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Background: Primary aldosteronism (PA) is one of major cause of resistant
hypertension. This study compares the efficacy and safety of current
treatments, including pharmacotherapy, adrenalectomy, and minimally invasive
techniques, to guide clinical practice.

Method: We systematically searched Embase, PubMed, Cochrane, Web of
Science, CNKI, Wanfang, and VIP from inception to August 13, 2024, for
randomized controlled trials and cohort studies involving adult patients with
PA and hypertension. Reporting quality of the included studies was assessed
using the Cochrane Risk of Bias 2 tool for RCTs and the Newcastle-Ottawa Scale
(NOS) for cohort studies. Data analysis was performed using R 4.3.3 and
STATA 15.0.

Results: This study included 17 articles involving 1,496 patients, of which 13
studies (76%) were conducted in China. Meta-analysis showed that for systolic
blood pressure (SBP), unilateral total adrenalectomy and renal nerve denervation
(TADR+RND) was most effective (WMD = -12.53, 95% Crl -15.18 to -9.90). For
diastolic blood pressure (DBP), Partial adrenalectomy (PADR) (WMD = -9.31, 95%
Crl -12.97 to -5.68). PADR also maintained serum potassium levels effectively
(0.64, 95% Crl 0.52 to 0.75). Among pharmacological treatments,
mineralocorticoid receptor antagonists and irbesartan (MRAs+IRB) had the
greatest antinypertensive effect (SBP: WMD = -18.90, 95% Crl -29.20 to -8.55;
DBP: WMD = -22.14, 95% Crl -31.81 to -12.50). Mineralocorticoid receptor
antagonists did not significantly reduce plasma aldosterone concentration
(PAC), consistent with their known feedback-related tendency to increase PAC.
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Conclusions: This study showed TADR + RND and MRAs + IRB had best efficacy
in surgical and pharmacological treatments, respectively, but 76% of the included
studies were conducted in China, which may affect the generalizability of the

findings. Therefore, the results need further validation.
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GRAPHICAL ABSTRACT

1 Introduction

Primary aldosteronism (PA) is considered one of the leading
causes of resistant hypertension (HT), accounting for
approximately 20% of resistant HT cases according to recent
epidemiological studies (1), and is also an important contributor
to cardiovascular events. Although some PA cases are detected due
to hypokalemia in patients, the true prevalence of PA is often
underestimated because of the high degree of similarity in clinical
symptoms between PA and essential HT (2). It was found that
patients with PA had higher cardiovascular morbidity and mortality
than patients with essential HT of the same age and gender and
patients with the same increase in blood pressure (3). A further
study found that cardiovascular risk in patients with PA was related
to not only HT itself but also other metabolic abnormalities caused
by PA, such as insulin resistance, inflammation and oxidative stress
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(4). These factors may work together to accelerate the development
of atherosclerosis, and increase the risk of myocardial infarction,
heart failure and stroke. Therefore, timely diagnosis and effective
treatment of PA are critical.

Current treatments for PA include pharmacotherapy,
adrenalectomy, radiofrequency ablation (RFA), and super
selective adrenal artery embolization (SAAE) (1), According to
current and previous Endocrine Society guidelines (5, 6).
treatment recommendations depend on the lateralization status of
aldosterone excess: unilateral total adrenalectomy is the preferred
option for unilateral PA, whereas medical therapy with
mineralocorticoid receptor antagonists (MRAs) is the mainstay
for bilateral disease, undetermined subtype, or when surgery is
not feasible or not desired. Pharmacotherapy usually includes the
use of MRAs such as spironolactone and eplerenone, which are
effective in controlling blood pressure and correcting electrolyte
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imbalance. In addition, MRAs increase plasma renin concentration
and have been shown to reduce the risk of cardiovascular and renal
complications in patients with PA (7). However, because patients
with PA may take these medications for a long period of time, they
can face certain risks of side effects, such as gynecomastia, erectile
dysfunction, and mastalgia (2). Therefore, to reduce the side effects
of single drugs and enhance the antihypertensive effect, they usually
receive MRAs plus other antihypertensive drugs. However, the
effects of combining MRAs with different classes of
antihypertensive drugs (e.g., ACE inhibitors, ARBs, or calcium
channel blockers) remain unclear, particularly with respect to
blood pressure control, biochemical normalization, and adverse
events, and there are notable inter-individual variations in
treatment response.

Adrenalectomy, as a curative option for unilateral PA, removes
aldosterone-producing tissue and improves both blood pressure
and metabolic outcomes (9). Minimally invasive approaches,
including laparoscopic and robotic-assisted surgery, have further
reduced complications and recovery time compared with traditional
open surgery (10). Other emerging strategies such as renal
denervation (RDN), radiofrequency ablation (RFA), and super
selective adrenal artery embolization (SAAE) are considered non-
standard or investigational in current guidelines. For example,
SAAE, as minimally invasive treatments, offer alternative
treatment options for patients with PA, particularly in cases of
lateralized disease when conventional adrenalectomy is not feasible
or not desired. RDN may inhibit excessive activation of the renin-
angiotensin-aldosterone system (RAAS) by reducing renal
sympathetic activity, thereby lowering blood pressure (11). RFA
and SAAE, as minimally invasive treatments, can reduce
aldosterone secretion locally while preserving part of adrenal
function (12, 13). Although these therapies may provide short-
term improvements in blood pressure and biochemical markers,
long-term efficacy and safety remain to be established.

Although existing studies have explored the efficacy of these
treatments, there is relatively limited evidence comparing them
directly, and there is a lack of uniform evaluation criteria. Therefore,
this systematic review and network meta-analysis (NMA) was
conducted to synthesize currently available evidence and
comprehensively assess and compare the efficacy of the above
treatments in controlling blood pressure and improving
biochemical indicators in patients with PA, with a view to
providing a more solid scientific rationale for clinical
decision-making.

2 Methods

This systematic review and meta-analysis followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines (14) (Supplementary Table S1). The study protocol was
already registered in the International Prospective Register of
Systematic Reviews (PROSPERO: CRD42024600125).
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2.1 Data sources and search strategy

We systematically searched Embase, PubMed, Cochrane, Web of
Science, China National Knowledge Infrastructure (CNKI),
Wanfang, and VIP from inception to August 13, 2024, using
primary aldosteronism as a keyword. A search strategy for various
databases is shown in Supplementary Table S2. In addition, to ensure
a comprehensive search, a manual search was conducted by checking
the reference lists in previous systematic reviews to identify relevant
studies that may have been missed. All retrieved references were
downloaded and imported into EndNote 21 for standardized
management to facilitate subsequent screening, review and citation.

