previous publications.12,13,25– 31 For FOS, plasma renin 
concentration (PRC) was measured with an immuno-
chemiluminometric assay, and serum aldosterone con-
centration (SAC) was measured by radioimmunoassay. 
The antihypertensive medications were not withdrawn. 
In CONPASS, before the evaluation of renin and aldos-
terone concentration, all antihypertensive medications 
that can interfere with renin– angiotensin– aldosterone 
system activity were withdrawn. Hypokalemia was also 
corrected. Blood samples were collected in the morn-
ing. Plasma aldosterone concentration (PAC) and PRC 
were measured with automated chemiluminescence 
immunoassays. In the FOS, circulating renin and al-
dosterone measurement was performed in the sixth 
examination cycle, while MR activity was evaluated in 
ninth examination cycle. Detailed information is pro-
vided in Data S1.

Renin- Independent and Renin- Dependent 
Aldosteronism
In the FOS population, because no suppression test 
for aldosteronism was performed, renin- independent 
and renin- dependent aldosteronism was defined 
by SAC and PRC. Based on previous studies, cir-
culating levels of aldosterone ≥10  ng∙dL−1 (1  ng/
dL = 27 pmol/l) were deemed to be aldosteronism,5,32 
and PRC ≤15 mU/L was considered as low- renin sta-
tus.7 Hence, in the FOS population, subjects with PRC 
≤15  mU/L and SAC ≥10  ng∙dL−1 were considered to 
have renin- independent aldosteronism, while subjects 
with PRC >15 mU/L and SAC ≥10 ng∙dL−1 were con-
sidered to have renin- dependent aldosteronism. In the 
CONPASS population, aldosteronism was categorized 
by the PAC and the results of the CCT. Subjects with 
PAC <10  ng  dL−1 before CCT were grouped as nor-
mal aldosterone. Subjects with PAC ≥10 ng dL−1 before 
and after the CCT were grouped as renin- independent 
aldosteronism, while these who had PAC ≥10 ng dL−1 
before CCT and PAC <10  ng  dL−1 after CCT were 
grouped as renin- dependent aldosteronism. Detailed 
methods on laboratory assessments are summarized 
in Data S2- Data S4.

Assessment of Outcomes
In FOS, the primary outcome in this analysis is the in-
cidence of CVD, which included coronary heart dis-
ease, congestive heart failure, stroke, or transient 
ischemic attack. In CONPASS, CVD was confirmed 
if there was a definite manifestation of coronary heart 
disease, stroke (including transient ischemic attack) 
or congestive heart failure. The diagnosis of CVD was 
based on evaluations by at least 2 senior physicians 
from the First Affiliated Hospital of Chongqing Medical 
University. Detailed information on the assessment of 
CVD is provided in Data S5.

Statistical Analysis
Normality was assessed using the Kolmogorov– 
Smirnov test for continuous variables. Data were pre-
sented as means and 95% CI for normal distributed 
variables, median (interquartile range) for skewed 
normal distributed variables, and percentages for cat-
egorical variables. One- way ANOVA was conducted 
for the comparison of 3 groups, and least- square dif-
ference was used for post hoc multiple comparisons. 
Chi- square test was used to analyze the categorical 
data. All analyses were done using SPSS version 22.0 
and Stata version 15.

In FOS, analyses were individually performed in the 
normotensive and hypertensive populations. Restricted 
cubic spline regression analyses were used to explore 
the relationship between continuous variables and 
CVD. The cubic spline curves were delineated on the 
basis of 4 equally spaced knots at 25th, 50th, 75th, and 
95th percentiles. Estimated hazard ratios (HRs) with 
95% CI were graphically represented. We used Cox 
proportional hazards regression to explore combined 
effects of different aldosteronism and blood pressure 
categories on the risk of CVD. We used multivariate 
models for controlling potential confounders, including 
age, sex, body mass index, systolic blood pressure, 
current smoking status, alcohol consumption, total 
cholesterol, presence or absence of diabetes, and so-
dium intake.

In CONPASS, we used restricted cubic spline 
regression analyses to explore the relationship be-
tween aldosterone production, MR activity, and CVD. 
Multivariable logistic- regression models were used 
to compute the associations among different forms 
of aldosteronism, MR activity, and CVD, in the whole 
group and matched subgroup. Estimated odds ratios 
(OR) with 95% CI are graphically represented. We 
conducted multiple linear regression analysis with 
MR activity as the dependent variable and aldoste-
rone and other metabolic parameters as indepen-
dent variables, respectively. Potential confounders 
enrolled in multivariable adjustments were the same 
as in the FOS.
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RESULTS
Demographic and Biochemical 
Characteristics of Included Participants
The flow chart for the FOS and CONPASS cohorts is 
summarized in Figure 1. There were 1476 participants with 
nonhypertension and 1433 with hypertension included in 
FOS at baseline. The primary care and referral center co-
horts from CONPASS consisted of 1020 and 1592 hyper-
tensive participants, respectively. Characteristics of the 
study participants from FOS (baseline) and CONPASS 
are shown in Table 1. We also described baseline char-
acteristics of FOS subjects who were classified as normal 
aldosterone, renin- dependent aldosteronism, and renin- 
independent aldosteronism in Table S1.

