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Primary aldosteronism (PA) is a common cause of secondary hypertension. Adrenalectomy is an effective treatment for unilateral PA, particularly aldosterone-producing adenoma (APA), resulting in improvements in biochemical parameters and blood pressure in the vast majority of patients. The article provides a comprehensive overview of PA, focusing on the outcomes of adrenalectomy for PA and the factors that may suggest prognostic implications. Analysis of the outcome of different PA patients undergoing adrenalectomy in terms of preoperative factors, vascular and adipose conditions, type of pathology, and somatic variants. In addition, it is recommended to use the histopathology of primary aldosteronism (HISTALDO) consensus to classify the patient’s pathological type, with classical and nonclassical pathological types showing a different prognosis and possibly being associated with an unresected contralateral adrenal gland. The primary aldosteronism surgical outcome (PASO) consensus sets uniform standards for postoperative outcomes in unilateral PA, but its setting of thresholds remains controversial. Partial adrenalectomy shows similar surgical results and fewer postoperative complications than total adrenalectomy, but there is a risk of missing the true source of abnormal aldosterone secretion. Steroid profiling and functional imaging techniques offer alternative options to adrenal vein sampling (AVS) for unilateral and bilateral judgments in patients with PA. A combination of factors is needed to predict the prognosis of PA patients undergoing adrenalectomy in order to manage patient expectations of the outcome of the procedure and to closely monitor blood pressure and biochemical parameters in patients who suggest a poorer prognosis.




Keywords: adrenalectomy, primary hyperaldosteronism, hypertension, prognosis, CYP11B2




1 Introduction

Primary aldosteronism (PA) was first described by Jerome W. Conn in 1954 and is characterized by hypokalemia and excessive production of aldosterone independent of the renin-angiotensin system (1). PA is the most common endocrine form of secondary hypertension. It has a prevalence of 5% to 15% in the general hypertensive population and up to 20% in those with severe or refractory hypertension (2, 3). Of these, approximately 27% have aldosterone-producing adenoma (APA) and 64% have bilateral adrenal hyperplasia (BAH) (4). The APA recommends unilateral adrenalectomy, while patients with BAH are treated with mineralocorticoid receptor antagonists.




2 Pathogenesis

Aldosterone is synthesized from cholesterol in the zona glomerulosa of the adrenal cortex by a variety of enzymes, the key step in the synthesis being aldosterone synthase (CYP11B2). PA mainly increases the gene transcription of CYP11B2 through various pathogenesis, and ultimately leads to increased aldosterone synthesis and cell proliferation. Based on the effect of gene mutate, somatic mutations are broadly categorized into three types: Ion Channels, Ion Transporters, and Cell Signaling Systems, which are discussed separately.



2.1 Ion channels (KCNJ5, CACNA1D, CACNA1H, CLCN2, SLC30A1)

KCNJ5 encodes a potassium inwardly rectifying channel (GIRK4), and mutations in KCNJ5 lead to channel selectivity changes that increase intracellular sodium influx, leading to cell depolarization (5). CACNA1D codes calcium voltage-gated channel subunit alpha1 D, CACNA1H codes calcium voltage-gated channel subunit alpha1 H, mutations in these genes lead to enhanced function of calcium channels and increased intracellular calcium concentration (6, 7). CLCN2 encodes chloride voltage-gated channel 2. The mutation resulted in enhanced chloride channel function and increased chloride ion permeability and depolarization (8). Rege, et al. (9) recently identified somatic mutations in the SLC30A1 gene in APAs. The SLC30A1 gene encodes the zinc transporter protein ZnT1. Mutations in SLC30A1 can potentially cause alterations in the cell membrane potential, which may impact the activity of voltage-gated calcium channels and consequently affect the influx of calcium ions and the regulation of intracellular calcium levels.




2.2 Ion transporters (ATP1A1, ATP2B3)

ATP1A1 encodes ATPase Na+/K+ transporting subunit alpha 1. The ATP1A1 mutate found in APAs leads to impaired potassium ion affinity and ATPase activity, leading to membrane depolarization. ATP2B encodes the ATPase plasma membrane Ca2+ transporting 3, which is responsible for pumping calcium ions inside the cell to the outside. Mutations in ATP2B3 affect the binding and transport of calcium ions, leading to the accumulation of calcium ions within the cell (10). Mutations in genes encoding ion channels or transporters ultimately result in an increase in intracellular Ca2+ concentration, activating a phosphorylation cascade that leads to increased aldosterone synthesis (11).