2.2 Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) study designs included
randomized controlled trials and cohort studies; (2) study subjects
were male adults or non-pregnant patients (age >18 years)
diagnosed with PA and suffering from hypertension; (3) study
subjects had no history of accelerated or malignant hypertension,
sex hormone therapy or renal hypofunction; (4) studies reported
endpoints include SBP, DBP, blood potassium level, serum
aldosterone concentration (SAC), plasma renin concentration
(PRC), and plasma renin activity (PRA); (5) studies written in
English or Chinese. Those studies that were not eligible for
inclusion were excluded. Where multiple reports were published
from the same study cohort, we included only the studies with the
most detailed information and sample sizes.

2.3 Risk of bias assessment

Two authors (Li and Xu) assessed the quality of each included
randomized controlled trial (RCT) using a Cochrane risk of bias
assessment tool (RoB2) (15). For cohort studies, the two authors
independently assessed them using the Newcastle-Ottawa Quality
Assessment Scale (NOS) (http://www.ohri.ca/programs/
clinical_epidemiology/oxford.asp.). Discrepancies were resolved
by discussion to reach a consensus. The results of the quality
assessment were used to evaluate the reliability of the included
studies, and sensitivity analysis was performed.

2.4 Data extraction

In this systematic review, the data extraction process followed
strict scientific guidelines to ensure the accuracy and consistency of
data. All data were extracted separately by Li and Xu to minimize
bias that could be introduced by a single person extracting data.
Discrepancies were resolved by discussion. Information obtained
from each study included the last name of the first author, year of
publication, country, intervention, study type, follow-up time,
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number of participants, gender, age, and information on relevant
outcome measures.

The extracted outcome data were the mean changes from
baseline to the last available follow-up, together with the
corresponding standard deviation (SD). We prioritized intention-
to-treat data when primary studies reported per-protocol and
intention-to-treat analyses. When primary studies reported the
mean difference (MD) and standard error or did not report the
MD, we used appropriate mathematical transformations to obtain
the required data, as detailed in Supplementary Material. When
data at multiple time points were reported in primary studies, this
systematic review used data from uniform or scientifically close
time points for analysis to ensure consistency of comparisons and
reduce potential bias caused by different follow-up times. When the
outcome data of interest were missing, we contacted the
corresponding study authors to obtain the data.

Primary outcome measures were office systolic and diastolic
blood pressure, and plasma potassium ion concentration.
Secondary outcome measures were serum aldosterone
concentration, plasma renin concentration, and plasma
renin activity.

10.3389/fendo.2025.1645279

2.5 Data analysis

The main effect size was reported as MD or standardized mean
difference (SMD) to measure the efficacy of different interventions
in lowering blood pressure and improving biochemical indicators.
A 95% confidence interval (CI) was calculated along with the effect
size. Calculations were performed utilizing the “rjags” package in
the R software. A network diagram was created through a Bayesian
simulation model to visualize the relationships among various
interventions. In the diagram, a node represents an intervention,
a line represents a direct comparison, as well as the thickness of the
line and the size of the node are proportional to the number of
studies and the number of participants involved in direct
comparison. Considering that the NMA was based on
homogeneity, similarity and consistency assumptions (16), the
consistency test and homogeneity test were further performed.

Inconsistency was identified by two methods. First, the SDs of
random effects were calculated under the consistency and
inconsistency models to determine whether inconsistency existed
among interventions. If the SDs of random effects were the same
under both the models, it indicated good consistency among
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\4
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[ Identification of studies via databases and registers
8128 Records identified through
database searching
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FIGURE 1

Literature screening flow chart.
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TABLE 1 Characteristics of included studies.

Author Year Country Design Treatment Age (Years) Sex (male/ = Outcomes Duration
(mean + SD) female) (Months)
Castro etal (19) 2022 Spain Cohort MRA 168 547 + 125 98/70 SBP, DBP, K*, 236
SAC, PRC, PRA
TADR 100 527 +94 46/54
Chenetal (20) = 2014  China RCT PADR 16 48.5 + 109 7/9 SBP, DBP, K*, 12
SAC, PRC
TADR 47 487 £ 113 21/26
Chenetal (21) = 2021  China RCT TADR 39 49.4 + 102 26/13 SBP, DBP, K*, 6
SAC, PRA
MRA 28 488 + 11.5 22/6
Dangetal (22) 2022  China RCT MRA 30 56.84 + 6.22 15/15 SBP, DBP 3
BEN+MRA 30 56.84 + 6.22 14/16
Fu et al (23) 2011 China RCT PADR 104 43+58 45/59 SBP, DBP, K*, 96
SAC, PRA
TADR 108 41+78 48/60
Liu (24) 2018 China RCT MRA+CCB 20 NA NA SBP, DBP 3
BEN+MRA 20 NA NA
Liu et al (25) 2021  China RCT TADR 30 503 +9.7 13/17 SBP, DBP 6
TADR+RDN 30 50.0 + 10.9 11/19
Indra et al (26) 2015 Czech RCT MRA 16 51.0 7.0 11/5 SBP, DBP, K* 64
Republic
TADR 15 49.0 + 11.0 9/6
Puar et al (27) 2020 Singapore Cohort TADR 86 51.0 + 10.1 49/37 SBP, DBP, K*, 120
MRA 68 550 + 9.1 46/22 SAC, PRA
Qi et al (28) 2021 China RCT TADR 41 336+7.2 20/21 SBP, DBP, K*, 6
SAC, PRC
SAAE 41 322456 22/19
Tan et al (29) 2021 China RCT CCB 33 45.84 + 231 13/20 SBP, DBP, SAC 6
MRA+ CCB 33 4592 + 1.82 10/23
Wu (30) 2017 China RCT BEN 40 61.1 +26 28/12 SBP, DBP 6
BEN+MRA 40 611 + 2.1 30/10
Yangetal (31) 2016  China RCT RFA! 7 NA 4/3 SBP, DBP, K*, 6
SAC
TADR 18 NA 7/11
Zhaoetal (32) 2021  China RCT MRA 25 NA NA SBP, DBP, K*,
SAC, PRC
RFA? 26 NA NA
Zhang et al (33) = 2021 Australia Cohort TADR+MRA 73 NA 48/25 SBP, DBP, K* 24
TADR 23 NA 8/15
Zhouetal (34) 2023  China RCT MRA 30 56.0 + 15.8 6/24 SBP, DBP, K*, 36
SAC, PRC
SAAE 29 555+ 12.1 10/19
Zhu et al (35) 2017 China RCT MRA+ CCB 40 NA NA SBP, DBP 3
MRA+ IRB 42 NA NA