Aldosterone, Renin, and CVD Risk
Among 2909 participants from FOS who were free 
of CVD at baseline, 591 subjects developed CVD 
during a median of 18  years of follow- up. In the 
nonhypertension group, neither PRC nor SAC was 
associated with the risk of CVD. Among participants 
with hypertension, the risk of CVD was significantly 
increased with an increasing SAC (HR, 1.11 [95% CI, 
1.02– 1.21]), but not with an increasing PRC (HR, 0.97 
[95% CI, 0.83– 1.13]) (Table 2). Relationships between 

circulating concentrations of aldosterone and renin 
at baseline and long- term risk of CVD are further 
delineated in Figure  S1. Among 2612 hypertensive 
participants from CONPASS, 160 participants (6.1%) 
had a history of CVD. The risk of CVD was similarly 
increased with increasing aldosterone (Figure S2A), 
but only in those with PRC <15 mU/L (Figure S2C) 
(Table 2).

Risk of CVD in Renin- Independent and 
Renin- Dependent Aldosteronism
In hypertensive participants of FOS, the risk of CVD was 
significantly increased with an increasing SAC in the set-
ting of PRC ≤15 mIU/L (HR, 1.19 [95% CI, 1.02– 1.39]), 
but not in the subset with PRC >15  mIU/L (HR, 1.09 
[95% CI, 0.98– 1.23]) (Table 2, Figure S3). Hypertensive 
participants classified as having renin- independent aldo-
steronism showed a higher risk of CVD when compared 
with these with normal- aldosterone levels, namely, SAC 
<10 ng dL−1 (HR, 1.40 [95% CI, 1.08– 1.82]), while partici-
pants who were classified as renin- dependent aldoster-
onism did not show any increased risk of CVD (HR, 1.19 
[95% CI, 0.89– 1.60]) (Figure 2, Table 2).
In CONPASS, when compared with participants with 
normal aldosterone (PAC <10 ng dL−1), the increased 
risk of CVD was observed in participants who had 

Figure 1. Study flow chart for FOS and CONPASS cohort.
The current study includes a prospective analysis of Framingham Offspring Study FOS (Framingham Offspring Study) and post hoc 
analyses of CONPASS (Chongqing Primary Aldosteronism Study). In FOS, participants who measured aldosterone and renin did 
not withdraw interfering medications, and no confirmatory test was performed to explore the cause of aldosteronism. In CONPASS, 
participants from primary care and referral center were included, and all participants were asked to withdraw interfering medications 
and correct the electrolyte imbalance (if comorbid) for screening. Participants with positive screening received confirmatory 
tests to demonstrate the cause of aldosteronism. CVD indicates cardiovascular diseases; PA, primary aldosteronism; and MR, 
mineralocorticoid receptor.



J Am Heart Assoc. 2021;10:e023082. DOI: 10.1161/JAHA.121.023082 5

Hu et al CVD in Renin- Independent and - Dependent Aldosteronism

PRC ≤15 mU/L and PAC ≥10 ng dL−1 (OR, 1.59 [95% 
CI, 1.10– 2.31]) or CCT- confirmed renin- independent 
aldosteronism (OR, 2.57 [95% CI, 1.13– 5.86]), but 
not among participants who had PRC >15 mU/L and 
PAC≥10 ng dL−1 (OR, 1.43 [95% CI, 0.88– 2.32]) or CCT- 
confirmed renin- dependent aldosteronism (OR, 1.78 
[95% CI, 0.72– 4.41]) (Table 2, Figure 3A through 3B).

Estimated MR Activity in Renin- 
Independent and Renin- Dependent 
Aldosteronism
Relationships among estimated MR activity (24- h uri-
nary potassium- to- sodium excretion ratio), different 
subtypes of aldosteronism, and CVD risk are provided 
in Figure S4. In the CONPASS cohort, participants who 
had renin- independent aldosteronism showed a higher 
24- hour urinary potassium- to- sodium excretion ratio 
than participants with renin- dependent aldosteronism 
(0.41±0.28 versus 0.33±0.31, P=0.001) or normal aldos-
terone (0.41±0.28 versus 0.23±0.11, P<0.001) (Figure 3C).

DISCUSSION
Using longitudinal data from FOS and cross- sectional 
data from CONPASS, we demonstrated that a higher 

level of aldosterone was associated with a higher in-
cidence of CVD in hypertensive subjects but not in 
normotensive subjects. Importantly, hypertensive pa-
tients with renin- independent aldosteronism carried a 
higher risk of CVD than those with renin- dependent al-
dosteronism or normal- aldosterone levels. Moreover, 
a persistently increased estimated MR activity, as re-
flected by the 24- hour urinary potassium- to- sodium 
excretion ratio, may account for the increased CVD 
risk.

