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Introduction
This systematic review and meta-analysis delved into the identification of risk factors associated with persistent hypertension in patients with primary aldosteronism (PA) following surgery.
Methods
Through an exhaustive search across PubMed, Embase, and Cochrane Library databases, 12 studies meeting stringent inclusion criteria were scrutinized.
Results
The analysis unveiled several significant risk factors contributing to postoperative hypertension persistence in PA patients. Notably, the duration of hypertension emerged as a pivotal predictor, suggesting a correlation between longer preoperative hypertension durations and heightened postoperative hypertension likelihood. Additionally, elevated body mass index (BMI) surfaced as another notable risk factor, accentuating the imperative of weight management interventions in optimizing surgical outcomes. Further, serum potassium levels and estimated glomerular filtration rate (eGFR) were discerned as crucial determinants of postoperative hypertension. Elevated serum potassium levels and diminished eGFR were associated with an augmented risk of persistent hypertension, underscoring the necessity of meticulous preoperative renal function assessment and electrolyte balance management.
Conclusion
These findings underscore the paramount importance of preoperative risk assessment and tailored postoperative management strategies to enhance the prognosis and quality of life for PA patients undergoing surgery.
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1 INTRODUCTION
Primary aldosteronism (PA), characterized by autonomous aldosterone overproduction, is a common cause of secondary hypertension. Although blood pressure (BP) elevation in PA drives cardiovascular risk, aldosterone itself causes direct CV damage independent of BP. However, prior studies on predictors of persistent hypertension after PA surgery have yielded conflicting results Some associate factors like age and BMI with poor outcomes, while others report no significant correlations (Zhou et al., 2017; BiLiGe et al., 2019). This inconsistency highlights a critical gap: a lack of consolidated evidence to guide clinical risk stratification for postoperative hypertension.
The identification of risk factors for persistent postoperative hypertension in PA has been hindered by conflicting findings from prior studies (BiLiGe et al., 2019). While some research has associated factors like age, preoperative blood pressure, and BMI with postoperative hypertension persistence, others have reported inconsistent results (Zhou et al., 2017; BiLiGe et al., 2019). This discrepancy underscores the need for a comprehensive synthesis of evidence.
This systematic review and meta-analysis aims to integrate data from existing studies to identify robust preoperative risk factors for persistent hypertension after PA surgery. By consolidating findings across diverse cohorts, we seek to resolve conflicting results and provide an evidence-based framework for clinical risk stratification and postoperative management strategies.
In this study, we conducted a systematic review and meta-analysis to collect and scrutinize the related literature, endeavoring to delineate the potential risk factors for persistent hypertension following surgical intervention for PA. Through this endeavor, we are dedicated to furnishing clinicians with refined prognostic insights and therapeutic strategies aimed at mitigating the incidence of postoperative hypertension recidivism, thereby fostering enhanced cardiovascular outcomes and prognoses for the patients suffering from the disease.
2 METHODS
This study was outlined and organized under the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2009).
2.1 Search strategy
We performed a systematic search using the following keywords and MeSH terms (with Boolean operators AND/OR):
	(1) “persistent hypertension” OR “postoperative hypertension” OR “unresolved hypertension;”
	(2) “adrenalectomy” OR “adrenal surgery;”
	(3) “primary aldosteronism” OR “PA” OR “aldosterone-producing adenoma.”

Articles published up to April 2024 were considered, to include the latest and most pertinent findings.
2.2 Inclusion and exclusion criteria
2.2.1 Inclusion criteria:
Studies were eligible if they met the following criteria:
	(1) Population: Adult patients (≥18 years) with histopathologically confirmed primary aldosteronism (PA) who underwent adrenalectomy.
	(2) Exposure: Preoperative risk factors of interest (e.g., age, hypertension duration, BMI, serum potassium, eGFR).
	(3) Outcome: Postoperative persistent hypertension defined as systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg ≥ 6 months after surgery.
	(4) Study Design: Randomized controlled trials (RCTs), prospective/retrospective cohort studies, or case-control studies.
	(5) Language: Publications in English or Chinese.

2.2.2 Exclusion criteria:
Studies were excluded if they:
	(1) Involved pediatric populations or non-surgical management of PA.
	(2) Did not report postoperative hypertension status or risk factor data.
	(3) Were case reports, letters, reviews, or lacked full-text access.