2.3 Cell signaling systems (GNAS, GNAQ, GNA11, PRKACA, CTNNB1, CADM1)

GNAS, GNAQ, and GNA1 encode G protein alpha subunits, and mutations in them can lead to abnormal activation of G protein signaling (12). PRKACA encodes protein kinase cAMP-activated catalytic subunit alpha. PRKACA mutates found in APAs lead to persistent activation of the cAMP/PKA signaling pathway, resulting in dysregulation of cell proliferation (13). Somatic mutate of the CTNNB1 gene, which encodes a β-catenin, have been identified in APA, and the affected WNT/β-catenin signaling pathway is essential for the regulation of proliferation, differentiation and tumorigenesis in the adrenal cortex (14). However, the potential mechanism by which mutations in the CTNNB1 gene lead to aldosterone overproduction is unclear.

In addition, somatic mutation of CADM1 was recently discovered in APAs, which is a synaptic cell adhesion molecule mainly expressed in the nervous system. The mutation of CADM1 leads to significant upregulation of CYP11B2 expression. This upregulation is associated with inhibition of intercellular communication, particularly by inhibiting communication at the gap junction (GJ) (15).





3 Diagnosis

The prevalence of hypertension combined with atrial fibrillation or diabetes mellitus was reported to be significantly higher in patients with PA than in those with essential hypertension (EHT) (16). Patients with PA also had a higher incidence of stroke than patients with EHT (12.9% v. s. 3.4%; 95% CI 2.0 to 8.6) (17). In addition, PA can lead to an increased risk of renal dysfunction and metabolic syndrome (18). Because even without considering the effect on blood pressure, aldosterone itself promotes cardiac and vascular fibrosis and tissue damage, leading to an increased incidence of cardiovascular and cerebrovascular events (11). The higher prevalence of diabetes in PA patients is mainly associated with subclinical hypercortisolism (SH) (19). Adequate treatment of PA can significantly reduce morbidity and mortality by reducing increased aldosterone and relieving renin suppression and hypertension (2). Early diagnosis and appropriate treatment of PA are therefore essential to reduce the increased risk associated with the disease.

The diagnosis of PA involves three stages: screening tests, case confirmation and classification of PA subtypes (20). Screening tests: Plasma aldosterone renin ratio (ARR), derived from measurement of plasma aldosterone concentrations (PACs) and plasma renin activity (PRA) or direct renin concentration (DRC), is the currently recommended screening method. In recent years, as ARR has been used in an increasing number of hypertensive patients, the detection of PA has increased significantly, especially in patients without hypokalemia (16). Confirmatory testing: The test was based on the assumption that aldosterone production would decrease if renin production were completely inhibited or if angiotensin II production was blocked. Common confirmatory tests include the fludrocortisone suppression test (FST), the saline infusion test (SIT), the oral salt loading test (SLT) and the captopril challenge test (CCT). FST has been used less frequently due to the need for hospitalization. SIT and SLT are the most commonly used in China and CCT is preferred for patients at risk of volume overload (16). Classification of PA subtypes: In most cases, PA is caused by either APA or BAH. The differential diagnosis between the two subtypes is important because the treatment of the two varies considerably. Masoni first introduced AVS in 1957 (21) and it has now become the gold standard for differentiating between unilateral and bilateral forms of PA. Conventional AVS collects blood samples from both central adrenal veins, identifying the laterality by comparison of steroid secretion, classifying PA subtypes, and usually guide for total adrenalectomy. In a multicenter study including 761 patients, unilateral PA patients diagnosed by AVS and subsequently treated by surgery have a higher rate of postoperative complete biochemical success than the CT group (22). In a study involving 19 centers and 1,625 patients, AVS-guided adrenalectomy patients had higher rates of hypertension cure than non-AVS-guided patients. The super-selective adrenal venous sampling, also known as segmental AVS (S-AVS), has been proposed providing a new basis for partial adrenalectomy. In contrast to central AVS (C-AVS), in addition to distinguishing between unilateral and bilateral diseases, S-AVS can assess intra-adrenal hormone distribution, pinpoint the site of aldosterone hypersecretion and make it possible for patients with PA treated by partial adrenalectomy (23).

However, as an invasive operation, AVS is technically difficult and needs to be performed in an experienced medical center. The overall complication rate for AVS is approximately 2.5%, the most common complication being groin hematoma and, in severe cases, adrenal hemorrhage and adrenal vein dissection (24).




