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Major Adverse Cardiovascular Events in
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BACKGROUND: The object of this study was to investigate the incidence rate of major adverse cardiovascular event (MACE)
among patients with primary aldosteronism (PA) after adrenalectomy or mineralocorticoid receptor antagonist (MRA) treatment.

METHODS AND RESULTS: A systematic review and meta-analysis was conducted by searching PubMed, Embase, Cochrane
Library, Web of Science, CINAHL, and Scopus through April 15, 2024. Studies reporting the MACE incidence rate in pa-
tients with PA after treatment were included. We adapted the random-effects model and performed subgroup and meta-
regression analyses. A total of 20 studies involving 16927 patients with PA were included. There were 5939 patients with
PA who underwent adrenalectomy. A total of 10474 patients received MRA treatment. Additionally, 546 patients received
either adrenalectomy or MRA treatment. The pooled incidence rate of MACE among patients with PA after treatment was
2.20/100 patient-years (95% ClI, 1.70-2.80), higher than that of non-PA hypertension (1.20/100 patient-years [95% ClI, 0.70—
2.10)). Patients with PA after adrenalectomy had a lower MACE incidence rate (2.00/100 patient-years [95% ClI, 1.40-2.60])
compared with those undergoing MRA treatment (3.30/100 patient-years [95% ClI, 2.40-4.10], P=0.017). Advanced age (co-
efficient: 0.071, P<0.001) and diabetes (coefficient: 0.070, P=0.001) increased the risk of posttreatment MACE. A curvilinear
dose-response relationship between the posttreatment plasma renin activity and the MACE incidence was observed, with the

lowest risks at plasma renin activity of 1.0 to 2.0ng/mL per hour (P, jnearity<0-001).

CONCLUSIONS: The MACE incidence in treated patients with PA was 2.20 per 100 patient-years, higher than in patients with
hypertension without PA. Maintaining posttreatment plasma renin activity between 1.0 and 2.0ng/mL per hour appears
crucial for minimizing cardiovascular risk. Adrenalectomy proved more effective than MRA treatment in reducing MACE risk.
Advanced age and diabetes significantly increased the risk of posttreatment MACE.

Key Words: adrenalectomy m major adverse cardiovascular event m mineralocorticoid receptor antagonist m
primary aldosteronism ® renin

Correspondence to: Jui-Yi Chen, MD, Division of Nephrology, Department of Internal Medicine, Chi-Mei Medical Center, No.901, Zhonghua Rd. Yongkang
Dist., Tainan 71004, Taiwan. Email: kwuilusO101@gmail.com

This article was sent to Tazeen H. Jafar, MD MPH, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.124.038714
For Sources of Funding and Disclosures, see page 13.

© 2025 The Author(s). Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2025;14:e038714. DOI: 10.1161/JAHA.124.038714 1


https://orcid.org/0000-0001-5753-9654
https://orcid.org/0000-0003-2592-6312
https://orcid.org/0009-0005-8834-4792
https://orcid.org/0009-0006-8898-5538
https://orcid.org/0000-0002-2461-474X
https://orcid.org/0000-0001-7935-0991
https://orcid.org/0000-0003-1376-7780
mailto:
mailto:kwuilus0101@gmail.com
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.124.038714
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha

Huang et al

CLINICAL PERSPECTIVE
What Is New?

e The current meta-analysis presents the latest
information about the incidence of major adverse
cardiovascular event (MACE) among patients
with primary aldosteronism after treatment.

e [tindicates that patients with primary aldosteron-
ism have an increased risk of MACE after treat-
ment compared with those with non-primary
aldosteronism hypertension; furthermore, this
study demonstrates a U-shaped relationship
between the posttreatment plasma renin activ-
ity and the incidence of MACE and underscores
the heightened risk of posttreatment MACE as-
sociated with advanced age and diabetes.

What Are the Clinical Implications?

e The study’s findings highlight the critical role of
primary aldosteronism-targeted treatment to
mitigate MACE risks, but MACE incidence is still
higher compared with those after treatment for
non-primary aldosteronism hypertension.

e ThediscoveryofaU-shaped correlationbetween
posttreatment plasma renin activity levels and
MACE occurrence suggests an optimal plasma
renin activity range for minimizing MACE, which
warrants further exploration.

Nonstandard Abbreviations and Acronyms

MACE major adverse cardiovascular event
MRA mineralocorticoid receptor antagonist
PA primary aldosteronism

PRA plasma renin activity

hypertension caused by the overproduction of

aldosterone. Patients with PA commonly exhibit
high blood pressure, various degrees of hypokale-
mia, and metabolic alkalosis.! Furthermore, excessive
aldosterone is suggested to result in increased insu-
lin resistance and mineralocorticoid receptor activity,
which can lead to endothelial dysfunction, vascular
remodeling, and cardiovascular and cerebrovascular
complications in patients with PA.? There were several
studies demonstrating that patients with PA have an in-
creased risk of developing cardiovascular, cerebrovas-
cular, and metabolic complications.>* The prevalence
rate of cardiovascular events such as ischemic heart
disease, stroke, and heart failure (HF) among the 2582

Primary aldosteronism (PA) is a common form of
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patients with PA who participated in the JPAS (Japan
Primary Aldosteronism Study) between 2006 and 2016
was 9.40%.° The study by Monticone et al. found that
patients with PA had an increased risk of coronary
artery disease (CAD), stroke, HF, and atrial fibrillation
(AF) compared with those with non-PA hypertension.*®
Therefore, it is essential to promptly identify and treat
patients with PA in order to mitigate the cardiovascular
adverse effects.

Current guidelines recommend that adrenalectomy
is suggested for unilateral PA, whereas a mineralocor-
ticoid receptor antagonist (MRA) is indicated for bilat-
eral PA.%7 The objective of targeted treatment for PA is
to reduce the excessive production of aldosterone and
mitigate the overactive function of the mineralocorticoid
receptor.! Recently, several studies have reported the
incidence of cardiovascular events following therapy,
either adrenalectomy or MRA treatment, in patients
with PA.82" However, the results remain inconclusive,
which could potentially be attributed to the relatively
limited sample sizes and distinct characteristics of the
cohorts. Furthermore, several studies have assessed
the correlation between biomarkers, such as blood
pressure, serum potassium level, and plasma renin,
and the prognosis of patients with PA after treatment,
specifically in relation to cardiovascular outcomes.?®-1
These findings are yet to be determined. Additionally,
the impact of plasma renin activity (PRA) levels after PA
treatment on the prognosis of major adverse cardio-
vascular events (MACE) is also unclear.