L CT-guided catheter puncture approach; Ll CT-guided percutaneous approach; BEN, benazepril; CCB, calcium channel blocker; DBP, office diastolic blood pressure; RFA, radiofrequency
ablation; K+, potassium ion; IRB, irbesartan; MRA, mineralocorticoid receptor antagonist; NA, not applicable; PADR, unilateral partial adrenalectomy; PRA, plasma renin activity; PRC, plasma
renin concentration; RDN, renal denervation; SAAE, super selective adrenal artery embolization SBP, office systolic blood pressure; TADR, unilateral total adrenalectomy.
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interventions. Second, the P-values calculated in node-splitting
analysis were checked to determine the applicability of the models.
Node-splitting analysis, another method to assess inconsistency in a
network meta-analysis, was used to assess the consistency of direct and
indirect evidence on split nodes. If the P-value for all direct and
indirect evidence comparisons was more than 0.05, a network meta-
analysis was performed using the consistency model (17) If there was
no closed loop in the network diagram, the consistency model would
be used to summarize the relative efficacy of the included
interventions. Heterogeneity among studies was assessed using I*
and the Cochran’s Q test. I* >25% indicated low heterogeneity. I*
>50% indicated moderate heterogeneity. I> >75% indicated high
heterogeneity. If 2 >50%, a random-effects model would be used;
otherwise, a fixed-effects model would be used (18). The rank order of
different treatment options was assessed using the surface under the
cumulative ranking curve (SUCRA). A higher SUCRA value denoted
better efficacy. In addition, publication bias test and sensitivity analysis
were performed to ensure the accuracy and reliability of the
analysis results.

3 Results
3.1 General characteristics

A total of 8128 studies were retrieved, with 3545 of them
remaining after automatic removal of duplicates by EndNote 21.
After further screening of titles and abstracts, a total of 51 studies
were advanced to full-text review. Thirty-six of these did not satisfy
the inclusion criteria, and two additional studies were located

10.3389/fendo.2025.1645279

through hand-searching. Finally, 17 with 1496 participants were
ultimately included in the analysis (19-35), as detailed in Figure 1.
Of these studies, 13 (76%) were conducted in China, 14 (82%) were
RCTs, and the remaining 3 were cohort studies. This study involved
a total of six surgical treatments and four pharmacologic
treatments. Surgical treatments included RFA, unilateral partial
adrenalectomy (PADR), unilateral total adrenalectomy (TADR),
SAAE, TADR plus MRAs, and TADR plus RDN. Pharmacologic
treatments involved MRAs, calcium channel blockers (CCBs),
benazepril (BEN), irbesartan (IRB) and their combinations. The
main characteristics of the included studies are shown in Table 1.
Detailed information on drug regimens and dosages, when
available, is summarized in Supplementary Table S3.

3.2 Quality assessment

RoB2 was used to assess the quality of the fourteen RCTs. Of them,
five studies were assessed as having a moderate risk of bias, and nine
studies were assessed as having a high risk of bias. The results of the
assessment may be partly attributed to the surgical treatments and
pharmacological treatments in the study design. These interventions
required participants to sign informed consent forms prior to
participation to fulfill ethical review requirements, which, meanwhile,
limited the possibility of implementation of blinding in the studies, thus
affecting the quality scores for the interventions in RoB2 assessment,
The results are shown in Supplementary Figure S1. In addition, the
NOS was used to assess the quality of the three cohort studies. All of
them were assessed as high-quality studies. The results are shown in
Supplementary Table S4.

A RFA B
Mean Difference (95% Crl)
Compared with MRA
TADRFRND RFA 2.39 (-6.68, 11.50)
TADR 0.46 (-0.56, 1.49)
TADR+RND —o— -12.53 (-15.18, —9.90)
SAAE SAAE -o- -6.56 (—8.85, -4.27)
PADR 270 (-2.52,7.92)
MRA+RADR -2.51 (-10.18, 5.05)
PADR -20 0 20
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C D
MRA BEN
Mean Difference (95% Crl)
Compared with MRA
MRA+BEN MRA+BEN —o0— —11.74 (—17.55, —5.89)
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MRA+CCB —o—r —=5.75 (-13.49,2.02)
BEN +—o— 727 (-1.18,15.66)
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=30 20
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FIGURE 2

Systolic blood pressure, (A) Network Diagram; (B) Forest Plot of Relative Efficacy; (C) Network Diagram (drugs); (D) Forest Plot of Relative Efficacy

(drugs).
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[ |
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FIGURE 3

Effect sizes of various treatments relative to MRAs, (A) Diastolic Blood Pressure; (B) Diastolic Blood Pressure (drugs); (C) Plasma K* Levels.

3.3 Primary outcomes

3.3.1 Systolic blood pressure

The network diagram for surgical and pharmacological
treatments is shown in Figure 2A. They included seven treatment
options: TADR, TADR + MRAs, PADR, MRAs, RFA, SAAE, and
TADR + RND. Compared with MRAs, TADR + RND showed the
most significant efficacy in reducing SBP (WMD = -12.53;.95% Crl:
-15.18, -9.90), followed by SAAE (WMD = -6.56; 95% Crl: -8.85,
-4.27), as detailed in Figure 2B. In addition, different pharmacologic
treatments were compared. A network diagram for them is shown
in Figure 2C. Compared with MRAs, MRAs + IRB showed the most
significant efficacy in reducing SBP (WMD = -18.90; 95% Crl:
-29.20, -8.55), followed by MRAs + benazepril(BEN) (WMD =
-11.74; 95% Crl: -17.55, -5.89), as detailed in Figure 2D. The NMA
estimates for the relative efficacy of all interventions in terms of SBP
reduction are detailed in Supplementary Tables S5, 6.