4 Surgical treatment

Laparoscopic adrenalectomy is now a safe and effective standard surgical treatment option. Compared to traditional open surgery, laparoscopic adrenalectomy has shown significant advantages in terms of patient recovery and perioperative complications (25). Higashihara, et al. (26) first described laparoscopic transperitoneal adrenalectomy (LTA) in 1992 (Figure 1). Gagner, et al. (27) first introduced the lateral position in 1994 and since then LTA has been widely used. Mercan, et al. (28) first described retroperitoneoscopic adrenalectomy (RP) in 1995, but it was not routinely performed until the mid-2000s when Walz published modified techniques (29). In addition, Walz, et al. (30) first proposed partial adrenalectomy using a retroperitoneoscopic technique in 1996. The retroperitoneal approach has the advantage of not interfering the abdominal organs, avoiding intra-abdominal complications (e.g., postoperative intestinal obstruction, adhesions) and a shorter operative time, but the narrow space for the retroperitoneal approach makes it unsuitable for patients with large tumor diameters or poor periadrenal fat conditions (31). At the same time, all processes can be carried out with the assistance of a robot. Morino, et al. (32) compared the feasibility and safety of robot-assisted adrenalectomy (n = 10) with laparoscopic adrenalectomy (n = 10), and robot-assisted adrenalectomy did not show a significant advantage; instead, the robotic group had a longer operative time (p < 0.001), a higher perioperative complication rate (20% vs 0%), and a higher operative cost ($3,467 vs $2,737; p < 0.01). Therefore, further research is needed to fully define the role of robotic-assisted adrenalectomy in adrenalectomy (33).




Figure 1 | Milestones in primary aldosteronism and adrenalectomy.






5 Assessment of surgical outcomes

There is considerable variation between studies in the outcome of adrenalectomy in patients with PA, mainly due to differences in the definition of clinical success, resulting in considerable heterogeneity in prognosis (2). Williams, et al. (34) presented the Primary Aldosteronism Surgical Outcome (PASO) in 2017 to establish a standardized set of international consensuses for clinical and biochemical outcomes in unilateral PA adrenalectomy. Consensus assesses clinical outcomes based on blood pressure and use of antihypertensive medication, and biochemical outcomes based on blood potassium, ARR, and aldosterone concentrations. Clinical and biochemical outcomes were categorized as complete, partial and absent success (Table 1). They evaluated 705 patients with unilateral PA undergoing adrenalectomy at 12 centers from 1994 to 2015 using the PASO consensus. 259 (37%) of the 705 patients had complete clinical success and 334 (47%) had partial clinical success, i.e., over 80% of patients had improved blood pressure control. In addition, 656 of 699 patients (94%) had complete biochemical success (34).


Table 1 | The Primary Aldosteronism Surgical Outcome (PASO).



Sawyer, et al. (35) conducted follow-up evaluations on 47 Australian PA patients who underwent unilateral adrenalectomy using the PASO criteria. The results showed that among the 40 patients who achieved clinical outcomes, 35.0% (14/40) had complete clinical success, and 47.5% (19/40) had partial clinical success. Among the 30 patients who achieved biochemical outcomes, 83.8% (31/37) had complete biochemical success. A total of 93.6% (44/47) of patients benefited from adrenalectomy. Similarly, Anceschi, et al. (36) assessed 90 PA patients who underwent unilateral adrenalectomy using the PASO criteria. Sixty-one patients underwent minimally-invasive total adrenalectomy, with 54% (33/61) achieving complete clinical success and 23% (14/61) achieving partial clinical success. Additionally, 81.9% (50/61) achieved complete biochemical success.




6 Factors affecting prognosis

Although the majority of patients with unilateral PA treated with adrenalectomy have significantly improved clinical and biochemical outcomes, some patients still have persistent postoperative hypertension or abnormal biochemical parameters. It is therefore hoped that an analysis of the likely prognosis of patients in terms of preoperative factors, vascular and adipose conditions, postoperative pathology and somatic cell variation will help manage patient expectations of postoperative outcomes and identify patients who require close follow-up or ongoing monitoring of blood pressure and biochemical parameters (3).