Until now there are no data concerning the in-
cidence rate of MACE among patients with PA after
treatment. Hence, this study aims to assess the inci-
dence rate of MACE in patients with PA who had un-
dergone adrenalectomy or MRA treatment, as well as
to identify factors associated with the occurrence of
MACE after treatment.

METHODS

Search Strategy

This study was prospectively registered at the
International Prospective Register of Systematic Reviews
(CRD42023481435) and was conducted in accordance
withthe Preferred Reporting ltems of Systematic Reviews
and Meta-Analyses 2020 statement (Table S$1).%2
Two reviewers (CW.H. and TY.H.) comprehensively
searched for studies published before April 15, 2024 in
the databases of PubMed, Embase, Cochrane Library,
Web of Science, CINAHL, and Scopus without any
restrictions regarding language or publication date. The
search was carried out using the following search terms:
[(primary aldosteronism) OR hyperaldosteronism] AND
[((major adverse cardiovascular event) OR (cardiovascular
death) OR (myocardial infarction) OR stroke OR (heart
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failure) OR (atrial fibrillation)] AND [adrenalectomy OR
(mineralocorticoid receptor antagonist)]. The details of
our search strategy are delineated in Table S2. This
meta-analysis did not require informed consent as it was
based on aggregated data from previously published
studies. The authors declare that all supporting data are
available within the article and its supplementary files.

Eligibility Criteria

The study aimed to clarify the incidence rate of MACE
among patients with PA after adrenalectomy or MRA
treatment. The definition of PA and the strategy for pa-
tient assignment to adrenalectomy or MRA treatment
were based on that of each enrolled study (Table S3).
The titles and abstracts of the studies retrieved from
the search were assessed, and the entire texts of rel-
evant articles were thoroughly examined to ascertain
the eligibility of the studies for inclusion in this study.
Additionally, scanning of the reference lists of relevant
full-text papers was performed to identify crucial stud-
ies that might be overlooked.3® The excluded studies
consisted of duplicate records, studies unrelated to PA,
studies not investigating adrenalectomy or MRA, ab-
sence of relevant outcomes or unavailable data, studies
involving nonhuman subjects, and those with ineligible
study designs. Furthermore, we calculated the inci-
dence rate of MACE by extracting data on the number
of events and the total observation time. Studies lacking
these data were excluded. Prospective and retrospec-
tive cohort studies and case series were selected, and
case reports, cross-sectional studies, conference ab-
stracts, comments on other studies, and protocol were
excluded. Single-arm studies that presented the inci-
dence of MACE among patients with PA after treatment
were included. Furthermore, data relevant to the inci-
dence of MACE in patients with PA after treatment from
any comparative studies were extracted and used for
estimating the incidence rate of MACE. In cases where
there were disagreements, the third reviewer (Y.FY.)
was consulted to achieve a consensus.

Data Extraction

The essential data from eligible studies were extracted
by 2 reviewers (C.W.H. and T.Y.H.) independently through
a standardized data abstraction form. The extracted
data encompassed characteristics of studies including
author, publication year, country, study design, follow-up
period, outcomes of interest, treatment modality and
number of enrolled patients, as well as clinical features
of patients, including age at diagnosis, sex, body mass
index (BMI), diabetes, systolic blood pressure (SBP),
diastolic blood pressure (DBP), serum potassium level,
plasma aldosterone concentration and PRA, estimated
glomerular filtration rate, posttreatment PRA, the
use of antihypertensive medications after treatment,
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posttreatment SBP, and posttreatment DBP. To convert
PRA measured in ng/mL per hour to direct renin
concentration measured in mU/L, one should multiply
the PRA value by 12 when using the commonly used
automated direct renin concentration assay and by 8.2
when using older methods.3* The primary outcomes
examined in the study was MACE, which comprised
mainly the following: cardiovascular death, CAD, stroke,
HF, and arrhythmia. The term “arrhythmia” encompassed
both AF and clinically significant ventricular arrhythmias,
such as ventricular tachycardia and ventricular fibrillation.
The individual components were subsequently evaluated
as secondary outcomes to investigate the incidence of
each specific event following treatment. We reached out
to the authors of the enrolled studies to obtain additional
information. Full-text papers were evaluated for data
synthesis and quality assessment. Any discrepancies
got resolved by consensus or discussion with a third
author (Y.FY.).

Quality Assessment

Two reviewers (CW.H. and Y.FY) independently
evaluated the methodological quality of each study
using the critical appraisal tool for noncomparative
studies derived by Murad et al.®® This tool provided an
algorithm for assessing the quality of noncomparative
studies and case reports/series by considering the
domains of selection, ascertainment, causality, and
reporting. It contained 8 key clarifying questions to
assist evidence-based systematic reviewers in their
assessment. Nevertheless, 3 questions related to
cases of adverse drugs events were not assessed in
this study.®® Thus, each enrolled article was evaluated
based on 5 characteristics and has the potential to
receive up to 5 stars.