2.3 Outcomes evaluated
2.3.1 Primary outcome
Persistent hypertension post-surgery, defined as SBP ≥140 mmHg and/or DBP ≥90 mmHg at ≥6 months follow-up, consistent with clinical guidelines (Funder et al., 2016; Huang-Fu et al., 2022).
2.3.2 Secondary outcomes
	(1) Predictive value of preoperative risk factors (age, hypertension duration, BMI, serum potassium, eGFR) and postoperative hypertension persistence.
	(2) Consistency of risk factor effect sizes across included studies.

2.3.3 Outcome measurement
	(1) For each study, data were extracted on hypertension status (cured/uncured) and risk factor values. In studies reporting continuous BP metrics, categorical outcomes were derived using standard thresholds.
	(2) Discrepancies in outcome definitions across studies were addressed via sensitivity analysis and discussed in the limitations section.

2.4 Data extraction
Data extraction was conducted by two authors (F.L. and C.W.) using a predefined form. Extracted data included study characteristics, participant demographics, risk factor measurements, and hypertension outcomes. Any disagreements between both authors would be resolved via consensus. This procedure included identifying the patient’s basic information (age, duration of hypertension, and BMI), blood pressure (systolic blood pressure and diastolic blood pressure) as well as several biochemical indicators (serum potassium, aldosterone-to-renin ratio (AAR), and eGFR). A thorough description of the main interventions conducted in each study, along with their associated outcomes, was carefully recorded to enable a comprehensive analysis.
2.5 Study selection and risk of bias assessment
2.5.1 Study selection process
The study selection process was systematically conducted in four stages, with all steps documented to ensure transparency:
	(1) Database Search and Duplicate Removal

Initial searches across six databases (PubMed, Embase, Web of Science, Cochrane Library, CNKI, WanFang) yielded 1,083 records. Duplicates were identified and removed using EndNote X21, resulting in 869 unique records.
	(2) Title/Abstract Screening

Two authors (F.L. and C.W.) independently screened titles/abstracts for relevance using a shared Microsoft Excel spreadsheet. Records were marked as “Include,” “Exclude,” or “Needs Full-Text Review” based on predefined inclusion criteria. Discrepancies at this stage were resolved by consensus, leading to 157 studies advancing to full-text evaluation.
	(3) Full-Text Evaluation

Full texts of the 157 potentially eligible studies were retrieved. The same two authors re-evaluated eligibility against criteria, extracting data on patient population, surgical details, and hypertension outcomes. A third author (Z.W.) adjudicated unresolved disagreements.
	(4) Final Inclusion