6.1 Preoperative factors

Predicting patient prognosis through preoperative factors also facilitates the selection of an appropriate treatment strategy for patients, particularly in patients at high risk for surgery and in patients with imaging of adrenal nodules for whom conclusive evidence of lateralized aldosterone excess is not available (37). In a retrospective study of 96 patients undergoing laparoscopic adrenalectomy for unilateral PA, Bokuda, et al. (38) concluded that BMI (p = 0.0473) and contralateral ratio (p = 0.0199) were significantly associated with normal postoperative blood pressure and no need for antihypertensive medication by multivariate logistic regression (Table 2).


Table 2 | Preoperative factors affecting prognosis.



Williams, et al. (34) used logistic regression analysis to identify preoperative factors associated with clinical and biochemical outcomes following the establishment of the PASO consensus, suggesting that younger and female patients were more likely to have complete clinical success or clinical improvement (complete + partial clinical success), while preoperative antihypertensive medication use and left ventricular hypertrophy were negatively associated with complete clinical success. Similarly, Picado, et al. (39) used the PASO consensus to assess long-term outcomes in 37 patients with PA who underwent adrenalectomy and to identify preoperative predictors associated with persistent postoperative hypertension. The results showed complete biochemical success in all patients, while clinical outcomes were complete success 15 (41%), partial success 14 (38%) and absent success 8 (21%). Multivariate logistic regression analysis showed that BMI (p = 0.04), duration of hypertension (p < 0.05) and the number of antihypertensive drugs used (p < 0.05) were significantly associated with absent clinical success.

Burrello, et al. (3) developed a 25-point scoring system using preoperative factors to predict clinical outcomes after unilateral PA. Data from 380 patients undergoing adrenalectomy for unilateral PA were first analyzed by unadjusted and adjusted logistic regression to select variables associated with clinical complete success, followed by the training and testing of linear discriminant analysis models to establish scores based on data from these 380 patients. A total of six variables were screened for the study: “duration of hypertension,” “sex,” “body mass index (BMI),” “antihypertensive medication,” “target organ damage” and “largest nodule at imaging.” Of these, duration of hypertension (negative correlation) was the strongest predictor of clinical complete success, followed by anti-hypertensive medication (negative correlation) and largest nodule at imaging (positive correlation). Each variable is assigned a different score, with higher total scores suggesting a better prognosis. Using a score of 16 as a cut-off value results in an accuracy of 79.2%, with sensitivities and specificities of 71.3% and 84.4% respectively.




6.2 Variations in the anatomy of the adrenal veins

Management of the central adrenal vein is a key step in adrenalectomy and can lead to hemorrhage if not handled correctly (25). In addition, there may be variants of the adrenal vasculature, so a thorough knowledge of adrenal vein anatomy by the operator is required to avoid medically induced injury. The most common anatomy of the adrenal veins is that the left adrenal vein receives inferior phrenic and drains into left renal vein, while the right adrenal vein drains directly into the inferior vena cava (Figure 2).




Figure 2 | The left adrenal vein (LAV) receives inferior phrenic vein (IPV) and drains into left renal vein (LRV), while the right adrenal vein (RAV) drains directly into the inferior vena cava (IVC).



Cesmebasi, et al. (40) argue that the variations in adrenal venous drainage cannot be described independently, but rather the overall appearance of the adrenal veins and their accompanying renal veins are described in a unified manner. For example, the anatomical variation of the left adrenal vein is described as “Adrenal vein joins renal alone, renal vein receives independent inferior phrenic vein,” and “Double adrenal veins, one receives inferior phrenic vein, renal vein receives adrenal vein and inferior phrenic vein common trunk and an accessory adrenal vein (Figure 3).” Given the proximity of the right adrenal vein to the inferior vena cava and the variability of the right adrenal vein, it is recommended that special attention be paid to venous dissection during right adrenalectomy or AVS operations. Scholten, et al. (41) suggested that adrenal vein anatomical variation could be described in terms of both number and location. Of the 546 laparoscopic adrenalectomies collected, 70 (13%) had variations in adrenal vein anatomy. 63 had variation in the number of veins, including “no identifiable central adrenal vein,” “one central adrenal vein with additional prominent small veins,” and “multiple adrenal veins with or without small veins.” Seven cases were locational variations related to the hepatic vein, the inferior vena cava or the inferior phrenic vein. For instance, “the right adrenal vein joins the right hepatic vein.” Patients with variant venous anatomy had larger tumors (5.1 vs 3.3 cm; p < 0.01) and a higher proportion of pheochromocytomas (24 (35%) vs 100 (21%); p = 0.02) compared to patients with normal venous anatomy. The mean operative time was longer in patients with venous variants (p < 0.05) and the estimated blood loss (EBL) was also higher (p = 0.01). It was also found that more venous variants occurred on the right side than on the left (42 (17%) vs 28 (9%); p = 0.02), so the risk of medically induced injury during surgery was greater on the right side. Sun, et al. (42) reached a similar conclusion. In a retrospective analysis of 303 adrenalectomies, 62 cases (20%) had adrenal vein variation. Multiple logistic regression analysis showed that tumor size and pheochromocytoma were independent factors associated with variant veins. Multiple linear regression modeling of bleeding showed an increase of approximately 42.5% in patients with variant veins compared to normal veins (p = 0.009). In addition, patients with adrenal vein variants had more blood loss (p < 0.001), longer operative time (p < 0.001), longer postoperative hospital stay (p = 0.004) and higher operative costs (p = 0.014) compared to normal anatomy. Unfortunately, there is a lack of studies comparing variant adrenal venous anatomy with normal venous anatomy for long-term outcome after adrenalectomy.