Subgroup and Meta-Regression Analyses
We conducted subgroup analyses to investigate po-
tential factors that contribute to the differences in het-
erogeneity and to acquire a deeper comprehension of
the incidence of MACE following treatment among pa-
tients with PA. These subgroups were defined based
on the following criteria: follow-up period (<5years,
5-10years, or >10years), treatment modality (adre-
nalectomy or MRA treatment), age (>50 or <50years
old), BMI (=30 or<30kg/m?, and =27.5 or<27.5kg/m?),3¢
serum potassium level (>3.5 or <3.5mmol/L), post-
treatment PRA (>2, 1-2, or<1ng/mL per hour), preex-
isting cardiovascular disease, trial setting (single center
or multicenters), and ethnicity (American, European,
Chinese, Japanese, or Korean). We also evaluated
the influence of treatment modality on the incidence
of individual secondary outcomes. Additionally, we
employed random-effects meta-regression analyses
to examine potential influences of variables such as
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follow-up period, age, male sex, BMI, diabetes, blood
pressure parameters (including SBP, DBP, posttreat-
ment SBP, posttreatment DBP, the change in SBP, and
the change in DBP), serum potassium level, plasma
aldosterone concentration, PRA, estimated glomeru-
lar filtration rate, and treatment modality adjustment
on the incidences of MACE and individual secondary
outcomes. The changes in SBP or DBP were defined
as the difference between posttreatment and baseline
SBP or DBP. We also examined the influence of preex-
isting cardiovascular disease and use of antihyperten-
sive medications after treatment on posttreatment PRA
in MRA-treated patients with PA using meta-regression
analyses. Furthermore, we conducted the generalized
estimating equations (GEE) Poisson regression to as-
sess the relationship between the post-treatment PRA
and the incidence of MACE. The outcome measured
is the number of MACE, and the offset is the person-
years. Because most studies provided >1 observation,
we used GEE with an exchangeable correlation matrix
to address the dependence of data within the same
study. Initially, we fitted a linear trend and subsequently
applied a restricted cubic spline with 3 knots to in-
vestigate the potential nonlinear relationship between
posttreatment PRA and the incidence of MACE. To
compare the difference between the linear and nonlin-
ear models, we performed a Wald test.

Statistical Analysis

To calculate the incidence rate of MACE and individ-
ual secondary outcomes, we extracted the number
of MACE or individual secondary outcomes among
patients with PA after treatment, as well as the total
observation time. The total patient numbers and the
mean or median follow-up time were used to estimate
the total observation time. To address the proportional
data with inherent heterogeneity among studies, we
used a random-effects model with log-transformation
of incidence rates to calculate the pooled incidence
rate estimates and 95% Cls. Between-trial heteroge-
neity was assessed using the Cochrane Q test, with
homogeneity rejected if the P value was <0.05. The ex-
tent of heterogeneity was categorized as mild (°<30%),
moderate (80%</<50%), and substantial (”>50%).
Additionally, T2 was used to estimate the variance be-
tween studies. All statistical analyses were performed
using the “meta” and “metafor” package in R software
(Version 4.3.1, April 21, 2023), Comprehensive Meta-
Analysis (Version 4, August 30, 2022), and Stata (MP
18, April 25, 2023).

Analyses of Bibliometric Tendencies in
Research

We conducted a bibliometric investigation to elucidate
the research relationship between PA and MACE as
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a preliminary step toward our primary meta-analysis
and foundational works in distinct scientific domains.®
The investigation was carried out using the Science
Citation Index Expanded data from the Web of Science
Core Collection on March 6, 2024. A combination of
keywords that were relevant to both PA and MACE were
applied. The records obtained by the Web of Science
Core Collection were downloaded and subsequently
transformed into plain text format in preparation for
export. This exported data comprised full records and
references. The data were subsequently imported into
CiteSpace 5.7.R2 and VOSviewer 1.6.20 by 2 authors
(CW.H. and L.Y.C)) for bibliometric and visual analysis.
Additional detailed methodology for bibliometric
analysis are available in Data S1.

RESULTS

Trends in Research Evolution

Figure S1 presents the temporal variations and
distributions of keywords associated with both
PA and MACE, with circle size depending on their
occurrences. A prominent trend in recent years is
the evident increase in the frequency of keywords
including AF, arterial stiffness, cardiovascular event,
diagnosis, management, outcomes, prevalence, and
treated PA. The co-citation network of references
is represented in Figure S2, using CiteSpace. The
analysis disclosed the existence of 6 clusters, each of
which was linked to a distinct keyword. Cluster O, which
primarily addressed the topic of “AF” was noticeably
the largest of the clusters. A timeline view of co-cited
references is provided in Figure S2B, which is critical to
assess the evolution of research hotspots throughout
time. The colors revealed the number of papers and
the extent of citations associated with each cluster.
Prominent recent clusters on the timeline included
“#0 AF” “#3 obstructive sleep apnea,” and “#5 taipai
(Taiwan Primary Aldosteronism Investigators).” These
findings indicate the criticality of the ongoing study
into the incidence of MACE among patients with PA
after treatment as well as the necessity to examine the
occurrence of arrhythmia in this population.

Search Results and Study Characteristics
Figure S3 illustrates the process of literature search and
identification. A total of 1051 articles were initially identi-
fied through the electronic database search. Following
the removal of 455 duplicate records, the remain-
ing 596 articles underwent screening at the title and
abstract levels. Of these, 543 articles were excluded
based on title or abstract, resulting in 53 studies se-
lected for comprehensive full-text review to determine
eligibility. Ultimately, 20 studies fulfilled the eligibility cri-
teria and were included in our study,®?” and 33 studies
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were excluded for various reasons (Table S4), including
1 study being excluded owing to a lack of total obser-
vation time®® and 2 studies due to insufficient obser-
vation time.%4% Within the cohort of included studies,
16 studies presented data regarding the incidence of
MACE among patients with PA who underwent adre-
nalectomy, 17 studies reported data on the incidence of
MACE among patients with PA treated with MRA, and
3 studies presented data on the incidence of MACE
among patients with PA who received either adrenalec-
tomy or MRA treatment. Table 1 depicts the study de-
sign and characteristics of the subjects in the included
studies. The studies were published between 2008
and 2024 with sample size ranging from 24 to 2516 pa-
tients per single arm population. There were 7 prospec-
tive8,11,12,15,22,25,26 and 13 retrOSpeCtiveQ,10,13,14,16—21,23,24,27
cohort studies with the follow-up duration ranging from
1.0 to 12.0years. Among the studies, 3 evaluated out-
comes in a single-center,8%2 whereas 17 followed a
multicenter approach.®'13-27 Additionally, 11 studies fo-
cused on Asian patients, 8 studies examined European
patients, and 1 study investigated American patients.
The mean age was 51.6years and about half of total
participants (48.1%) were male. There were 7 studies
that reported posttreatment PRA,101420-23.27 with most
of these studies being conducted after 2021,20-23.27
The majority of studies indicated comparable baseline
characteristics, such as age, sex, BMI, diabetes, SBP,
DBP, serum potassium levels, plasma aldosterone
concentration, and PRA. Nevertheless, there remained
some discrepancies between single-arm populations.
Table S5 presents studies that documented posttreat-
ment SBP or DBP.