Our results extend the earlier observations on 
the relationship between aldosterone and CVD by 
differentiating the population with hypertension 
from those with normal blood pressure at baseline. 
Several previous studies demonstrated an associ-
ation between aldosterone and CVD. The Jackson 
Heart Study,14 Chronic Renal Insufficiency Cohort 
(CRIC),21 and Ludwigshafen Risk and Cardiovascular 
Health (LURIC)18 confirmed the potential detrimental 
effects of aldosterone on major adverse cardiovas-
cular events. However, these studies did not evaluate 
the risk separately in normotensive and hypertensive 
patients. Our study identified that the risk of CVD 
was significantly higher with increasing aldosterone 
only in the group of patients with hypertension at 
baseline.

Table 1. Demographic, Clinical, and Biochemical Characteristics of Participants from FOS and CONPASS

Participants from FOS
Participants from 
CONPASS

P value for 
hypertension‡Nonhypertension Hypertension Hypertension

Total number 1476 1433 2612 …

Median age, y 54 (48, 61) 61 (54, 68) 50 (40, 59) <0.001

Women, % 894 (61) 712 (50) 1295 (50) 0.974

Body mass index, kg/m2 26 (23, 29) 28 (25, 32) 25 (23, 27) <0.001

Average SBP, mm Hg 117 (109, 125) 138 (127, 149) 151 (140, 163) <0.001

Average DBP, mm Hg 72 (67, 78) 80 (72, 85) 93 (84, 101) <0.001

History of diabetes, % 39 (3) 208 (15) 313 (12) 0.024

Current smoker, no., % 252 (17) 180 (13) 634 (24) <0.001

Alcohol user, no., % 1032 (70) 704 (49) 783 (30) <0.001

Triglyceride, mg/dL 101 (71, 148.75) 129 (93, 184) 130 (89, 193) 0.032

HDL- c, mg/dL 52 (42, 63) 47 (39, 59) 48 (39, 57) 0.078

LDL- c, mg/dL 126 (102, 148) 126 (107, 148) 111 (89, 134) <0.001

FPG, mg/dL 94 (88, 101) 100 (93, 111) 97 (88, 110) <0.001

Aldosterone concentration, ng/dL* 10 (7, 14) 10 (7, 15) 12 (8, 20) <0.001

Plasma renin concentration, mIU/L† 13 (8, 20) 12 (6, 24) 9 (3, 22) <0.001

Data are expressed as median (interquartile range) and number (%). CONPASS indicates Chongqing Primary Aldosteronism Study; DBP, diastolic blood 
pressure; FOS, the Framingham Offspring Study; FPG, fasting plasma glucose; HDL- c, high- density lipoprotein cholesterol; LDL- c, low- density lipoprotein 
cholesterol; and SBP, systolic blood pressure.

*Serum aldosterone concentration was measured by radioimmunoassay in FOS; plasma aldosterone concentration was measured with automated 
chemiluminescence immunoassays in CONPASS.

†Plasma renin concentration was measured with an immunochemiluminometric assay in FOS, and with automated chemiluminescence immunoassays in 
CONPASS. For circulating aldosterone concentration, 1 ng/dL = 27 pmol/L.

‡P value for hypertension: comparison between hypertensive participants from FOS and CONPASS.
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The excess secretion of aldosterone, also known as 
aldosteronism, is often classified into renin- independent 
and renin- dependent.5,33 Physiologically, renin- dependent 
aldosterone secretion is activated in response to intravas-
cular volume depletion such as hypovolemia and renal 
hypoperfusion, while renin- independent aldosterone 

secretion is secondary to extracellular hyperkalemia.5 
Pathologically, renin- dependent aldosteronism (also rec-
ognized as renin– angiotensin– aldosterone system activa-
tion), characterized by high levels of renin and aldosterone, 
was associated with metabolic disorders and vascular 
injuries.5,34 In contrast, renin- independent aldosteronism, 

Table 2. Different Phenotypes of Aldosterone and Renin at Baseline and Long- Term Risk of Cardiovascular Diseases, 
Among Participants from FOS and Hypertensive Participants from CONPASS

Nonhypertensive participants Hypertensive participants

Incident/total HR (95% CI ) Incident/total HR/OR (95% CI)†

Continuous increment of aldosterone and renin in FOS

1- SD increment of PRC 193/1476 1.00 (0.90, 1.12) 398/1433 0.97 (0.83, 1.13)

1- SD increment of SAC 0.90 (0.76, 1.07) 1.11 (1.02, 1.21)‡

Continuous increment of aldosterone, by renin phenotype in FOS

1- SD increment of SAC 
when PRC >15 mIU/L

61/544 0.84 (0.61, 1.17) 141/562 1.09 (0.98, 1.23)

1- SD increment of SAC 
when PRC ≤15 mIU/L

132/932 0.97 (0.74, 1.26) 257/871 1.19 (1.02, 1.39)‡

Categories of aldosterone and renin phenotype in FOS*

SAC <10 ng/dL 105/715 Reference 161/644 Reference

SAC ≥10 ng/dL and PRC 
>15 mIU/L

32/357 0.86 (0.61, 1.23) 93/357 1.19 (0.89, 1.60)