Figure 3 | (A) Left renal vein receives adrenal vein and inferior phrenic vein common trunk and an accessory adrenal vein. (B) Left adrenal vein joins renal vein alone, renal vein receives independent inferior phrenic vein. (C) Two right adrenal vein and all drain into the IVC. (D) Two right adrenal vein, where one drains into the IVC and the other into the renal vein.



It is important to note that in AVS procedures, although very rare, the use of unsuitable catheters and catheterization techniques may result in serious complications such as adrenal vein dissection due to inadequate knowledge of adrenal vein anatomy (43). In addition, even if the central vein is successfully cannulated, variant venous drainage of an APA may lead to misinterpretation of the results and even a “double-down” AVS result (bilateral adrenal suppression) (44). A thorough understanding of the normal anatomy of the adrenal vein and its many variants is therefore essential to avoid complications and medically induced injuries during procedures such as AVS and adrenalectomy.




6.3 Periadrenal adipose tissue

The adrenal glands are located in the retroperitoneal space above the kidneys and are surrounded by periadrenal adipose tissue. The increased amount of periadrenal adipose tissue increases the operational difficulty of laparoscopic surgery and the difficulty of dissecting anatomical landmarks such as the inferior vena cava and adrenal veins, prolonging the operative time and increasing the incidence of postoperative complications. Although BMI is the most commonly used anthropometric measure to assess obesity, it does not always accurately reflect the extent of visceral fat in patients (45). Lindeman, et al. (29) introduced the concept of the posterior adiposity index (PAI), which is the sum of the distance from the skin to the Gerota fascia (S-GF) and the perirenal fat distance (PNF), i.e., the distance from the skin to the renal parenchyma. In a multifactorial regression analysis of predictors of operative time in 56 patients undergoing retroperitoneoscopic adrenalectomy, PAI (PAI ≥ 9; p = 0.02) predicted increased operative time and morbidly obese patients significantly increased the challenge of retroperitoneoscopic surgery (Table 3). Pearlstein, et al. (46) explored the predictors of operative time for retroperitoneoscopic adrenalectomy over BMI, with periadrenal fat volume being an independent predictor of increased operative time in both univariate and multivariate analyses (both p < 0.01). However, PAI was a significant predictor of operative time in the univariate analysis (p < 0.01) but not statistically significant in the multivariate analysis (p = 0.81). They concluded that BMI per se did not affect operative time when controlling for variables such as periadrenal fat volume and left-right side of surgery. In contrast to Pearlstein’s report that periadrenal volume including adrenal lesions was an independent predictor of prolonged operative time for retroperitoneoscopic adrenalectomy, Rah, et al. (47) directly measured and analyzed the volume of periadrenal fat excluding the adrenal mass. Multiple regression analysis showed that both PAI (p = 0.027) and periadrenal fat volume (p = 0.024) were predictors of longer operative time, while BMI was not statistically significant (p = 0.239). However, after grouping based on the learning curve, periadrenal fat volume was an independent predictor of prolonged operative time only before the learning curve (p = 0.009). After the learning curve, the difficulties posed by periadrenal fat would be overcome (p = 0.054). It is important to emphasize that although adipose tissue may extend the duration of surgery, it is not significantly associated with estimated blood loss (EBL) and does not apparently influence a negative surgical outcome (29).


Table 3 | Assessment of the periadrenal adipose tissue.