Frontiers in Endocrinology

3.3.2 Diastolic blood pressure and potassium ion

Compared with MRAs, PADR had the most significant efficacy
in reducing DBP (WMD = -9.31; 95% Crl: -12.97, -5.68), followed
by TADR + RND (WMD = -8.70; 95% Crl: -11.45, -5.95), as
detailed in Figure 3A. In addition, the comparison of
pharmacologic treatments showed that compared with MRAs,
MRAs plus IRB had the most significant efficacy in reducing DBP
(WMD = -22.14, 95% Crl: -31.81, -12.50), followed by MRAs plus
BEN (WMD = -15.05, 95% Crl: -22.13, -7.99), as detailed in
Figure 3B. The NMA estimates for the relative efficacy of all
interventions in terms of DBP reduction are detailed in
Supplementary Tables S5, 6. In maintaining the K" level, PADR,
SAAE and TADR all showed significant efficacy, with PADR having
the most significant efficacy (WMD=0.64; 95% Crl: 0.52, 0.75), as
detailed in Figure 3C. The NMA estimates for the relative efficacy of
all interventions in terms of K" elevation are detailed in
Supplementary Table S7.
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FIGURE 4
Effect sizes of various treatments relative to MRAs, (A) Plasma Aldosterone Concentration (PAC); (B) Plasma Renin Concentration (PRC); (C) Plasma
Renin Activity (PRA).

TABLE 2 SUCRA Values and treatment efficacy rankings.

Outcomes
SBP SBP (drug)  DBP (drug)
TADR+RND MRA+IRB MRA+IRB TADR TADR TADR SAAE
0
! TADRFRND 99.9% 99.88% 99.64% 99.05% 74.11% 68.67% 67.24% 98.31%
5 SAAE SAAE MRA+BEN MRA+BEN PADR PADR SAAE PADR
80.2% 80.25% 80.24% 80.69% 68.89% 57.38% 57.56% 57.39%
s MRA+TADR MRA+TADR MRA+CCB MRA+CCB SAAE RFA PADR TADR
56.1% 55.83% 59.97% 57.82% 65.30% 54.90% 49.94% 44.29%
MRA MRA MRA MRA SAAE MRA MRA
4 MRA 43.33%
43.47% 25.01% 30.29% 45.29% 49.23% 39.48% 0.01%
TADR CCB CCB MRA+TADR = MRA RFA
5 TADR 31.28% * NA
31.10% 22.11% 29.74% 37.02% 19.82% 35.79%
RFA RFA BEN BEN RFA
6 NA NA NA
23.42% 23.66% 13.03% 2.42% 9.40%
7 PADR 15.83% PADR 15.83% NA NA NA NA NA NA

BEN, benazepril; CCB, calcium channel blocker; DBP, office diastolic blood pressure; RFA, radiofrequency ablation; K+, potassium ion; IRB, irbesartan; MRA, mineralocorticoid receptor
antagonist; NA, not applicable; PADR, unilateral partial adrenalectomy; PRA, plasma renin activity; PRC, plasma renin concentration; RDN, renal denervation; SAAE, superselective adrenal
artery embolization SBP, office systolic blood pressure; TADR, unilateral total adrenalectomy.
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3.3.3 Secondary outcomes

Considering the pathological characteristics of PA, we further
performed a meta-analysis for plasma aldosterone concentration
(PAC), plasma renin concentration (PRC) and plasma renin activity
(PRA). Five studies reported PAC, the forest plot (Figure 4A) shows
comparisons against MRAs, but such comparisons should be
interpreted with caution because MRAs are known to increase
aldosterone levels. To provide clinically meaningful insight, we
further examined the league table estimates (Supplementary Table
S7), which allowed co\mparisons between surgical strategies.
Although RFA tended to show a greater reduction in PAC
compared with TADR, SAAE, and PADR, these differences were
not statistically significant.

Five studies reported changes in PRC, the results and showed no
statistically significant differences between MRAs and the other
interventions, as detailed in Figure 4B. In addition, four studies
reported changes in PRA and showed that compared with MRAs,
TADR, SAAE and PADR all significantly increased PRA, with
SAAE having the most significant efficacy (WMD=0.92, 95% Crl:
0.66, 1.18), as detailed in Figure 4C. The NMA estimates for the
relative efficacy of all interventions in terms of PRC and PRA
elevation are detailed in Supplementary Table S8.

3.3.4 SUCRA value

The ranking of different interventions according to SUCRA
values for efficacy is shown in Table 2. Overall, of surgical
interventions, TADR plus RND had the best efficacy in lowering
blood pressure, followed by SAAE. In addition, TADR and SAAE
showed good efficacy in maintaining serum K+ levels, increasing
PRC, and decreasing PAC. Of the pharmacological treatments,
MRAs plus IRB had the most significant antihypertensive efficacy,
and MRAs plus other antihypertensive drugs had significantly
better efficacy than MRAs alone or a single antihypertensive drug.

4 Discussion

This study compared the efficacy of pharmacotherapy, TADR,
PADR RFA, and SAAE in lowering blood pressure and improving
biochemical indicators in patients with PA. The results of this study
showed that TADR plus RND had the best antihypertensive efficacy
in surgical treatment, whereas MRAs plus IRB showed the best
efficacy among pharmacological treatments.

An in-depth discussion of the indications, mechanisms of
action, advantages and limitations of different treatments is
crucial for the development of individualized treatment strategies.
Surgical treatment is mainly suitable for patients with unilateral
adrenal adenomas or unilateral adrenal hyperplasia, especially when
pharmacotherapy is difficult to effectively control blood pressure or
biochemical abnormalities. Unilateral adrenalectomy significantly
lowers blood pressure and corrects hypokalemia by removing
adrenal tissue that overproduces aldosterone, thereby addressing
the root cause of the problem (36).In addition, Ma, et al. suggested
that surgery may improve diastolic blood pressure control in
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patients with unilateral lesions, especially those who do not
respond to pharmacotherapy (38).