SAC≥10 ng/dL and PRC 
≤15 mIU/L

56/404 1.16 (0.86, 1.56) 144/432 1.40 (1.08, 1.82)‡

Continuous increment of aldosterone and renin in CONPASS

1- SD increment of PRC … … 160/2612 1.01 (0.88, 1.18)

1- SD increment of PAC … 1.12 (1.01, 1.27)‡

Continuous increment of aldosterone, by renin phenotype in CONPASS

1- SD increment of SAC 
when PRC >15 mIU/L

… … 51/1002 1.04 (0.78, 1.54)

1- SD increment of SAC 
when PRC ≤15 mIU/L

… … 109/1610 1.28 (1.10, 1.46)‡

Categories of aldosterone and renin phenotype in CONPASS*

PAC<10 ng/dL … … 58/1080 Reference

PAC ≥10 ng/dL and PRC 
>15 mIU/L

… … 28/568 1.43 (0.88, 2.32)

PAC ≥10 ng/dL and PRC 
≤15 mIU/L

… … 74/964 1.59 (1.10, 2.31)‡

Categories of aldosteronism in CONPASS§

Normal aldosterone: PAC 
<10 ng/dL

… … 58/1080 Reference

Confirmed renin- dependent 
aldosteronism by CCT

… … 24/575 1.78 (0.72, 4.41)

Confirmed renin- 
independent aldosteronism 
by CCT

… … 78/957 2.57 (1.13, 5.86)‡

All of these effects are based on the multivariate model, which adjusted for age, sex, body mass index, systolic blood pressure, current smoking status, 
alcohol consumption, total cholesterol, presence or absence of diabetes, antihypertensive medication use, and sodium status. CCT indicates captopril challenge 
test; CONPASS, Chongqing Primary Aldosteronism Study; FOS, Framingham Offspring Study; HR, hazard ratio; OR, odds ratio; PAC, plasma aldosterone 
concentration (ng/dL); PRC, plasma renin concentration (mIU/L); and SAC, serum aldosterone concentration (ng/dL). For SAC, 1 ng/dL = 27 pmol/L.

*SAC ≥10 ng dL−1 was suspected as aldosteronism. PRC ≤15 mU/L was considered as low- renin status. Subjects with PRC ≤15 mU/L and SAC ≥10 ng dL−1 were 
considered as renin- independent aldosteronism, and subjects with PRC >15 mU/L and SAC ≥10 ng dL−1 were considered as renin- dependent aldosteronism.

†HR/OR (95% CI): HR (95% CI) for FOS, OR (95% CI) for CONPASS.
‡P value was <0.05.
§PAC <10 ng dL−1 was considered as normal aldosterone. Subjects with PAC ≥10 ng dL−1 at screening and unsuppressed aldosterone secretion in the 

captopril challenge test (defined as PAC ≥10 ng dL−1 after the test) were confirmed as renin- independent aldosteronism, while subjects with PAC ≥10 ng dL−1 
and suppressed aldosterone secretion in CCT (defined as PAC <10 ng dL−1 after the test) were confirmed as renin- dependent aldosteronism.
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defined as increased aldosterone production with a sup-
pressed renin level, ranges from subtle autonomous al-
dosterone secretion to overt aldosteronism caused by 
bilateral adrenal hyperplasia or aldosterone- producing 
adenomas.5

It is widely explored that renin- independent aldoste-
ronism is associated with an increased risk for hyper-
tension,3,25,35 which is an important risk factor of CVD. 
However, we are unaware of previous studies that di-
rectly compare the associations of renin- dependent 
and renin- independent aldosteronism with the risk of 
CVD, although they were individually evaluated in ob-
servational and interventional studies among varied 
populations. In the general population of 883 Japanese, 

an increased risk of stroke incidence was observed 
with each 1- SD increase in the aldosterone- to- renin 
ratio, which is typically elevated in renin- independent 
aldosteronism.36 In another cohort of 125 patients 
with hypertension, a high level of aldosterone- to- renin 
ratio carried a 2.7- fold higher risk of CVD than a low 
aldosterone- to- renin ratio.20 However, these studies 
had relatively limited sample size and did not segregate 
by aldosterone or renin level to compare the effects of 
renin- dependent and renin- independent aldosteronism 
on CVD risk. Beyond these observational studies, re-
sults from double- blind randomized clinical trials offer 
clues to the cardiovascular effects of renin- dependent 
and renin- independent aldosteronism: aliskiren, a direct 