Quality Assessment

Table S6 depicts a summary of the methodological
quality of included studies. Among the 20 studies
included in our analysis, 19 studies were assigned a
maximum of 5 stars. The study conducted by Turchi
et al. was given a 4-star grade due to the lack of clear
clarification of the definitions of cardiovascular risk."
Almost all of studies consistently obtained a 5-star rat-
ing, indicating a worthwhile level of quality in essential
aspects.

Primary Outcomes

This study aims to explore the incidence of MACE
post treatment with adrenalectomy or MRA among
patients with PA. The definition of MACE varied
throughout the 20 studies (Table 1). The composite
MACE in most studies encompassed CAD, stroke, HF,
or arrhythmia. Cardiovascular death was assessed
in six studies.®®1924-26 Among the 16927 samples
in the data set, the incidence rate of MACE post
treatment among patients with PA was estimated to
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be 2.20/100 patient-years, with a 95% CI from 1.70
to 2.80/100 patient-years (Figure 1).2-2” There was a
significant heterogeneity within these studies (P=94%,
1°=0.534, P<0.01). Using GEE Poisson regression with
an exchangeable correlation structure, the incidence
rate of MACE among treated patients with PA was 3.00
per 100 patient-years (95% Cl: 2.90-3.16/100 patient-
years). The differences in the estimated average
incidence rates between these two models arise from
fundamental differences in the model assumption
and weighting mechanisms. The random-effects
model assigned higher weights to small studies,
thereby increasing the influence of smaller studies
on the pooled estimate. In contrast, the GEE model
estimated a population average incidence rate. As
many small studies in our meta-analysis reported very
low incidence rates, the random-effects model yielded
a lower estimate of the average incidence rate than the
GEE model. Moreover, we conducted a meta-analysis
including only studies with exclusive outcomes of
MACE encompassing cardiovascular death, CAD,
stroke, and HF. The results enrolling 16 studies revealed
that the incidence of MACE among patients with PA
after treatment was 1.60/100 patient-years (95% CI,
1.20-2.20/100 patient-years, Figure S4). The pooled
incidence rate of MACE among patients with non-PA
hypertension extracted from the enrolled studies was
1.20/100 patient-years (95% ClI, 0.70-2.10/100 patient-
years, Figure S5).

Secondary Outcomes

In random-effects models, we calculated the incidence
rate of secondary outcomes including cardiovascular
death (0.20/100 patient-years [95% Cl, 0.10-0.50/100
patient-years]), CAD (0.50/100 patient-years [95%
Cl, 0.30-0.90/100 patient-years]), stroke (0.70/100
patient-years [95% ClI, 0.40-1.30/100 patient-years]),
HF (0.60/100 patient-years [95% CI, 0.40-1.00/100
patient-years]), and arrhythmia (0.70/100 patient-years
[95% CI, 0.40-1.10/100 patient-years]) among patients
with PA after adrenalectomy or MRA treatment
(Figure S6). The heterogeneities in these secondary
outcomes assessments were high with 2 ranging from
74% 10 96%.

Subgroup Analyses

Given the observed heterogeneity among the included
studies, a detailed subgroup analysis was performed,
considering the baseline characteristics, as depicted
in Figure 2. The incidence rate of MACE following
treatment was 1.80/100 patient-years (95% ClI, 1.00—
2.50/100 patient-years) for patients with PA who were
followed up <5years. The incidence rate of MACE after
therapy rose to 3.40/100 patient-years (95% CI, 2.40—
4.40/100 patient-years) among those with a follow-up
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Weight  Weight
Study Events Time Incidence Rate Rate 95%-Cl (common) (random)
Catena (2008): Adx 10 1776 :1—0— 0.056 [0.030; 0.105] 0.4% 2.9%
Catena (2008): MRA 12 2220 iy———0 0.054 [0.031; 0.095] 0.5% 3.0%
Reincke (2012): Adx or MRA 11 1560.0 -I 0.007 [0.004;0.013] 0.4% 2.9%
Mulatero (2013): Adx 7 6840 +i1 0.010 [0.005; 0.021] 0.3% 2.7%
Mulatero (2013): MRA 24 2556.0 +§:i 0.009 [0.006; 0.014] 1.0% 3.2%
Rossi (2013): Adx or MRA 0 4440+ E: 0.000 [0.000; 0.018] 0.0% 0.7%
Turchi (2014): Adx or MRA 2 2422 -—,*. 0.008 [0.002; 0.033] 0.1% 1.8%
Wu (2016): Adx 163 4864.5 -',- 0.034 [0.029; 0.039] 6.5% 3.4%
Wu (2016): MRA 587 14467.0 ! 0.041 [0.037; 0.044] 23.4% 3.4%
Hundemer (2018): Adx 27 1558.0 "'. 0.017 [0.012; 0.025] 1.1% 3.2%
Hundemer (2018): MRA 192 3410.0 ;E: -+ 0.056 [0.049; 0.065] 7.7% 3.4%
Rossi (2018): Adx 7 4838 -+ 0.014 [0.007; 0.030] 0.3% 2.7%
Rossi (2018): MRA 16 7788 -0—1: 0.021 [0.013; 0.034] 0.6% 3.1%
Huang (2019): Adx 19 3146.0 + 0.006 [0.004; 0.009] 0.8% 3.1%
Huang (2019): MRA 4 4316 -——:: 0.009 [0.008; 0.025] 0.2% 2.3%
Chang (2020): Adx 70 3766.8 -ﬁi: 0.019 [0.015; 0.023] 2.8% 3.3%
Chang (2020): MRA 409 11153.3 1§ 0.037 [0.033; 0.040] 16.3% 3.4%
Pan (2020): Adx 25 2387.0 +§:E 0.010 [0.007;0.015] 1.0% 3.2%
Pan (2020): MRA 223 7456.0 : 0.030 [0.026; 0.034] 8.9% 3.4%
Kim (2021): Adx 81 3775.0 +:E 0.021 [0.017;0.027] 3.2% 3.3%
Kim (2021): MRA 123 3315.0 57- 0.037 [0.031; 0.044] 4.9% 3.4%
Nakamaru (2021): Adx 12 1866.0 + i, 0.006 [0.004;0.011] 0.5% 3.0%
Nakamaru (2021): MRA 11 699.0 *—' 0.016 [0.009; 0.028] 0.4% 2.9%
Puar (2021): Adx 8 490.2 -*-;. 0.016 [0.008; 0.033] 0.3% 2.8%
Puar (2021): MRA 12 3876 + ' 0.031 [0.018; 0.055] 0.5% 3.0%
Wu (2021): Adx 155 3292.0 §E:+ 0.047 [0.040; 0.055] 6.2% 3.4%
Wu (2021): MRA 138 1604.0 i —=— 0.086 [0.073;0.102] 5.5% 3.4%
Araujo—-Castro (2022): Adx 2 196.7 —°—~ 0.010 [0.003; 0.041] 0.1% 1.8%
Araujo-Castro (2022): MRA 7 331.0 —‘-EJ.- 0.021 [0.010; 0.044] 0.3% 2.7%
Nomura (2022): MRA 23 3345.0 + :: 0.007 [0.005; 0.010] 0.9% 3.2%
Sheu (2023): MRA 38 11773 -*:— 0.032 [0.023; 0.044] 1.5% 3.3%
Chen (2024): Adx 65 2225.0 + 0.029 [0.023; 0.037] 2.6% 3.3%
Ramirez (2024): Adx 10 286.0 <+ 0.035 [0.019; 0.065] 0.4% 2.9%
Ramirez (2024): MRA 14 160.0 :' —_— 0.087 [0.052;0.148] 0.6% 3.0%
Common effect model Eé 0.035 [0.034; 0.037] 100.0%
GEE Poisson o 0.030 [0.029; 0.031]
Random effects model o 0.022 [0.017; 0.028] 100.0%
Heterogeneity: /% = 94%, 12 = 0.5340, p < 0.01 I T T T T 1