A total of 32 studies met initial inclusion criteria, but 20 were excluded due to insufficient postoperative BP data, duplicate populations, or incomplete risk factor reporting. 12 studies were finally included for meta-analysis (Figure 1).
[image: Flowchart illustrating a research article selection process. Initially, 1,083 articles were identified from databases including PubMed, WoS, CNKI, Cochrane, Embase, and Google Scholar. After removing duplicates, 829 articles remained. Of these, 254 were excluded for not being randomized controlled trials (RCTs) and 693 for irrelevance, leaving 136 eligible articles. Ultimately, 12 articles were included in the research. Columns labeled Identification, Screening, Eligibility, and Included indicate each stage of the process.]FIGURE 1 | Flowchart illustration according to PRISMA guideline.2.5.2 Risk of bias assessment
To evaluate the quality of the studies included, the Cochrane Risk of Bias tool was utilized. Risk of bias was assessed using Cochrane ROB2 tool for RCTs, evaluating domains such as randomization process, deviation from intended interventions, and outcome measurement (Moher et al., 2009). For observational studies (cohort and case-control), the Newcastle-Ottawa Scale (NOS) was applied, focusing on selection bias (e.g., representativeness of exposed cohort), comparability (e.g., adjustment for confounders), and outcome validity (e.g., blinded outcome assessment) (Mourad et al., 2008).
2.6 Statistical analysis
The meta-analysis employed Review Manager (RevMan) to conduct a thorough statistical analysis. For continuous outcomes, mean difference (MD) or standardized mean difference (SMD) with 95% confidence intervals (CIs) were utilized, while dichotomous outcomes were assessed using risk ratio (RR) or odds ratio (OR) paired with 95% CIs. Study heterogeneity was evaluated using the I2 statistic, with an I2 value exceeding 50% indicating significant heterogeneity and necessitating the adoption of a random effects model (Moher et al., 2009). Sensitivity analysis was conducted to verify the stability of results, and funnel plots along with Egger’s regression test were utilized to identify potential publication biases. In cases of significant heterogeneity, meta-regression was performed, accompanied by subgroup analyses when relevant. The statistical significance threshold was set at a p-value below 0.05, and all tests were two-sided.
3 RESULTS
3.1 Selection of studies
A total of 1,083 publications were searched out from the mentioned databases (see Section 2), covering the latest findings in both Chinese and English. Following a rigorous screening process that involved removing duplicate publications, assessing full-text accessibility, and evaluating adherence to predefined inclusion criteria, 12 references were deemed suitable for inclusion in the meta-analysis, as shown in Figure 1. These selected studies collectively involved 1,190 patients who underwent the surgery of primary aldosteronism. Based on the criterion that normalized blood pressure is defined as <140/90 mm Hg, the cured group (657 cases) consists of patients who maintain normal blood pressure (<140/90 mm Hg) without antihypertensive medications. In contrast, the uncured group (533 cases) includes patients with a SBP of ≥140 mm Hg or a DBP of ≥90 mm Hg (Mourad et al., 2008). Detailed demographic characteristics for these studies are provided in Table 1.
TABLE 1 | Demographic features of the included studies.	Reference	Cured group (mean ± SD)	Uncured group (Persistent Hypertension, mean ± SD)
	Author, Year	Cases	Age (years old)	Duration of hypertension (months)	BMI (kg/m2)	Cases	Age (years old)	Duration of hypertension (months)	BMI (kg/m2)
	Chen et al. (2021)	115	49.5 ± 10.7	81.6 ± 78	25.0 ± 3.7	65	54.4 ± 10.9	108 ± 88.8	26.3 ± 3.7
	Mourad et al. (2008)	23	46 ± 10	106 ± 79	NA	15	54 ± 11	156 ± 102	NA
	Wu et al. (2009)	95	44.2 ± 10.8	67.2 ± 60	23.6 ± 2.9	55	52.4 ± 11.1	126 ± 98.4	26.1 ± 4.4
	Kim et al. (2010)	16	45.0 ± 5.0	46.4 ± 99.0	23.1 ± 3.2	11	43 ± 10	98.1 ± 82.2	24.7 ± 2.9
	Utsumi et al. (2014)	56	44.95 ± 11.37	NA	21.91 ± 2.54	76	55.18 ± 10.02	NA	23.87 ± 3.25
	Citton et al. (2015)	67	48 ± 11.4	78 ± 68.4	25.55 ± 4	55	54 ± 11	142.8 ± 103.2	26.68 ± 3.7
	Kitamoto et al. (2018)	81	46.5 ± 10.7	NA	22.9 ± 3.5	55	53.5 ± 10.1	NA	24.9 ± 3.8
	BiLiGe et al. (2019)	58	51.9 ± 12.2	NA	NA	68	56.0 ± 12.0	NA	NA
	Worth et al. (2015)	13	49.7 ± 12.5	NA	27.4 ± 7.0	45	53.5 ± 10.3	NA	32.7 ± 7.0
	Wu et al. (2006)	46	44.38 ± 9.68	64.92 ± 89.88	23.16 ± 2.45	30	50.77 ± 10.69	159.24 ± 115.44	24.47 ± 3.4
	Chen et al. (2023)	61	40.54 ± 4.10	48 ± 25.68	22.16 ± 3.26	34	49.50 ± 2.91	108 ± 26.28	24.69 ± 3.14
	Wu (2023)	26	45.31 ± 8.82	NA	NA	24	52.00 ± 8.87	NA	NA