Different surgical procedures have their own advantages and
disadvantages depending on the patient’s clinical manifestations
and lesions. TADR plus RND is indicated for patients with blood
pressure difficult to control and concomitant serious hypokalemia.
In this study, TADR plus RND had the best antihypertensive effect,
and its dual mechanism of action may explain its significant
antihypertensive efficacy. TADR reduces aldosterone secretion by
excision of lesions, whereas RND reduces the influence of
sympathetic activity on blood pressure by the autonomic nervous
system (39, 40). This finding echoes a study by Camafort, et al.,
which shows that an intervention for sympathetic denervation is
effective in reducing blood pressure in patients with refractory
hypertension (41). In addition, a previous study has also pointed
out that overactivity of the sympathetic nervous system (SNA) in
patients with PA is an important factor in the maintenance of
hypertension, and multiple mechanisms of action may be the key to
the efficacy of unilateral adrenalectomy plus RND (42).

SAAE is a minimally invasive option to reduce local aldosterone
secretion while preserving partial adrenal function. It is suitable for
patients who require postoperative biochemical monitoring or who
hope to preserve partial adrenal function in part of the adrenal gland
(43). This study showed that SAAE was effective in not only
controlling blood pressure but also maintaining the stability of renin
levels in the body. Consistent with this study, a study by Wang, et al.
showed that SAAE was able to achieve significant antihypertensive
efficacy while preserving adrenal function, and the incidence of
postoperative complications was low (12). However, the long-term
efficacy of SAAE compared with other surgical procedures should be
further investigated, especially in direct comparison with aggressive
surgical approaches such as unilateral adrenalectomy or RND.

RFA, due to its minimally invasive nature, short time to recovery
and low surgical risk, offers a relatively safe option for patients of
advanced age or with a combination of chronic diseases who cannot
tolerate traditional open or laparoscopic surgery (8). Liu et al. further
conducted a randomized trial comparing renal denervation (RDN)
from the adventitia of the renal artery plus TADR with TADR alone
in patients with resistant hypertension caused by unilateral APA. At
36 months of follow-up, the RDN group showed a significantly
greater reduction in office systolic blood pressure (422 + 21.6
mmHg) compared with the TADR-only group (29.8 + 13.5 mmHg,
p = 0.029), with no serious procedure-related complications reported
(39). These findings suggest that RDN combined with TADR may
enhance the antihypertensive efficacy of surgery in selected patients,
without compromising long-term safety (25).

Previous studies have shown that patients with bilateral
hyperplasia have good outcomes after treatment with drugs,
especially MRAs, which are effective in controlling blood pressure
and improving biochemical indicators (1). Despite their widespread
use in patients with PA, MRAs may pose risks, particularly
hyperkalemia and renal impairment. As MRAs block
aldosterone’s effect on potassium excretion, some patients,
especially those with renal impairment or those using other
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potassium-sparing medications, may experience hyperkalemia,
which in severe cases can lead to fatal arrhythmias (7).

To reduce the side effects of MRAs, they are often combined
with other antihypertensive drugs to achieve better therapeutic
outcomes and reduce adverse reactions to monotherapy. For
example, MRA combined with angiotensin II receptor blockers
such as IRB is more effective in controlling blood pressure by
doubly blocking different components of the RAAS system, while
reducing the risk of hyperkalemia posed by MRAs (39). This
combination therapy regimen can not only enhance
antihypertensive efficacy but also reduce side effects of MRAs,
such as gynecomastia, menstrual disorders and other hormone-
related problems, by reducing the dose of MRAs (39). In addition,
IRB plus MRAs can further improve biochemical abnormalities, for
example, lower aldosterone levels and relieve hyporeninemia, thus
enhancing overall patient outcomes (44). However, drug
combination therapy may also bring side effects such as
hyperkalemia and impaired renal function, which need to be
closely monitored especially in patients with renal insufficiency.

The choice of surgery and pharmacotherapy depends on the
pathological type and clinical manifestations in patients. For
patients with unilateral adenoma or hyperplasia, surgery is the
curative option, whereas pharmacotherapy is more suitable for
patients with bilateral lesions or those who cannot tolerate
surgery (45). It is worth noting that patients who did not undergo
adrenal venous sampling (AVS) may be confused about treatment
options, and some patients with unilateral lesions chose
pharmacotherapy due to a lack of definitive diagnosis,
complicating the direct comparison of the two treatments (45).

There are several strengths in this study. First, this study
systematically analyzed the differences in efficacy among
pharmacotherapy, surgery and minimally invasive treatment for
PA, thereby providing a comprehensive basis for clinical decision-
making and facilitating physicians’ selection of the most
appropriate treatment modality. Second, this NMA integrated
data from multiple studies, which further improved statistical
power, offered persuasive comparisons regarding efficacy among
different treatment options, and provided important indirect
evidence, especially in the absence of direct comparison trials.
Third, this study explored the advantages of multilevel
interventions such as TADR plus RND, revealing that
combination therapy may significantly increase antihypertensive
efficacy through a dual mechanism of action. This provides more
theoretical support and research directions on clinical treatment.

This study has some limitations. First, the distinction between
patients with unilateral and bilateral lesions was not always clear,
and lack of AVS in some patients may have led to misclassification.
Second, most studies provided only short-term follow-up, leaving
long-term efficacy and cardiovascular outcomes uncertain. Third,
individualized treatment strategies considering comorbidities, age,
and gender were not fully explored. Fourth, information on drug
dosing was inconsistently reported across studies, which precluded
standardized comparisons of pharmacological regimens. In
addition, the majority of included studies were conducted in
China, raising concerns about regional over-representation and
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limiting the external validity of our findings. Moreover, as
highlighted by the SCOT-PA study (46), considerable
heterogeneity exists in diagnostic approaches across centers,
contributing to inconsistent diagnosis and heterogeneous
populations. Finally, inconsistent subtype diagnosis remains an
important limitation. Although the recently proposed Primary
Aldosteronism Severity Classification (PASC (47),) could address
this issue, its application requires patient-level data, which were not
available in this review. Future studies with individual-level
reporting are needed to enable formal application of PASC.
Similarly, standardized consensus definitions such as the PASO
criteria (37) for surgical outcomes and the recently proposed
PAMO criteria (7) for medical outcomes could not be applied, as
the majority of included studies did not report results accordingly.
Future studies with individual-level reporting and standardized
outcome definitions are needed to enable formal application of
PASC, PASO, and PAMO.