0 005 01 015 02 025

Figure 1.

Forest plot illustrating the incidence of major adverse cardiovascular events following

treatment among patients with primary aldosteronism.
Incidence rate: event/patient-year; Time: patient-year. GEE indicates generalized estimating equations; and MRA,

mineralocorticoid receptor antagonist.

duration of 5 to 10years. However, it decreased to
1.20/100 patient-years (95% ClI, 0.80-1.70/100 patient-
years) for those with a follow-up duration >10years.
Patients with PA after adrenalectomy had a lower post-
treatment MACE incidence rate of 2.00/100 patient-
years (95% Cl, 1.40-2.60/100 patient-years) compared
with those undergoing MRA treatment (3.30/100
patient-years [95% ClI, 2.40-4.10/100 patient-years]; P
for interaction=0.017). Patients with PA aged 50years
or older had a posttreatment MACE incidence rate of
3.10/100 patient-years (95% Cl, 2.20-3.90/100 patient-
years) whereas those <50years old had a posttreat-
ment MACE incidence rate of 1.70/100 patient-years
(95% CI, 1.00-2.40/100 patient-years; P for interac-
tion=0.024). Of note, a trend was observed suggesting
that patients with PA with higher BMI or serum potas-
sium levels <8.5mmol/L had an increased incidence of
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MACE compared with those with lower BMI or serum
potassium levels >3.5mmol/L, although this associa-
tion did not achieve statistical significance. Similarly,
there was an observed trend indicating that patients
with PA with posttreatment PRA levels between 1 and
2ng/mL per hour had a lower incidence of MACE com-
pared with those with PRA levels either <1 ng/mL per
hour or >2ng/mL per hour; however, this trend also
did not reach statistical significance. The incidence
rate of MACE was highest among American patients
(3.20/100 patient-years [95% Cl, 1.00-10.00/100
patient-years]) and lowest among Japanese pa-
tients (1.10/100 patient-years [95% ClI, 0.50-2.40/100
patient-years]). However, these differences were not
statistically significant. There was no significant differ-
ence in MACE occurrence between patients with PA
with and without baseline cardiovascular disease. The
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Incidence rate (95% Cl) P for interaction
Main analysis - 0.022 (0.017; 0.028)
Subgroup (n)
Follow-up period
< 5years (8) — 0.018 (0.010; 0.025) Reference
5-10 years (10) — 0.034 (0.024; 0.044) 0.023*
> 10 years (2) 0.012 (0.008; 0.017) 0.18
Treatment modality
Adx (15) = 0.020 (0.014; 0.026) Reference
MRA (16) — 0.033 (0.024; 0.041) 0.017*
Adx or MRA (4) = 0.005 (0.002; 0.008) <0.005"
Age, y
Age 250 (15) — 0.031 (0.022; 0.039) Reference
Age <50 (7) —-— 0.017 (0.010; 0.024) 0.024*
BMI, kg/m?
BMI =30 (2) —_— 0.028 (0.013; 0.061) Reference
BMI <30 (13) - 0.022 (0.015; 0.032) 0.583
BMI = 27.5 (6) —_— 0.028 (0.017; 0.048) Reference
BMI < 27.5 (9) —— 0.019 (0.012; 0.030) 0.272
K, mmol/L
K>3.5(9) - 0.021 (0.012; 0.036) Reference
K=35(9) —_ 0.024 (0.016; 0.037) 0.705
Post-treatment PRA,
ng/mlhr
<1(3) 0.036 (0.016; 0.082) 0.212
1-2(5) — 0.018 (0.009; 0.038) Reference
>2(4) 0.032 (0.014; 0.072) 0.301
Pre-existing CVD
Yes (17) - 0.020 (0.015; 0.027) Reference
No (3) —— 0.030 (0.020; 0.045) 0.112
Study setting
Single-center (3) —_— 0.016 (0.006; 0.025) Reference
Multicenters (17) - 0.026 (0.020; 0.031) 0.202
Ethnicity
American (1) 0.032 (0.010; 0.100) Reference
European (8) - 0.019 (0.012; 0.032) 0.414
Chinese (8) - 0.026 (0.018; 0.037) 0.736
Japanese (2) ——— 0.011 (0.005; 0.024) 0.133
Korean (1) —_— 0.028 (0.017; 0.048) 0.836
0 (;cvo 0.025 0.050 0.075 0.100
Proportion

Figure 2. Subgroup analysis of the incidence of major adverse cardiovascular event following
treatment among patients with primary aldosteronism.