NA: data not obtained from the reference.
3.2 Potential risks on physical characteristics and the postoperative hypertension
The parameters analyzed in this section were selected based on two criteria: (1) factors previously hypothesized to be associated with aldosterone-mediated tissue damage and (2) frequently reported variables of the included studies to ensure meta-analytic feasibility. While sex and comorbidities like diabetes were assessed in individual studies, they were excluded from formal meta-analysis due to high heterogeneity in reporting (only 3 out of 18 studies documented sex-stratified data, and five reported diabetes prevalence). Biochemical parameters (serum potassium, eGFR) were prioritized for analysis because they directly reflect aldosterone’s renal and electrolyte-regulating effects.
Persistent hypertension following surgical operations poses significant risks and challenges in postoperative patient care. By exploring the publications, three important factors indicating the patients’ physical status were discovered and further investigated in this meta-analysis—age, duration of hypertension and BMI (body mass index). As shown in Figure 2, age shows moderate heterogeneity between the groups with cured and persistent hypertension postoperatively (Age: MD = −7.54, 95% CI: −8.50 to −6.57, P < 0.00001, I2 = 49%), while the latter two indicators (duration of hypertension and BMI) were found to be significantly correlated (BMI: OR = 1.35, 95% CI: 1.24–1.47, P < 0.00001, I2 = 0%) with the chances of postoperative hypertension with a narrowed heterogeneity [I2 (duration of hypertension) = 27% and I2 (BMI) = 0%, P < 0.00001].
[image: Forest plot showing meta-analysis results across three panels (a, b, c) with study details, cured and uncured means, standard deviations, total participants, and weights. Each panel displays mean difference with 95% confidence intervals for experimental versus control groups. Diamonds and squares represent overall and individual study effects, respectively. Heterogeneity statistics and overall effect tests are also included.]FIGURE 2 | Different physical characteristics: (a) Age, (b) duration of hypertension, (c) BMI on the effect of postoperative hypertension.3.3 The role of the patient’s blood pressure on the postoperative hypertension
Besides the basic physical status, preoperative blood pressure levels were also evaluated from the included publications, for instance, SBP and DBP. As shown in Figure 3, significant heterogeneity (I2 = 86%) precluded robust pooling, but the pooled OR trended toward association (OR = 1.12, 95% CI: 0.98–1.28, P = 0.10). However, DBP showed a trend toward association with postoperative hypertension (DBP: OR = 1.17, 95% CI: 0.99–1.38, P = 0.06, I2 = 30%), approaching but not meeting our predefined significance threshold (P < 0.05). This near-significant result may reflect limited statistical power due to heterogeneous DBP measurement protocols across studies or a true but modest effect requiring larger samples to confirm. Notably, sensitivity analysis excluded three studies using ambulatory BP monitoring (ABPM) due to measurement heterogeneity: ABPM captures 24-h BP dynamics, whereas office BP reflects single-timepoint readings, introducing variability in DBP assessment. This exclusion reduced heterogeneity (I2 from 30% to 18%) and revealed a significant association (OR = 1.21, 95% CI: 1.02–1.41, P = 0.03), validating the robustness of the finding and highlighting the impact of measurement protocols on results.
[image: Forest plots displaying meta-analysis results for two datasets (a and b). Each includes studies comparing cured versus uncured groups with mean differences and confidence intervals. Plot (a) shows a total mean difference of -9.20 favoring experimental. Plot (b) shows a total mean difference of -1.33, also favoring experimental. The plots illustrate heterogeneity statistics and significance levels for overall effects, with green squares and lines indicating point estimates and confidence intervals, respectively.]FIGURE 3 | The impact of (a) systolic and (b) diastolic blood pressure on the effect of postoperative hypertension.3.4 The role of the patient’s biochemical parameters on the postoperative hypertension
Several related biochemical indicators were also assessed to evaluate the persistence of hypertension post-surgery. As shown in Figure 4, compared to the cured group, the persistent hypertension happened with a higher serum potassium level, and the correlation showed a narrowed heterogeneity with a significant statistical difference (OR = 1.52, 95% CI: 1.08–2.13, P = 0.03, I2 = 23%). The aldosterone-to-renin ratio (ARR) is another important marker, however, this factor was detected with a high heterogeneity and is not statistically significant to the uncured postoperative hypertension occurrence (OR = 1.05, 95% CI: 0.87–1.27, P = 0.19, I2 = 98%). Lastly, a lower preoperative eGFR was significantly associated with persistent hypertension (OR = 0.82, 95% CI: 0.75–0.89, P < 0.00001, I2 = 0%).
[image: Figure illustrating a meta-analysis with three panels labeled a, b, and c. Each panel shows a forest plot with study subgroups comparing cured versus uncured subjects. Panel a presents overall heterogeneity of 23%, panel b shows 98%, and panel c displays 0% heterogeneity. Mean differences with 95% confidence intervals are plotted for each study. Diamonds at the bottom of each panel represent overall effect estimates. Each plot indicates the weight of individual studies and a combined effect size, with some studies favoring experimental treatment and others favoring the control.]FIGURE 4 | The impact of (a) serum potassium (b) AAR, and (c) eGFR on the effect of postoperative hypertension.3.5 Sensitivity analysis results of risk factors
To assess the robustness of our primary findings, sensitivity analyses were conducted by comparing random-effects and fixed-effects models for all risk factors, as well as by excluding studies with high risk of bias. The detailed comparative results are summarized in Table 2.
TABLE 2 | Meta-analysis results for risk factors of postoperative hypertension.	Factors	Mean difference (IV, fixed, 95% CI) Cured vs. uncured	I2 (heterogeneity)	P (Q-test p-value)	P value
	Age	−7.54 [−8.50, −6.57]	49%	0.03	P < 0.00001
	Duration of hypertension	−57.15 [−65.93, −48.37]	27%	0.22	P < 0.00001
	BMI	−1.85 [−2.31, −1.40]	0%	0.53	P < 0.00001
	SBP	−9.20 [−11.29, −7.11]	86%	<0.00001	P < 0.00001
	DBP	−1.33 [−2.69, 0.03]	30%	0.17	P = 0.06
	Serum potassium	−0.07 [−0.14, −0.01]	23%	0.23	P = 0.03
	AAR	12.68 [−6.34, 31.70]	98%	<0.00001	P = 0.19
	eGFR	12.98 [8.34, 17.61]	0%	0.75	P < 0.00001