Er, et al. (48) examined the relationship between visceral adipose tissue and postoperative clinical outcomes in patients with PA. One hundred patients with APA who underwent adrenalectomy and 41 control patients with primary hypertension were included in the study. The visceral fat area (VFA) of each patient was measured by CT and showed that patients with PA had a significantly smaller VFA than patients with essential hypertension (p = 0.021). Logistic regression analysis showed that a smaller VAF (p < 0.001) and shorter duration of hypertension (p = 0.011) predicted complete clinical success after adrenalectomy. The reason for this may be that patients with a larger VAF are associated with obesity-related hypertension and do not fully normalize their blood pressure after undergoing adrenalectomy.




6.4 Type of pathology

Hematoxylin-eosin (HE) staining, routinely performed in the pathology laboratory, provides only morphological information, but it is not suitable for functional histopathological analysis and cannot determine the source of excess aldosterone (14). Immunohistochemical staining for CYP11B2, a key enzyme involved in aldosterone synthesis present in the zona glomerulosa, is important for the diagnosis of potential sources of excess aldosterone production and pathology in PA. The proposal of the international consensus on Histopathology of Primary Aldosteronism (HISTALDO), based on CYP11B2 immunohistochemical staining for classification and diagnosis, contributed to the standardized nomenclature of resected PA pathology and the consistency of histopathological diagnosis of unilateral PA (49). Consensus groups lesions into five categories: Aldosterone-producing adenoma (APA), Aldosterone-producing nodule (APN), Aldosterone-producing micronodule (APM) (previously known as aldosterone-producing cell clusters), Multiple aldosterone-producing nodules or multiple aldosterone-producing micronodules (MAPN or MAPM) (previously known as nodular hyperplasia or micronodular hyperplasia) and Aldosterone-producing diffuse hyperplasia (APDH). Of these, APA and APN are classified as classical unilateral primary aldosteronism and the others as nonclassical unilateral primary aldosteronism.

Williams, et al. (49) compared the classical group (n = 24) with the nonclassical group (n = 12). At baseline in the nonclassical group, hypertension lasted longer (p = 0.01), pathological nodules were smaller (p = 0.019), the lateralization index was lower (p = 0.048), and serum potassium concentrations were higher (p = 0.031); however, during postoperative follow-up, the nonclassical group showed lower serum potassium concentrations (p = 0.006) and a higher ARR (p = 0.006); according to the PASO criteria, although there were no statistical differences in clinical outcomes between the two groups, the biochemical results were worse in the nonclassical group than in the classical group (p = 0.009). Nanba, et al. (50) divided 32 patients undergoing unilateral adrenalectomy for PA into an APA group (n = 22) and a non-APA group (n = 10). The preoperative APA group had lower serum potassium concentrations (p < 0.05), a higher prevalence of hypokalaemia (p < 0.01) and a higher ARR (p < 0.01) than the non-APA group. Similarly, Meyer, et al. (51) divided 60 patients with unilateral PA who underwent adrenalectomy into classical group (n = 45) and nonclassical group (n = 15). Classical group exhibited higher plasma aldosterone concentrations (p = 0.008) and ARR (p = 0.002) at baseline level. In addition, the classical group had a significantly higher proportion of complete biochemical success (97.6% vs 66.7%, p = 0.004). These results suggest that PA patients in the classical group had more severe preoperative biochemical indicators, but had a better prognosis after undergoing adrenalectomy than PA patients in the nonclassical group.

In addition to CYP11B2 immunohistochemical staining, chemokine receptors CXCR4 immunohistochemical staining was also characteristically expressed. Heinze, et al. (52) found that CXCR4 showed strong staining in the subcapsular region of normal adrenal glands, as well as strong staining in APA and a significant positive correlation with CYP11B2 (p < 0.01), but was almost negative in non-functioning adenomas.




6.5 Somatic variants

Somatic variants of the KCNJ5, CACNA1D, CACNA1H, CLCN2, ATP1A1, ATP2B3 and CTNNB1 genes were found in unilateral PA (53). APA is the predominant lesion type in unilateral PA, with an overall somatic variant detection rate of approximately 50–58.4% (54–56). However, recent researchers have used immunohistochemistry to guide lesion selection, resulting in detectable somatic variation of up to 90% in APA (57). The dominant somatic variant in APA is a mutation in the KCNJ5 gene, with an incidence of approximately 40% in studies from Western countries and an even higher incidence in studies from Asian countries, which can reach approximately 70%, but the CACNA1D variant is more common in African Americans, accounting for 42% (58).