Incidence rate: event/patient-year; n: number of enrolled studies. BMI indicates body mass index; CVD,
cardiovascular disease; MRA, mineralocorticoid receptor antagonist; and PRA, plasma renin activity.
*P<0.050.
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Table 2. Meta-Regression Analysis for Major Adverse Cardiovascular Event Following Treatment Among Patients With

Primary Aldosteronism

Moderators Coefficient SE Z value P value 95% ClI

MACE
Age 0.071 0.025 2.844 <0.001* 0.022 to 0.120
Male sex 0.010 0.017 0.592 0.554 -0.022 to 0.042
Diabetes 0.070 0.020 3.470 0.001* 0.030 to 0.109
K 0.387 0.476 0.813 0.416 -0.546 t0 1.319
PAC 0.007 0.018 0.373 0.709 -0.003 to 0.042
PRA 1.283 0.683 1.877 0.061 -0.057 to 2.622

K indicates serum potassium level; MACE, major adverse cardiovascular event; PAC, plasma aldosterone concentration; and PRA, plasma renin activity.

*P<0.050.

incidence rate of secondary outcomes in patients with
PA did not reveal any significant variations across dif-
ferent treatment groups, as illustrated in Figure S7.

Meta-Regression Analyses

We conducted a random-effect meta-regression to
evaluate the interaction between each factor and the
incidence of MACE among patients with PA after treat-
ment (Table 2 and Table S7). Advanced age (coeffi-
cient: 0.071, P<0.001) and diabetes (coefficient: 0.070,
P=0.001) were likely to be associated with a higher of
development MACE among patients with PA after treat-
ment. Other factorsincluding follow-up period, sex, BMI,
SBP, DBP, posttreatment SBP or DBP, the change in
SBP or DBP, the serum potassium level, plasma aldos-
terone concentration, PRA, and estimated glomerular
filtration rate did not significantly affect the incidence
of MACE following treatment in the meta-regression

analysis. Data on preexisting cardiovascular disease
and posttreatment PRA in MRA-treated patients with
PA were available from 4 studies, and data on the use
of antihypertensive medications after treatment and
posttreatment PRA in MRA-treated patients with PA
were available from 3 studies. The results of meta-
regression analyses revealed that CAD, angiotensin-
converting enzyme inhibitors/angiotensin receptor
blockers (ACEis/ARBS), calcium channel blockers, diu-
retics, and beta blockers did not significantly affect the
levels of therapeutic PRA (Tables S8 and S9). Due to
limited sample sizes, the potential effects of HF and
AF on therapeutic PRA could not be assessed. Seven
studies were enrolled in the GEE Poisson regression
for evaluation the relationship between the posttreat-
ment PRA and the incidence of MACE among patients
with PA after treatment (Table $10).10.14.20-23.27 Figure 3
shows the results of the linear and nonlinear dose-re-
sponse relationship. The sizes of the circles represent

S Observed Linear Model
34 Nonlinear RCS Model Cl of Nonlinear RCS Model
15 @)
w 1A
Q
! @
5 057 ®
N ©) (@
% ° &
2 oo o) @
E .02 ®
.01 1o} ° @)
.005
(@)
.003+
T T T T T T T T T T T
0 5 1 15 2 2.5 3 35 4 4.5 5
Posttreatment PRA (ng/mi/hr)

Figure 3. The linear and nonlinear associations of posttreatment plasma renin activity
with the incidence of major adverse cardiovascular event.
MACE indicates major adverse cardiovascular event; PRA, plasma renin activity; and RCS,

restricted cubic spline.
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the statistical precision of each observation, calculated
as the inversed variance of the incidence rate. The lin-
ear trend in the GEE Poisson model is not statistically
significant (P=0.279). The nonlinear relationship be-
tween the posttreatment PRA and the incidence rate
of posttreatment MACE showed the lowest MACE in-
cidence risks at posttreatment PRA ~1.0 to 2.0ng/mL
per hour (Phoninearity<0-001). We conducted a sensitivity
analysis excluding the outlier study in the upper right
corner and found a similar nonlinear trend (Figure S8).
Table S11 shows the random-effect meta-regression
assessing the interaction between covariates and
the incidence of individual secondary outcomes post
treatment. Advanced age had a significant increased
risk of HF (coefficient: 0.113, P=0.033) and arrhythmia
(coefficient: 0.119, P=0.005) in patients with PA after
treatment. Moreover, diabetes substantially increased
the likelihood of developing CAD (coefficient: 0.080,
P=0.003), HF (coefficient: 0.099, P=0.016), and ar-
rhythmia (coefficient: 0.070, P=0.018) in patients with
PA after treatment. Follow-up period was associated
with an increased risk of cardiovascular death (coef-
ficient: 0.166, P=0.018).

DISCUSSION

Our studies revealed that the incidence rate of MACE
among patients with PA after therapy, either adrenal-
ectomy or MRA treatment, was 2.20/100 patient-years
(95% ClI, 1.70-2.80/100 patient-years), which is higher
than that observed in patients with non-PA hyperten-
sion. Furthermore, patients with PA after adrenalec-
tomy had a lower risk of MACE occurrence compared
with those undergoing MRA treatment. Advanced age
and diabetes were associated with a higher risk of
MACE. There was a significant U-shaped relationship
between posttreatment PRA and the incidence rate of
MACE among patients with PA, with the lowest MACE
incidence rates at posttreatment PRA levels of 1.0 to
2.0ng/mL per hour.