Future studies should further optimize treatment strategies for
different subtypes of PA, especially clarify different responses to
treatment of unilateral and bilateral lesions, and investigate the
impact of combination therapy on long-term prognosis and
cardiovascular risk. In addition, given that patients with PA often
have concomitant metabolic diseases (e.g., diabetes, obesity),
multidisciplinary collaboration is crucial to optimize treatment
outcomes and improve quality of life.

5 Conclusion

The results of this study showed that for patients with PA,
TADR plus RND had the best antihypertensive efficacy in surgical
treatment, whereas MRAs plus IRB showed the best efficacy in
pharmacological treatment. However, due to the limited number of
included studies and the short follow-up time, the results of this
study still need to be further validated in future studies.

Author contributions

GL: Supervision, Methodology, Writing - review & editing,
Investigation, Data curation, Writing — original draft, Formal
analysis, Conceptualization. WX: Funding acquisition,
Supervision, Software, Writing - review & editing, Formal
analysis, Methodology. CL: Writing - original draft,
Methodology. PH: Methodology, Investigation, Formal analysis,
Writing - original draft. SQ: Conceptualization, Investigation,
Writing - review & editing, Formal Analysis.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. 2023 National Health
Commission Medical and Health Science and Technology
Development Center Project : Prospective Cohort Study of
Endocrine Hypertension Etiology Screening(WKZX2023]G0202).

frontiersin.org


https://doi.org/10.3389/fendo.2025.1645279
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li et al.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

References

1. Reincke M, Bancos I, Mulatero P, Scholl UI, Stowasser M, Williams TA. Diagnosis
and treatment of primary aldosteronism. Lancet Diabetes Endocrinol. (2021) 9:876-92.
doi: 10.1016/S2213-8587(21)00210-2

2. O’Shea PM, Griffin TP, Denieffe S, Fitzgibbon MC. The aldosterone to renin ratio
in the diagnosis of primary aldosteronism: Promises and challenges. Int J Clin Pract.
(2019) 73:e13353. doi: 10.1111/ijcp.13353

3. Monticone S, D’Ascenzo F, Moretti C, Williams TA, Veglio F, Gaita F, et al.
Cardiovascular events and target organ damage in primary aldosteronism compared
with essential hypertension: a systematic review and meta-analysis. Lancet Diabetes
Endocrinol. (2018) 6:41-50. doi: 10.1016/S2213-8587(17)30319-4

4. Mulatero P, Sechi LA, Williams TA, Lenders JWM, Reincke M, Satoh F, et al.
Subtype diagnosis, treatment, complications and outcomes of primary aldosteronism
and future direction of research: a position statement and consensus of the Working
Group on Endocrine Hypertension of the European Society of Hypertension. |
Hypertens. (2020) 38:1929-36. doi: 10.1097/HJH.0000000000002520

5. Adler GK, Stowasser M, Correa RR, Khan N, Kline G, McGowan M], et al.
Primary aldosteronism: an endocrine society clinical practice guideline. J Clin
Endocrinol Metab. (2025) 110:2453-95. doi: 10.1210/clinem/dgaf284

6. Funder JW, Carey RM, Mantero F, Murad MH, Reincke M, Shibata H, et al. The
management of primary aldosteronism: case detection, diagnosis, and treatment: an
endocrine society clinical practice guideline. J Clin Endocrinol Metab. (2016) 101:1889-
916. doi: 10.1210/jc.2015-4061

7. Yang J, Burrello J, Goi J, Reincke M, Adolf C, Asbach E, et al. Outcomes after
medical treatment for primary aldosteronism: an international consensus and analysis
of treatment response in an international cohort. Lancet Diabetes Endocrinol. (2025)
13:119-33. doi: 10.1016/S2213-8587(24)00308-5

8. Glassman I, Hundemer GL. Recent advances in adrenal ablation for primary
aldosteronism. Am ] Hypertens. (2025) 38:637-9. doi: 10.1093/ajh/hpaf091

9. Funder J. Primary aldosteronism: Treatment of the disease, and new therapeutic
approaches. Best Pract Res Clin Endocrinol Metab. (2020) 34:101368. doi: 10.1016/
j.beem.2019.101368

10. Ko SY, Chang YW, Ku D, Yu DY, Lee HY, Ji WB, et al. Comparison of robotic
and laparoscopic lateral transperitoneal adrenalectomies. Ann Surg Treat Res. (2023)
105:69-75. doi: 10.4174/astr.2023.105.2.69

11. Urban D, Ewen S, Ukena C, Linz D, Bshm M, Mahfoud F. Treating resistant
hypertension: role of renal denervation. Integr Blood Press Control. (2013) 6:119-28.
doi: 10.2147/IBPC.S33958

12. Wang L, Xiang R, Chang J, Mao M, Feng R, Tao L, et al. A comparative study of
the clinical efficacy of superselective adrenal artery embolization for patients with
primary aldosteronism. Am ] Hypertens. (2025) 38:666-74. doi: 10.1093/ajh/hpaf083

13. Zhu Z, Wu H, He H. Adrenal ablation for primary aldosteronism: A novel
alternative or complement to traditional treatments. Am ] Hypertens. (2025) 38:628-31.
doi: 10.1093/ajh/hpaf067

Frontiers in Endocrinology

11

10.3389/fendo.2025.1645279

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2025.
1645279/full#supplementary-material

14. Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
PRISMA 2020 explanation and elaboration: updated guidance and exemplars for
reporting systematic reviews. BMJ. (2021) 372:n160. doi: 10.1136/bmj.n160

15. Sterne JAC, Savovic J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. RoB 2:
a revised tool for assessing risk of bias in randomised trials. BMJ. (2019) 366:14898.
doi: 10.1136/bmj.14898

16. Song F, Harvey I, Lilford R. Adjusted indirect comparison may be less biased
than direct comparison for evaluating new pharmaceutical interventions. J Clin
Epidemiol. (2008) 61:455-63. doi: 10.1016/j.jclinepi.2007.06.006

17. Dias S, Welton NJ, Caldwell DM, Ades AE. Checking consistency in mixed
treatment comparison meta-analysis. Stat Med. (2010) 29:932-44. doi: 10.1002/
sim.3767

18. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in
meta-analyses. BMJ. (2003) 327:557-60. doi: 10.1136/bm;j.327.7414.557