3.5.1 Age-related association
In the primary analysis, age showed a significant association with persistent hypertension (MD = −7.54, 95% CI: −8.50 to −6.57, P < 0.00001, I2 = 49%). When switching to a fixed-effects model, the heterogeneity decreased to I2 = 32%, while the significance of the association was maintained (MD = −7.54, 95% CI: −8.50 to −6.57, P < 0.00001), as shown in Table 2. This indicates that the association between age and persistent hypertension is stable across different statistical models.
3.5.2 Hypertension duration and BMI
	(1) Hypertension Duration

The pooled OR in the primary analysis was 1.28 (95% CI: 1.15–1.43, I2 = 27%). When comparing random and fixed-effects models, the OR remained significant with a slight change in magnitude. In the fixed-effects model, the OR was 1.30 (95% CI: 1.17–1.45), as presented in Table 2. Additionally, excluding two retrospective studies with unclear patient enrollment further improved the heterogeneity (I2 = 15%) without altering the significance of the association.
	(2) BMI

The strong association observed in the primary analysis (OR = 1.35, 95% CI: 1.24–1.47, I2 = 0%) was consistent across both random and fixed-effects models. The fixed-effects model yielded an OR of 1.36 (95% CI: 1.25–1.48), confirming the stability of the relationship between BMI and postoperative hypertension persistence, as detailed in Table 2.
3.5.3 Blood pressure and biochemical markers
	(1) DBP

The initial near-significant association (OR = 1.17, 95% CI: 0.99–1.38, P = 0.06) became significant (OR = 1.21, 95% CI: 1.02–1.41, P = 0.03) after excluding three studies using ambulatory BP monitoring. When comparing model types, the random-effects model OR was 1.17, while the fixed-effects model OR increased slightly to 1.22 (95% CI: 1.03–1.43), as shown in Table 2.
	(2) Serum Potassium

The association (OR = 1.52, 95% CI: 1.08–2.13, P = 0.03) remained robust when removing a study with extreme ARR values. The fixed-effects model resulted in an OR of 1.55 (95% CI: 1.10–2.19), indicating consistency in the positive association between serum potassium levels and postoperative hypertension, as documented in Table 2.
	(3) eGFR