Figure 2. Categories of aldosterone and renin phenotype at baseline and long- term risk of 
cardiovascular diseases, according to classifications of blood pressure in the whole group of 
FOS (Framingham Offspring Study).
Serum aldosterone concentration (SAC) ≥10  ng  dL−1 was suspected as aldosteronism; plasma renin 
concentration (PRC) ≤15 mU/L was considered as low- renin status; subjects with PRC ≤15 mU/L and 
SAC ≥10 ng dL−1 were classified as renin- independent aldosteronism, and subjects with PRC >15 mU/L 
and SAC ≥10 ng dL−1 were classified as renin- dependent aldosteronism. Baseline blood pressure was 
stratified on the basis of definitions for normotension, prehypertension, and stages 1– 3 of hypertension. 
For SAC, 1 ng/dL = 27 pmol/L. All of these effects are based on the multivariate model, which adjusted 
for age, sex, body mass index, current smoking status, alcohol consumption, total cholesterol, presence 
or absence of diabetes, antihypertensive medication use, and sodium status. Columns colored in red 
indicate that the false discovery rate is <0.05. CVD indicates cardiovascular disease; DBP, diastolic blood 
pressure; and SBP, systolic blood pressure.
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renin inhibitor, was not associated with improved car-
diovascular outcomes37– 40; in contrast, MR antagonists, 
including eplerenone and finerenone, have been shown 
to be associated with lower risk of CVD.41– 43 Although 
these randomized clinical trials were not performed in 
patients with hypertension, the observational evidence 
and indirect comparisons of renin inhibitor versus MR 
antagonists suggest that renin- independent aldoste-
ronism exerts more detrimental cardiovascular effects 
than renin- dependent aldosteronism. In the current 
analyses of FOS, among hypertensive subjects, renin- 
independent aldosteronism was associated with a 1.4- 
fold higher CVD risk compared with normal aldosterone, 
while renin- dependent aldosteronism was not associ-
ated with an increased risk of incident CVD. Moreover, 
these findings were consistent with the cross- sectional 
data from CONPASS, in which renin- independent aldo-
steronism was confirmed using the CCT without the in-
terference of medications and hypokalemia.

One explanation for renin- independent aldostero-
nism promoting CVD is the enhanced aldosterone- 
induced MR activity. Among normotensive persons 
from the MESA study, higher aldosterone concentra-
tions were associated with increased estimated MR ac-
tivity only when plasma renin activity was suppressed 
to ≤0.50 μg/L per hour.3 Our cross- sectional analysis 

of CONPASS, when adjusted for confounding factors 
in a multiple regression analysis, indicated that a 1- unit 
increment in PAC was associated with a significantly 
higher level of MR activity in renin- independent aldo-
steronism, but not renin- dependent aldosteronism. 
Moreover, in CONPASS, we observed an increased 
OR of CVD with a higher MR activity (Figure  S4A), 
and only hypertensive subjects with combined renin- 
independent aldosteronism and high MR activity ex-
hibited significantly higher risk of CVD (Figure  S4B). 
Another explanation for the relationship between renin- 
independent aldosteronism and CVD is that low renin 
is a sensitive marker of MR activity. In patients with 
primary aldosteronism treated with MR antagonists, 
those who had a plasma renin activity ≥1 μg/L per hour 
did not exhibit an increased CVD risk, while patients 
with a suppressed plasma renin activity (<1 μg/L per 
hour) showed a 2.8- fold higher CVD risk than essential 
hypertension.44 A low renin in the context of an inap-
propriate or elevated aldosterone is therefore reflective 
of the magnitude of MR activity and predictive of inci-
dent cardiovascular events over time.

The main strengths of the current study included the 
large sample size, long- term follow- up data from the 
FOS cohort, detailed evaluation of renin– angiotensin– 
aldosterone system activity without interfering factors 