19. Araujo-Castro M, Paja Fano M, Gonzalez Boillos M, Pla Peris B, Pascual-
Corrales E, Garcia Cano AM, et al. Evolution of the cardiometabolic profile of primary
hyperaldosteronism patients treated with adrenalectomy and with mineralocorticoid
receptor antagonists: results from the SPAIN-ALDO Registry. Endocrine. (2022)
76:687-96. doi: 10.1007/s12020-022-03029-4

20. Chen SF, Chueh SC, Wang SM, Wu VC, Pu YS, Wu KD, et al. Clinical outcomes
in patients undergoing laparoscopic adrenalectomy for unilateral aldosterone
producing adenoma: partial versus total adrenalectomy. J Endourol. (2014) 28:1103—
6. doi: 10.1089/end.2014.0102

21. Chen YL, Xu TY, Xu JZ, Zhu LM, Li Y, Wang JG. A prospective
comparative study on cardiac alterations after surgery and drug treatment of
primary aldosteronism. Front Endocrinol (Lausanne). (2021) 12:770711.
doi: 10.3389/fend0.2021.770711

22. Dang L, Ye Y. Effect of spironolactone combined with benazepril on cardiac
function and parathyroid hormone level in patients with primary aldosteronism.
Hainan Med ]. (2022) 33:2177-80. doi: 10.3969/j.issn.1003-6350.2022.17.001

23. Fu B, Zhang X, Wang GX, Lang B, Ma X, Li HZ, et al. Long-term results of a
prospective, randomized trial comparing retroperitoneoscopic partial versus total
adrenalectomy for aldosterone producing adenoma. J Urol (2011) 185:1578-82.
doi: 10.1016/},jur0.2010.12.051

24. Liu X. Benazepril plus spironolactone in non-adenomatous primary
hyperaldosteronism fruit and safety. Home Med. (2018) 163:163.

25. Liu Y, Zhu B, Zhu L, Zhao L, Fan Z, Ding D, et al. Thirty-six-month results of
laparoscopic-based renal denervation plus unilateral laparoscopic adrenalectomy for
the treatment of patients with resistant hypertension caused by unilateral aldosterone-
producing adenoma. J Clin Hypertens (Greenwich). (2021) 23:946-53. doi: 10.1111/
jch.14223

26. Indra T, Holaj R, Strauch B, Rosa J, Petrak O, Somloova Z, et al. Long-term
effects of adrenalectomy or spironolactone on blood pressure control and regression of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1645279/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1645279/full#supplementary-material
https://doi.org/10.1016/S2213-8587(21)00210-2
https://doi.org/10.1111/ijcp.13353
https://doi.org/10.1016/S2213-8587(17)30319-4
https://doi.org/10.1097/HJH.0000000000002520
https://doi.org/10.1210/clinem/dgaf284
https://doi.org/10.1210/jc.2015-4061
https://doi.org/10.1016/S2213-8587(24)00308-5
https://doi.org/10.1093/ajh/hpaf091
https://doi.org/10.1016/j.beem.2019.101368
https://doi.org/10.1016/j.beem.2019.101368
https://doi.org/10.4174/astr.2023.105.2.69
https://doi.org/10.2147/IBPC.S33958
https://doi.org/10.1093/ajh/hpaf083
https://doi.org/10.1093/ajh/hpaf067
https://doi.org/10.1136/bmj.n160
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1016/j.jclinepi.2007.06.006
https://doi.org/10.1002/sim.3767
https://doi.org/10.1002/sim.3767
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1007/s12020-022-03029-4
https://doi.org/10.1089/end.2014.0102
https://doi.org/10.3389/fendo.2021.770711
https://doi.org/10.3969/j.issn.1003-6350.2022.17.001
https://doi.org/10.1016/j.juro.2010.12.051
https://doi.org/10.1111/jch.14223
https://doi.org/10.1111/jch.14223
https://doi.org/10.3389/fendo.2025.1645279
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li et al.

left ventricle hypertrophy in patients with primary aldosteronism. ] Renin Angiotensin
Aldosterone Syst. (2015) 16:1109-17. doi: 10.1177/1470320314549220

27. Puar TH, Loh LM, Loh WJ, Lim DST, Zhang M, Tan PT, et al. Outcomes in
unilateral primary aldosteronism after surgical or medical therapy. Clin Endocrinol
(Oxf). (2021) 94:158-67. doi: 10.1111/cen.14351

28. Qi G, Li P, Shen S. Effect of percutaneous adrenal artery embolization in the
treatment of primary aldosteronism. Henan Med R Esearch. (2021) 30:5780-3.
doi: 10.3969/j.issn.1004-437X.2021.31.006

29. Tan X, Huang G. Efficacy of nifedipine extended-release tablets combined with
spironolactone in the treatment of primary hyperaldosteronism. Pract Clin J Integrated
Traditional Ch. (2021) 21:134-5 + 43. doi: 10.13638/j.issn.1671-4040.2021.21.065

30. Wu F. Clinical efficacy of spironolactone in the treatment of primary
aldosteronism. Chin ] Clin Rational Drug Use. (2017) 10:82-3. doi: 10.15887/
j.cnki.13-1389/r.2017.30.040

31. Yang MH, Tyan YS, Huang YH, Wang SC, Chen SL. Comparison of
radiofrequency ablation versus laparoscopic adrenalectomy for benign aldosterone-
producing adenoma. Radiol Med. (2016) 121:811-9. doi: 10.1007/s11547-016-0662-1

32. Zhao Z, Liu X, Zhang H, Li Q, He H, Yan Z, et al. Catheter-based adrenal
ablation remits primary aldosteronism: A randomized medication-controlled trial.
Circulation. (2021) 144:580-2. doi: 10.1161/CIRCULATIONAHA.121.054318

33. Zhang ], Libianto R, Lee JC, Grodski S, Shen J, Fuller PJ, et al. Preoperative
mineralocorticoid receptor antagonist reduces postoperative hyperkalaemia in patients
with Conn syndrome. Clin Endocrinol (Oxf). (2022) 96:40-6. doi: 10.1111/cen.14630

34. Zhou Y, Wang X, Hou J, Wan J, Yang Y, Liu S, et al. A controlled trial of
percutaneous adrenal arterial embolization for hypertension in patients with idiopathic
hyperaldosteronism. Hypertens Res. (2024) 47:311-21. doi: 10.1038/s41440-023-01420-w

35. Zhu S, Cheng H, Bo R. Irbesartan combined with spironolactone was used in the
treatment of 82 cases of primary aldosteronism Efficacy and effect on cardiac function.
Guizhou Med ]. (2017) 41:1279-80.