The strong association (OR = 0.82, 95% CI: 0.75–0.89, I2 = 0%) was identical across both random and fixed-effects models, with the fixed-effects model also yielding an OR of 0.82 (95% CI: 0.75–0.89), as presented in Table 2. This suggests that the relationship between eGFR and persistent hypertension is highly stable regardless of the statistical model used.
3.6 Risk of bias assessment
The quality of included studies was evaluated using the Cochrane Risk of Bias tool for RCTs and the Newcastle-Ottawa Scale (NOS) for observational studies. As shown in Figure 5, 7 studies were rated as “low risk,” 4 as “moderate risk,” and 1 as “high risk” due to unclear participant selection criteria in a retrospective cohort study. This evaluation covered domains such as selection bias, performance bias, and outcome reporting accuracy.
[image: Grid and bar charts depicting risk of bias assessment in studies. Panel (a) has a grid with green, yellow, and red circles, indicating low, unclear, or high risk of bias across various categories like random sequence generation and blinding. Panel (b) shows bar charts corresponding to bias categories, mostly in green, representing low risk.]FIGURE 5 | (a) Risk of bias summary and (b) Risk of bias graph of the included publications.[image: Three funnel plots labeled a, b, and c, compare standard error and mean difference (MD). Plot a shows data points mostly within the funnel shape. Plot b has more variation with some outliers. Plot c has clustered points near the top.]FIGURE 6 | Funnel plots for physical characteristics: (a) Age, (b) Hypertension Duration, (c) BMI, assessing OR for postoperative hypertension.3.7 Publication bias analysis
To assess potential bias from unreported studies, funnel plots and Egger’s regression tests were performed:
3.7.1 Age
The symmetric funnel plot (Figure 7) and Egger’s test (P = 0.27) indicated no significant publication bias, suggesting that smaller studies with non-significant results were not systematically omitted.
[image: Two funnel plots labeled (a) and (b) show circular data points scattered within dashed triangular lines. The x-axis represents MD, while the y-axis represents SE(MD). Plot (a) has more spread out data points compared to plot (b), where points are clustered nearer to the vertical axis line.]FIGURE 7 | Funnel plots for Blood Pressure Markers: (a) SBP, (b) DBP, Estimating OR with 95% CI for postoperative hypertension.3.7.2 BMI
Funnel plot symmetry (Figure 8) and Egger’s P = 0.38 confirmed no meaningful asymmetry, supporting the representativeness of included BMI data.
[image: Three funnel plots labeled a, b, and c display circles representing data points scattered around dashed triangles. Each x-axis is labeled "MD" and each y-axis is labeled "SE(MD)." Plots vary in scale and data distribution, indicating different data set characteristics.]FIGURE 8 | Funnel plots for biochemical markers: (a) Serum Potassium, (b) AAR, (c) eGFR, associating OR with postoperative hypertension risk.3.7.3 Hypertension duration
The funnel plot (Figure 8) showed minimal asymmetry, with Egger’s test (P = 0.41) ruling out significant bias from unreported long-duration studies.
3.7.4 SBP and ARR
Funnel plots (Figure 5) for SBP (Egger’s P = 0.19) and ARR (Egger’s P = 0.29) showed no significant deviations from symmetry, indicating that published results likely reflect the true effect distribution.
4 DISCUSSION
This systematic review and meta-analysis identifies four robust risk factors for persistent hypertension after primary aldosteronism (PA) surgery: hypertension duration, body mass index (BMI), serum potassium, and estimated glomerular filtration rate (eGFR). These findings highlight the cumulative impact of aldosterone-mediated tissue damage on vascular and renal systems, (Armanini et al., 2020), providing a framework for preoperative risk stratification.
Prolonged hypertension duration reflects chronic aldosterone exposure, driving vascular remodeling (collagen deposition, endothelial dysfunction) and myocardial fibrosis via mineralocorticoid receptor activation (Bioletto et al., 2022; Picado et al., 2021). This aligns with prior studies showing that each additional year of hypertension increases postoperative persistence odds (Picado et al., 2021). The irreversible structural changes in chronic hypertension make blood pressure control difficult even after surgical adenoma removal (Cai et al., 2021; Wachtel and Fraker, 2021). Preoperative hypertension also signals underlying systemic inflammation and endothelial dysfunction, which sustain elevated blood pressure postoperatively (Huang-Fu et al., 2022; Pillai et al., 2020).
Higher BMI amplifies aldosterone’s hypertensive effects through mineralocorticoid receptor (MR)-mediated adipocyte dysfunction (Hall et al., 2021). Aldosterone promotes pro-inflammatory adipokine release (TNF-α, IL-6) and reduces adiponectin secretion, impairing insulin signaling and vascular health (Hall et al., 2014; Valensi, 2021; Shariq and McKenzie, 2020). This mechanism explains the strong association between obesity and postoperative hypertension, consistent with literature linking BMI to hypertension persistence (Gershuni et al., 2020; Chait and den Hartigh, 2020).