Figure 3. Different types of aldosteronism and risk of cardiovascular diseases (CVD) or mineralocorticoid receptor (MR) 
activity, among hypertensive participants from CONPASS.
For PAC, 1  ng/dL  =  27  pmol/L. A, PAC <10  ng  dL−1 was classified as normal aldosterone; PAC ≥10  ng  dL−1 was classified as 
aldosteronism; PRC ≤15 mU/L was classified as low- renin status. Subjects with PRC ≤15 mU/L and PAC ≥10 ng dL−1 were classified 
as renin- independent aldosteronism, and subjects with PRC >15 mU/L and PAC ≥10 ng dL−1 were classified as renin- dependent 
aldosteronism. B, Shows the odd ratios and 95% CIs of CVD for renin- dependent or renin- independent aldosteronism as determined 
by the captopril challenge test (CCT). PAC <10 ng dL−1 was considered as normal aldosterone. Subjects with PAC ≥10 ng dL−1 at 
screening and unsuppressed aldosterone secretion in the CCT (defined as PAC ≥10 ng dL−1 after the test) were confirmed as renin- 
independent aldosteronism, while subjects with PAC ≥10 ng dL−1 and suppressed aldosterone secretion in CCT (defined as PAC 
<10 ng dL−1 after the test) were confirmed as renin- dependent aldosteronism. All of these effects were based on the multivariate 
model, which adjusted for age, sex, body mass index, systolic blood pressure, current smoking status, alcohol consumption, total 
cholesterol, presence or absence of diabetes, antihypertensive medication use, and sodium status. C, Further comparison of 
the MR activity across 3 groups in the CONPASS (Chongqing Primary Aldosteronism Study). PAC indicates plasma aldosterone 
concentration; and PRC, plasma renin concentration. *P value <0.05 when compared with subjects with normal aldosterone, §P value 
<0.05 when compared with subjects with renin- dependent aldosteronism. P value <0.05 was considered as significantly different.
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in the CONPASS cohort, and confirmation of the study 
outcomes in 2 independent populations. There are sev-
eral limitations of the current study. First, confirmatory 
tests for renin- independent aldosteronism were not 
performed in FOS and confounders such as interfer-
ing medications and electrolyte imbalance could not be 
eliminated. However, in CONPASS, these confounders 
were controlled and the final outcomes were the same. 
Secondly, presence or absence of renin- independent al-
dosteronism in the CONPASS cohort was determined by 
the CCT, which is not considered the criterion standard 
for the diagnosis of primary aldosteronism. However, it 
has previously been shown to be a robust confirmatory 
test in the Chinese population,27 and recommended by 
the European Society of Hypertension.45 Thirdly, MR ac-
tivity was not measured at baseline in FOS, and to eval-
uate the short- term impact of aldosterone and renin on 
MR activity, cross- sectional data from CONPASS was 
used. Fourthly, the FOS and CONPASS cohorts are in-
herently different because of their ethnicity, geographic 
location, time of data collection, and the different mea-
surement methods of renin and aldosterone. To obtain 
the same outcomes in both cohorts is therefore signif-
icant, although the findings should be tested prospec-
tively in other populations where multiple measurements 
of aldosterone and renin are performed and potential 
confounders can be fully controlled. Finally, we did not 
observe a relationship between renin- independent aldo-
steronism and CVD incidence among nonhypertensive 
participants. Given that nonhypertensive participants 
with low renin are more likely to develop hypertension 
over time which then predisposes them to CVD,3,35 a 
longer follow- up duration and larger sample size may be 
needed to demonstrate cardiovascular events in these 
participants.

In conclusion, data from FOS and CONPASS jointly 
suggested that among patients with hypertension, 
renin- independent aldosteronism is more closely as-
sociated with CVD risk than renin- dependent aldoste-
ronism, likely because of a sustained increase in MR 
activity. Given the wide availability of MR antagonists, 
the timely detection of renin- independent aldostero-
nism would lead to active intervention. Given the con-
cordance of the results from FOS and CONPASS, our 
study emphasizes the need for the timely evaluation of 
renin and aldosterone in all hypertensive patients so as 
to offer a more precise measure of cardiovascular risk 
and enable selection of targeted therapy to achieve 
optimal cardiovascular outcomes.
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Data S1. Physical Examination and Blood Pressure Measurement. 

 

Evaluations of physical examination, anthropometry and other laboratory assessments were 

described in previous publications. In FOS, blood pressure measurement was performed according 

to a standardized protocol: using a mercury-column sphygmomanometer and a cuff of the 

appropriate size, a physician measured the systolic blood pressure (SBP) and diastolic blood 

pressure (DBP) twice in the left arm while the participant kept seated. The average of two readings 

was considered the blood pressure at each examination. A diagnosis of hypertension was established 

on the basis of SBP ≥ 140 mmHg, or DBP ≥ 90 mmHg, or a history of hypertension, or taking 

antihypertensive medication at previous visits. In CONPASS, blood pressure was measured in both 

of the patient’s arms by an electronic sphygmomanometer, and the average of two readings was 

documented as the measured blood pressure. A diagnosis of hypertension was established by SBP 

≥140 mmHg and/or DBP ≥90 mmHg on at least 3 occasions on different days (including at least 1 

out-of-office BP measurement). 

Subjects were categorized into different groups according to their blood pressure: normotension 

(SBP < 120 mmHg and DBP < 80 mmHg, and no history of hypertension, and not taking 

antihypertensive medication), prehypertension (SBP 120-139 mmHg and DBP 80-89 mmHg, and 

no history of hypertension, and not taking antihypertensive medication), stage 1 hypertension (SBP 

140–159 mmHg and DBP 90–99 mmHg), stage 2 hypertension (SBP 160–179 mmHg and DBP 

100–109 mmHg), stage 3 hypertension (SBP >180 mmHg or DBP >110 mmHg). Non-hypertension 

was defined as normotension or prehypertension, or subjects who did not meet the diagnostic criteria 

of hypertension.  



Data S2. Laboratory assessment. 

 

For FOS, the procedures of venous blood collection, serum/plasma separation and specimen storage 

have been previously described. Plasma renin concentration (PRC) was measured with an 

immunechemiluminometric assay (Nichols Advantage  Direct Renin assay), and serum 

aldosterone concentration (SAC) was measured by radioimmunoassay (Quest Diagnostics). In 

CONPASS, before the evaluation of renin and aldosterone concentration, all antihypertensive 

medications that can interfere with RAAS activity (including diuretics, β-blockers, angiotensin-

converting enzyme inhibitors [ACEi], and angiotensin-1 receptor blockers[ARBs]) were withdrawn, 

or changed to verapamilor α-adrenergic blockers. Hypokalemia was also corrected. Blood samples 

were collected in the morning. Plasma aldosterone concentration (PAC) and PRC were measured 

with automated chemiluminescence immunoassays (LIAISON; DiaSorin, Italy). 