Patients with PA have an increased risk of cardio-
vascular diseases attributed by overproduction of
aldosterone, which leads to insulin resistance, mineralo-
corticoid receptor overactivity, endothelial dysfunction,
and vascular and cardiac remodeling.®'%4" Additionally,
PA is associated with a higher prevalence of metabolic
comorbidities, such as diabetes and obstructive sleep
apnea, both of which contribute to cardiovascular com-
plications.*>43 There are studies proposing that myo-
cardial fibrosis or left ventricular dysfunction in patients
with PA can be rescued via treatment either adrenalec-
tomy or MRA.*445 However, the influence of PA therapy
on the incidence rate of MACE among patients with
PA is still unclear. Our findings indicated that the inci-
dence rate of MACE in patients with PA who received

J Am Heart Assoc. 2025;14:e038714. DOI: 10.1161/JAHA.124.038714
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treatment was comparable to but still higher than that
observed in patients with non-PA hypertension. This
elevated risk may be partly due to clinical guidance,
which recommended screening for PA in patients
with hypertension-mediated organ damage, thereby
selecting a cohort with inherently higher baseline car-
diovascular risk compared with those with non-PA hy-
pertension.3446 As a result, although PA is a common
cause of hypertension, it is often underdiagnosed, with
cases typically detected only in advanced stages after
significant comorbidities have developed.*” Additionally,
suboptimal management of PA, such as inadequate
dosing of MRA, may reduce the effectiveness of cardio-
vascular risk reduction post treatment. These factors
may explain our findings. Nevertheless, these findings
provide additional evidence supporting the current
guidelines recommending screening for PA in all adults
with confirmed hypertension, as well as treatments to
reduce the risk of cardiovascular diseases in patients
with PA 648

The influence of treatment modality, either adre-
nalectomy or MRA treatment on the incidence rate of
posttreatment MACE in patients with PA remains in-
conclusive. One prospective study conducted by Wu
et al. found that patients with PA after adrenalectomy
had a lower incidence of cardiovascular outcomes
and all-cause mortality compared with those receiv-
ing MRA treatment.?? Possible factors related to the
suboptimal cardiovascular outcomes among patients
with PA undergoing MRA treatment may include insuf-
ficient MRA dose leading to sustained mineralocorti-
coids receptor overactivation. In addition, patients
with PA who underwent adrenalectomy were generally
younger than those undergoing MRA therapy, which
could confound the interpretation of treatment ef-
fects.?® The co-secretion of mineralocorticoid and glu-
cocorticoid, which is common in patients with PA and
associated with an elevated metabolic risk, might be
mitigated through adrenalectomy.*® Certain patients
with unilateral PA who are unwilling or unable to receive
adrenalectomy would be administered MRA treatment,
which may compromise cardiovascular outcomes as-
sociated with MRA treatment. Our study, in alignment
with previous studies, found that patients with PA who
were treated with adrenalectomy had a lower risk of
posttreatment MACE compared with those treated
with MRA. However, it is important to note that there
are currently no randomized controlled trials demon-
strating the superiority of adrenalectomy over medical
treatment. Based on these findings, it is recommended
to consider titrating MRA dose, surgery or alternative
treatments, such as adrenal ablation, for patients with
PA who present poor response to MRA treatment.
New research is also exploring the effects of nonste-
roidal MRAs on patients with PA, the development
of aldosterone synthase inhibitors, and personalized
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pharmacotherapy for PA targeting calcium signal-
ing.5%5" Nevertheless, a recent study by Cohen et al.
found that there was no significant difference in cardio-
vascular outcomes between adrenalectomy and MRA
treatment for patients with PA and chronic kidney dis-
ease. This could be due to the permanent kidney and
cardiac fibrosis caused by chronic mineralocorticoid
receptor overactivation in this population, which could
not be reversed even after diminishing aldosterone ex-
cess with adrenalectomy.®? All these findings under-
score the necessity for further research, with robust
prospective randomized controlled trials to definitively
compare the outcomes of adrenalectomy and MRA
treatment in patients with PA.

Our analysis found that the risk of MACE in pa-
tients with PA is lower in follow-up periods exceed-
ing 10years compared with the 5- to 10-year period.
This is likely due to the limited number of studies and
smaller sample sizes in longer follow-up periods,
which reduces statistical power to detect differences
or trends, leading to an underestimation of the true
incidence. However, the incidence of MACE is higher
during the 5 to 10years of follow-up than in the first
Syears, possibly due to the accumulation of additional
cardiovascular risk factors, such as diabetes, dyslipid-
emia, or chronic kidney disease, which can compound
the risk of MACE.* Additionally, the initial benefits of PA
treatment in reducing cardiovascular risk may diminish
over time, especially if patients experience incomplete
biochemical remission or poor long-term adherence
to therapy.>® These findings highlight the need for fur-
ther research with larger cohorts and longer follow-up
to validate these trends. Age was associated with an
increased risk of MACE occurrence among patients
with PA after treatment shown in the subgroup and
meta-regression analysis. The Primary Aldosteronism
Surgery Outcomes (PASO) study indicated that older
patients with PA had a lower likelihood of achieving
complete clinical success and clinical benefit after ad-
renalectomy.®* Among older patients diagnosed with
PA, it is likely that they have endured a prolonged du-
ration of hypertension or have remained undiagnosed
with PA for many years. This addition captures the idea
that some patients may have been misclassified and
therefore not correctly diagnosed with PA for an ex-
tended period. These adverse conditions may explain
our findings that age was associated with posttreat-
ment MACE occurrence.

The coexistence of diabetes and PA is likely to
have further adverse consequences on the cardio-
vascular system, given that both diabetes and PA
independently contribute to poorer cardiovascular out-
comes.®® A study conducted by Tsai et al. indicated
that the presence of diabetes in patients with PA was
independently associated with poor baseline condi-
tion and less improvement of arterial stiffness after
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PA-specific treatment, a reliable approach to predict
cardiovascular events.%® Our finding that diabetes was
independently associated with the occurrence of post-
treatment MACE in patients with PA provides further
evidence supporting the previous finding.