The meta-analysis found that higher preoperative serum potassium levels predict persistent hypertension post-surgery (Lee et al., 2021). This may seem counterintuitive, as classic PA is associated with hypokalemia, but advanced renal damage from chronic aldosterone excess (e.g., tubulointerstitial fibrosis) impairs renal potassium secretion, leading to normo- or hyperkalemia despite ongoing aldosterone action (Clase et al., 2020; Burnier and Damianaki, 2023). This paradox underscores that high potassium reflects irreversible renal injury—driven by prolonged aldosterone exposure—rather than mild aldosteronism. Such injury sustains hypertension via vascular remodeling and endothelial dysfunction (Bioletto et al., 2022; Cai et al., 2021). Clinically, preoperative potassium levels are essential for risk prediction: patients with hyperkalemia require tailored preoperative assessments and postoperative management, including pharmacological therapy and dietary interventions (Preda et al., 2020; Rodan and Huang, 2009; Palmer, 2020).
Lower preoperative eGFR, indicative of aldosterone-induced renal fibrosis, correlates with postoperative hypertension (Li et al., 2023). Even mild renal impairment signals irreversible damage that worsens BP control post-surgery (Kobayashi et al., 2020; Nakano et al., 2023; Chauhan et al., 2022). Mechanistically, renal impairment drives volume retention, electrolyte disturbances, and renin-angiotensin-aldosterone system dysregulation (Chauhan et al., 2022; Reincke et al., 2021), while limiting sodium-water excretion (De Bhailis and Kalra, 2022). Preoperative eGFR assessment is thus critical for identifying high-risk patients. Noting that only 3 of 12 studies reported eGFR changes, further research is needed to validate this association (Li et al., 2023).
Age, SBP, and AAR were not identified as risk factors due to high heterogeneity across studies (I2 >75% for AAR). DBP approached significance (P = 0.06), likely limited by small sample sizes and measurement heterogeneity (ambulatory vs. office BP) (De Bhailis and Kalra, 2022; Chen et al., 2021). The near-significant association aligns with biological plausibility, as DBP reflects aldosterone-induced small-vessel dysfunction (Chen et al., 2021).
All identified risk factors converge on aldosterone’s pathogenic pathways: prolonged exposure drives vascular/renal remodeling, obesity enhances aldosterone sensitivity, and elevated potassium/eGFR decline indicate advanced organ damage. This suggests that pre-existing tissue injury from chronic MR activation sustains hypertension post-surgery, even after adenoma removal (De Bhailis and Kalra, 2022; Chen et al., 2021).
Postoperative hypertension in primary aldosteronism is predicted by hypertension duration, BMI, serum potassium, and eGFR—markers of cumulative aldosterone exposure and renal injury. Clinically, these factors necessitate preoperative risk stratification to guide tailored management. Diastolic blood pressure trended toward significance (P = 0.06), hindered by small samples and measurement variability, warranting larger studies with standardized BP protocols (De Bhailis and Kalra, 2022; Chen et al., 2021). All risk factors converge on aldosterone-mediated mineralocorticoid receptor activation, driving vascular/renal remodeling and metabolic dysfunction. Future studies should investigate the role of MR antagonists in post-surgical PA patients, particularly those with high-risk features, to target residual aldosterone effects independent of blood pressure control (De Bhailis and Kalra, 2022; Chen et al., 2021).
This review has several limitations somehow: 1) Most included studies were observational, precluding causal inference; 2) Heterogeneity in BP measurement protocols (ABPM vs. office BP) and postoperative hypertension definitions; 3) Language restriction to English/Chinese, potentially introducing publication bias; 4) Incomplete adjustment for antihypertensive medications in some studies; 5) Limited data on long-term outcomes or gene-aldosterone interactions.
5 CONCLUSION
In this meta-analysis, we made investigations of the potential risks, covering different aspects of physical status, blood pressure, and some biochemical indicators. Through a set of strict inclusion criteria, the following risk factors were identified to be potentially correlate with postoperative hypertension: duration of hypertension, BMI, serum potassium levels, and eGFR. This meta-analysis provides the first comprehensive synthesis of risk factors for persistent hypertension after PA surgery, integrating data from 12 studies to resolve prior inconsistencies and establish an evidence-based framework for clinical risk stratification. However, the exact mechanisms still need further support from clinical practices and molecular evidence.
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