36. Steichen O. Rating the blood pressure outcome after adrenalectomy for
unilateral primary aldosteronism. Lancet Diabetes Endocrinol. (2017) 5:670-1.
doi: 10.1016/52213-8587(17)30180-8

37. Williams TA, Lenders JWM, Mulatero P, Burrello J, Rottenkolber M, Adolf C,
et al. Outcomes after adrenalectomy for unilateral primary aldosteronism: an
international consensus on outcome measures and analysis of remission rates in an
international cohort. Lancet Diabetes Endocrinol. (2017) 5:689-99. doi: 10.1016/S2213-
8587(17)30135-3

Frontiers in Endocrinology

12

10.3389/fendo.2025.1645279

38. Ma R, Chen G, Wei T, Ma G, Song R, Feng Y, et al. Efficacy and safety of
radiofrequency ablation and laparoscopic adrenalectomy for primary aldosteronism: a
meta—analysis. Abdom Radiol (NY). (2024) 49:3206-13. doi: 10.1007/s00261-024-
04297-6

39. Yoshida Y, Shibata H. Evolution of mineralocorticoid receptor
antagonists, aldosterone synthase inhibitors, and alternative treatments for managing
primary aldosteronism. Hypertens Res. (2025) 48:854-61. doi: 10.1038/s41440-024-
01970-7

40. Piaditis G, Markou A, Papanastasiou L, Androulakis II, Kaltsas G. Progress in
aldosteronism: a review of the prevalence of primary aldosteronism in pre-
hypertension and hypertension. Eur J Endocrinol. (2015) 172:R191-203.
doi: 10.1530/EJE-14-0537

41. Camafort M, Thm SH, Ruilope LM. Renal denervation for the treatment of
hypertension and kidney disease. Curr Opin Nephrol Hypertens. (2023) 32:544-50.
doi: 10.1097/MNH.0000000000000928

42. Kontak AC, Wang Z, Arbique D, Adams-Huet B, Auchus RJ, Nesbitt SD,
et al. Reversible sympathetic overactivity in hypertensive patients with
primary aldosteronism. J Clin Endocrinol Metab. (2010) 95:4756-61. doi: 10.1210/
jc.2010-0823

43. Li X, Feng R, Xiang R, Tao L, Zhao YP, Tang P, et al. Bilateral superselective
adrenal artery embolization for bilateral primary aldosteronism: a novel approach in an
efficacy and safety proof-of-principle trial. Hypertens Res. (2025) 48:189-99.
doi: 10.1038/s41440-024-01881-7

44. Okamura K, Matsushima M, Takamiya Y, Okuda T, Sako H, Udo A, et al.
Addition of sacubitril/valsartan to mineralocorticoid receptor antagonist therapy in
primary aldosteronism: effects on plasma aldosterone concentration and plasma renin
activity. J Clin Med Res. (2024) 16:509-17. doi: 10.14740/jocmr6058

45. Rossi GP, Rossi FB, Guarnieri C, Rossitto G, Seccia TM. Clinical management of
primary aldosteronism: an update. Hypertension. (2024) 81:1845-56. doi: 10.1161/
HYPERTENSIONAHA.124.22642

46. Naruse M, Murakami M, Katabami T, Kocjan T, Parasiliti-Caprino M, Quinkler
M, et al. International multicenter survey on screening and confirmatory testing in
primary aldosteronism. Eur ] Endocrinol. (2023) 188:125-34. doi: 10.1093/ejendo/
Ivac002

47. Murakami M, Naruse M, Kobayashi H, Parasiliti-Caprino M, Bioletto F,
Briidgam D, et al. Expert Consensus on the Primary Aldosteronism Severity

Classification and its strategic application in indicating adrenal venous sampling. Eur
J Endocrinol. (2025) 193:85-96. doi: 10.1093/ejendo/lvaf117

frontiersin.org


https://doi.org/10.1177/1470320314549220
https://doi.org/10.1111/cen.14351
https://doi.org/10.3969/j.issn.1004-437X.2021.31.006
https://doi.org/10.13638/j.issn.1671-4040.2021.21.065
https://doi.org/10.15887/j.cnki.13-1389/r.2017.30.040
https://doi.org/10.15887/j.cnki.13-1389/r.2017.30.040
https://doi.org/10.1007/s11547-016-0662-1
https://doi.org/10.1161/CIRCULATIONAHA.121.054318
https://doi.org/10.1111/cen.14630
https://doi.org/10.1038/s41440-023-01420-w
https://doi.org/10.1016/S2213-8587(17)30180-8
https://doi.org/10.1016/S2213-8587(17)30135-3
https://doi.org/10.1016/S2213-8587(17)30135-3
https://doi.org/10.1007/s00261-024-04297-6
https://doi.org/10.1007/s00261-024-04297-6
https://doi.org/10.1038/s41440-024-01970-7
https://doi.org/10.1038/s41440-024-01970-7
https://doi.org/10.1530/EJE-14-0537
https://doi.org/10.1097/MNH.0000000000000928
https://doi.org/10.1210/jc.2010-0823
https://doi.org/10.1210/jc.2010-0823
https://doi.org/10.1038/s41440-024-01881-7
https://doi.org/10.14740/jocmr6058
https://doi.org/10.1161/HYPERTENSIONAHA.124.22642
https://doi.org/10.1161/HYPERTENSIONAHA.124.22642
https://doi.org/10.1093/ejendo/lvac002
https://doi.org/10.1093/ejendo/lvac002
https://doi.org/10.1093/ejendo/lvaf117
https://doi.org/10.3389/fendo.2025.1645279
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Primary aldosteronism: pharmacotherapy vs surgery vs embolization efficacy – systematic review and network meta-analysis of studies predominantly conducted in China
	1 Introduction
	2 Methods
	2.1 Data sources and search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Risk of bias assessment
	2.4 Data extraction
	2.5 Data analysis

	3 Results
	3.1 General characteristics
	3.2 Quality assessment
	3.3 Primary outcomes
	3.3.1 Systolic blood pressure
	3.3.2 Diastolic blood pressure and potassium ion
	3.3.3 Secondary outcomes
	3.3.4 SUCRA value


	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