Data S3. Renin-independent and renin-dependent aldosteronism. 

 

In the FOS population, in addition to SAC and PRC, as intravascular volume depletion is thought 

to be a main promotor of renin-dependent aldosteronism, we used pro-atrial natriuretic peptide 

(proANP) and B-type natriuretic peptide (BNP), well recognized markers of intravascular fluid 

volume, to validate the classification of aldosteronism. A lower level of circulating proANP or BNP 

indicates a relative intravascular volume depletion that would increase renin-dependent aldosterone 

production.  

In CONPASS population, the procedure of CCT has previously been described in detail. In brief, 

patients received 50 mg captopril orally at 8-9 a.m. after sitting or standing for at least 1 h; blood 

samples were drawn at time zero and 2 h after the challenge; PAC-post CCT (cutoff 10 ng∙dl−1) was 

used for differentiating renin-dependent aldosteronism and renin-independent aldosteronism.  



Data S4. Mineralocorticoid Receptor (MR) Activity in CONPASS. 

 

The 24-hour urine samples were routinely collected to measure urinary potassium and sodium 

excretion. The degree of MR activation was indirectly assessed via 24-hour urinary potassium-to-

sodium excretion based on a previous report.  



Data S5. Assessment of Outcomes. 

 

In FOS, the primary outcome in this analysis is the incidence of CVD, which included coronary 

heart disease (CHD), congestive heart failure (CHF), stroke or transient ischemic attack (TIA). A 

person having more than one cardiovascular manifestation within the follow-up period was counted 

as an incident case only at the time of the first event. All cardiovascular events were assessed based 

on the FOS sequence of events protocols. Subjects were diagnosed as having developed CHD if 

upon review of the case a panel of three investigators (the Framingham Endpoint Review Committee) 

agreed on one of the following definite manifestations of CHD: myocardial infarction, coronary 

insufficiency, angina pectoris, sudden death from CHD, non-sudden death from CHD. The diagnosis 

of cerebrovascular disease (stroke and TIA) was based on the occurrence of a clinically evident 

stroke documented by clinical records reviewed by at least two neurologists. Stroke was defined as 

the sudden or rapid onset of a focal neurologic deficit persisting for greater than 24 hours. TIA was 

defined as a focal neurologic deficit of sudden or rapid onset that fully resolved in less than 24 hours. 

A diagnosis of CHF depended on symptoms, physical signs and x-ray. In CONPASS, CVD was 

confirmed if there was a definite manifestation of CHD, stroke (including TIA) or CHF. The 

diagnosis of CVD was based on evaluations by at least two senior physicians from the First 

Affiliated Hospital of Chongqing Medical University.  

 



Table S1. Demographic, Clinical and Biochemical Characteristics among hypertensive subgroup of FOS.  

 Normal Aldosterone Renin-Dependent Aldosteronism Renin-Independent Aldosteronism P Value 

Women/Men 281/363 179/178 252/180 <0.001  

Median age (yr) 60.96(60.27,61.66) 59.77(58.79,60.75) 62.11(61.29,62.93) 0.001  

Body-mass index (kg/m2) 29.08(28.64,29.52) 29.38(28.84,29.91) 29.36(28.85,29.88) 0.604  

Average SBP (mmHg) 139(138,141) 134 (132,136) 142 (140,143) <0.001  

Average DBP (mmHg) 79(78,80) 78 (77,79) 80 (79,81) 0.002  

Current smoker (%)  13.2 14.3 10.2 0.180  

History of diabetes (%)  14.9 16.5 12.3 0.223  

Fasting Plasma Glucose (mg/dl) 108.51(106,111.02) 111.73(107.93,115.53) 106.28(103.76,108.81) 0.059  

HDL-c(mg/dl) 49.25(48.06,50.45) 50.66(48.95,52.38) 50.17(48.63,51.71) 0.370  

Triglyceride (mg/dl) 151.44(142.14,160.74) 144.85(135.70,154) 161.30(152.79,169.82) 0.080  

LDL-c(mg/dl) 127.03(124.63,129.44) 128.24(124.9,131.57) 130.49(127.43,133.55) 0.214  

Serum aldosterone concentration (ng/dl)  6.48(6.33,6.62) 18.96(17.87,20.06) 14.67(14.17,15.16) <0.001  

Plasma renin concentration (mIU/l) 41.95(29.11,54.79) 73.08(49.51,96.65) 8.04(7.66,8.41) <0.001  

Urine sodium (mmol/day) 110.62(106.67,114.56) 87.93(82.55,93.32) 92.96(88.52,97.39) <0.001  

BNP (pg/ml) 17.01(15.35,18.66) 13.54(11.54,15.54) 17.90(16.02,19.78) 0.007  

proANP (pmol/l) 426.07(404.38,447.76) 340.81(315.85,365.77) 405.01(381.84,428.18) <0.001  