A growing body of studies has explored the asso-
ciation between the posttreatment renin level and the
prognosis of patients with PA after treatment. Several
studies suggested that optimal MRA treatment to re-
verse renin suppression improved hypertrophy and
function of left ventricle,?®?° as well as arterial stiff-
ness.®” Furthermore, the reversal of renin suppression
had been associated with lower risks of MACE, AF, and
mortality.'4?2%8 |t is suggested that an increase in renin
levels in patients with PA after treatment indicates a
reversal of the underlying pathophysiology of PA.'43!
However, the study conducted by Ramirez et al. found
that patients with PA who were treated with MRA, with
or without renin suppression, had comparable cardio-
vascular, kidney, and metabolic outcomes.?” Nomura
et al’s study suggests that significant renin changes
after MRA treatment in patients with PA do not nec-
essarily predict better cardiovascular outcomes.?* In
the study, we observed a significant U-shaped rela-
tionship between the posttreatment PRA and the in-
cidence rate of MACE among patients with PA after
treatment. The incidence of MACE was lowest when
the posttreatment PRA levels were between 1.0 and
2.0ng/mL per hour. Vaidya et al. hypothesized that
when renin levels increase, there is a corresponding
increase in the risk of hyperkalemia, hypotension, and
renal hypoperfusion. In line with our result. they also
proposed that an unsuppressed PRA level between
1.0 to 2.0ng/mL per hour is the optimal range to target
for patients with PA who received MRA treatment.30-81
Potential reasons for the increased risk of MACE in pa-
tients with PA after treatment and exhibited persistently
low posttreatment renin levels may result from patients
who underwent adrenalectomy still exhibit suppressed
renin if aldosterone-producing micronodules are
present in the contralateral adrenal gland. Given that
aldosterone-producing micronodules are classified as
nonneoplastic/hyperplastic and exhibit a nonclassical
pattern, undetected aldosterone-producing micronod-
ules in the nonresected adrenal gland could continue
to produce aldosterone autonomously, maintaining low
renin levels post adrenalectomy.®® Alternatively, certain
patients with a high cardiovascular risk profile may
be on beta blockers, which could also contribute to
suppressed renin levels. On the other hand, possible
factors for an elevated risk of MACE in patients with
higher posttreatment renin levels include inadequate
MRA dosing or the use of ACEis/ARBss in high-risk
patients with cardiovascular issues, which may lead to
increased renin levels by disrupting the negative feed-
back mechanism of angiotensin Il on renin release.
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Given the limited sample size, our meta-regression
analysis results did not reveal a significant effect of
ACEis/ARBs and beta blockers on therapeutic PRA
levels. Nonetheless, the wide Cls—attributable to the
limited sample size, especially at elevated renin activ-
ity levels, and the persistence of only a similar non-
linear trend in the sensitivity analysis after excluding
the outlier study in the upper right corner—emphasize
that these findings should be interpreted with cau-
tion. Further investigations are needed to validate the
discovery.

Strengths and Limitations
This meta-analysis provides the most up-to-date in-
sights into the incidence of MACE in patients with
PA after treatment. A key strength of this study is the
identification of a U-shaped relationship between post-
treatment PRA and MACE incidence, suggesting the
potential importance of maintaining PRA within an opti-
mal range to minimize cardiovascular risks. Additionally,
the study reveals that advanced age and diabetes are
significant factors associated with increased posttreat-
ment MACE risk in patientswith PA. These findings
underscore the importance of PA-specific treatment
strategies to reduce MACE risk, while also revealing
that MACE incidence remains elevated compared with
that in treated non-PA hypertension, which warrants
continued investigation and clinical vigilance.
Nevertheless, several limitations warrant careful in-
terpretation of our findings. First, the absence of ran-
domized controlled trials in this study led to variations in
protocols for defining PA and selecting treatment strat-
egies, such as adrenalectomy or MRA, across studies,
which reflects real-world clinical practices. This varia-
tion could result in potential misclassification, particu-
larly for patients with bilateral PA who may have been
inaccurately considered candidates for surgery, poten-
tially impacting the accuracy and comparability of our
findings. Second, the studies varied in follow-up dura-
tion, potentially leading to length time bias. To mitigate
the potential bias, we conducted subgroup analysis
based on follow-up duration and assessed the effect
of follow-up duration in meta-regression analyses.
Third, caution is warranted when interpreting arrhyth-
mia as a secondary outcome, as this study focused on
the incidence of MACE in patients with PA after treat-
ment. Therefore, studies that exclusively investigated
AF without broader cardiovascular outcomes were not
included, which may have limited the scope of arrhyth-
mia data analyzed. Fourth, the incidence rate of MACE
in patients with non-PA hypertension was derived from
studies identified using a search strategy centered on
PA, posttreatment status, and MACE incidence. As
these studies were not specifically designed to assess
populations with non-PA hypertension, this approach
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may introduce potential selection bias. Fifth, in ex-
amining the relationship between posttreatment PRA
and MACE in patients with PA, data availability was
limited, with only 7 studies ultimately providing data
on posttreatment PRA, covering 16 PRA levels in the
GEE Poisson regression analysis. This limited sample
size means that subgroup analyses of posttreatment
PRA revealed only a trend of association, warranting
caution in interpretation and highlighting the need for
further research. Sixth, both single-arm and compara-
tive studies were included in this meta-analysis, which
may have increased heterogeneity. A sensitivity analy-
sis including only comparative studies was conducted,
and the results were consistent with the overall findings
of our study (Figure S9). Finally, only 1 included study
stratified results by biochemical cure status, limiting
our ability to assess its impact on long-term outcomes
in patients with PA.2?

CONCLUSIONS

In summary, the incidence of MACE following treatment
for patients with PA, either through adrenalectomy
or administration of MRA, was observed to be
approximately 2.20 per 100 patient-years, which was
higher than that for patients with non-PA hypertension.
Maintaining posttreatment PRA between 1.0 and
2.0ng/mL per hour may help reduce cardiovascular
risk.
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