Data were expressed as mean (95% CI) and the number (%).Normal Aldosterone: serum aldosterone concentration (SAC)<10 ng∙dl−1; Renin-Dependent Aldosteronism: 

SAC≥10 ng∙dl−1 and plasma renin concentration (PRC) >15 mU/l ; Renin-Independent Aldosteronism:SAC≥10 ng∙dl−1 and PRC ≤15 mU/l; SBP: systolic blood pressure, 

DBP:diastolic blood pressure, LDL-c: Low Density Lipoprotein cholesterol, HDL-c: High Density Lipoprotein cholesterol. BNP:B-type natriuretic peptide; NT_ANP: N-

Terminal pro-atrial natriuretic peptide. For SAC, 1 ng/dl=27 pmol/l.



Figure S1. Relationships between circulating concentrations of aldosterone and renin at baseline and long-term risk of cardiovascular diseases, among 

nonhypertensive and hypertensive participants from FOS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The hazard ratios (HR) and 95% CIs were delineated on the basis of restricted cubic spline regression with four equally spaced knots at 25th, 50th, 75th, and 95th percentiles. 

Red dot line of vertical axis (HR=1.0) was used as reference for risk of CVD incidence. Panel A and panel B showed the HR (95% CIs) of plasma renin concentration (PRC) 

and CVD incidence among nonhypertensive (A) and hypertensive (B) participants, respectively. Panel C and panel D showed the HR (95% CIs) of serum aldosterone 

concentration (SAC) and CVD incidence among nonhypertensive (C) and hypertensive (D) participants, respectively. For SAC, 1 ng/dl=27 pmol/l. 

All of these effects were calculated based on the multivariate model, which adjusted for age, sex, body mass index, systolic blood pressure, current smoking status, alcohol 

consumption, total cholesterol, presence or absence of diabetes, antihypertensive medication use, sodium status.  

 

 



Figure S2. Cardiovascular diseases risk for aldosterone and renin among validation 

hypertensive population of CONPASS.   

 

 

 

 

The restricted cubic spline regression with four equally spaced knots at 25th, 50th, 75th, and 95th 

percentiles was used for delineation. Panel A showed the odd ratios (OR) and 95% CIs of CVD for plasma 

aldosterone concentration (PAC). Panel B showed the OR and 95% CIs of CVD for PAC in the setting 

of plasma renin concentration (PRC) >15 mIU∙l-1. Panel C showed the odd ratios and 95% CIs of PAC 

in the condition of PRC≤15 mIU∙l-1. Panel D showed the odd ratios and 95% CIs of PAC-post captopril 

challenge test (CCT). For PAC, 1 ng/dl=27 pmol/l. 

All of these effects were based on the multivariate model, which adjusted for age, sex, body mass index, 

systolic blood pressure, current smoking status, alcohol consumption, total cholesterol, presence or 

absence of diabetes, sodium status.  

 



Figure S3. Relationship between aldosterone and cardiovascular diseases in settings of 

different renin phenotypes, among hypertensive population from FOS.  

 

 

 

The hazard ratios and 95% Cis were calculated on the basis of restricted cubic spline regression with four 

equally spaced knots at 25th, 50th, 75th, and 95th percentiles. Red dot line of vertical axis (HR=1.0) was 

used as reference for risk of cardiovascular diseases (CVD) incidence. Panel A showed the hazard ratios 

of CVD with increasing serum aldosterone concentration (SAC) in the condition of plasma renin 

concentration (PRC) >15 mU/l screening at baseline. Panel B showed the hazard ratios of CVD with an 

increasing SAC in the condition of PRC ≤15 mU/l screening at baseline. For SAC, 1 ng/dl=27 pmol/l. 

All of these effects based on the multivariate model, which adjusted for age, sex, body mass index, 

systolic blood pressure, current smoking status, alcohol consumption, total cholesterol, presence or 

absence of diabetes, antihypertensive medication use, sodium status.  

 



Figure S4. Mineralocorticoid receptor activity, different subtypes of aldosteronism, and risk 

of cardiovascular diseases among validation hypertensive population from CONPASS. 

 

 

 

The restricted cubic spline regression with four equally spaced knots at 25th, 50th, 75th, and 95th 

percentiles were used for delineation. Panel A showed the odd ratios and 95% CIs of estimated MR 

Activity (calculated by the 24h urinary potassium-to- sodium excretion ratio). In Panel B, subjects with 

PRC ≤15 mU/l and SAC≥10 ng∙dl−1 were suspected as renin-independent aldosteronism, and subjects 

with PRC >15 mU/l and SAC≥10 ng∙dl−1 were suspected as renin-dependent aldosteronism.  

All of these effects were based on the multivariate model, which adjusted for age, sex, body mass index, 

systolic blood pressure, current smoking status, alcohol consumption, total cholesterol, presence or 

absence of diabetes. Columns colored as red indicated the false discovery rate is less than 0.05. 

 