Vilela, et al. (54) conducted a retrospective study of KCNJ5 somatic variants associated with clinical outcomes in unilateral PA adrenalectomy, where KCNJ5 somatic variants were identified in 33 (43.4%) of 76 patients who had their genes sequenced. When patients were divided into KCNJ5 variant and wild-type groups for comparison, the proportion of complete clinical success was significantly higher in the variant group than in the wild-type group (57.6% vs 16.2%; p = 0.0001). Multiple logistic regression also showed that the KCNJ5 somatic mutation was an independent predictor of complete clinical success (RR 6.418, 95% CI 1.83 to 22.93; p = 0.004). Interestingly, a higher proportion of patients in the KCNJ5 variant group were female (p = 0.004) and the size of the tumor was larger (p = 0.001) compared to the wild-type group, which is consistent with the preoperative factors suggestive of a good prognosis for adrenalectomy described above (3, 34). Similar results were obtained by Kitamoto, et al. (59), where KCNJ5 somatic variants were present in 106 (74.6%) of 142 patients with APA. 136 (95.8%) patients achieved complete endocrinological remission after adrenalectomy, with 81 (59.6%) patients cured of hypertension and 55 (40.4%) improved. When compared between the two groups, the proportion of KCNJ5 somatic variants was significantly higher in the cured group (85.2% vs 60%; p = 0.002). Stepwise regression analysis also demonstrated that KCNJ5 somatic variants, duration of hypertension and number of antihypertensive medications used were independently associated with postoperative hypertensive remission. Also, patients with the KCNJ5 somatic variants were younger, had larger tumors, had a more severe PA phenotype and showed more aggressive disease progression than patients with the wild-type KCNJ5 gene.





7 Discussion



7.1 Preoperative prognostic indicators that may influence surgical decisions

It has been suggested that persistent postoperative hypertension may be due to the diagnosis of highly asymmetric bilateral PA as unilateral PA during preoperative classification by AVS (51). In other words, the poor prognosis of unilateral adrenalectomy may have a strong association with the contralateral adrenal gland that was not removed. In a single-center prospective cohort study by Meyer, et al. (51), the biochemical outcomes were significantly better in the classical pathology type group than in the nonclassical group, while the ratio of absolute aldosterone concentration in the contralateral adrenal vein to the peripheral vein was significantly higher in the nonclassical group compared to the classical group (p = 0.004), with weaker contralateral suppression in this type of patient, asymmetric bilateral disease may have been present preoperatively. In another study, 43 patients with a biochemical outcome of absent + partial success compared with 52 patients with complete success, patients in the absent + partial success group exhibited a lower lateralization index and a higher contralateral ratio (60). Suggesting weaker contralateral adrenal suppression and abnormal postoperative aldosterone secretion on the contralateral side contributed to the inability to achieve a biochemical outcome of complete success. It has also been suggested that primary hypertension due to obesity, old age or long-term vascular damage and remodeling is likely to prevent patients from returning to normal blood pressure after adrenalectomy (39, 48). However, compared to the inability of mineralocorticoid antagonists to completely inhibit the systemic effects of aldosterone (atrial fibrillation, cardiac fibrosis), surgical treatment has a high biochemical success rate, allowing for the normalization of plasma aldosterone concentrations and providing better long-term benefits (61).




7.2 Histological/genetic features that may influence long-term prognosis

From a pathogenetic point of view, the prognosis of nonclassical PA differs from that of classical PA, probably because of a different genetic profile (53). The KCNJ5 gene variant is the most common in APA (59, 62), while the CACNA1D gene variant is more common in APM (63, 64), with different somatic variants leading to different degrees of symptoms and prognosis. Moreover, the proportion of somatic variants and pathological types varies widely by region and ethnicity, especially in Asia compared with Western countries, where a higher proportion of APA patients have KCNJ5 gene variants and a lower proportion of nonclassical PA (49, 58, 65).




7.3 Application of PASO consensus

Previous studies on unilateral PA have lacked uniform criteria for postoperative assessment, making the results highly heterogeneous and difficult to compare between studies. The advent of the PASO consensus has provided norms for the clinical and biochemical assessment of unilateral PA patients after adrenalectomy, but there are still some shortcomings in the postoperative assessment of adrenalectomy. Vorselaars, et al. (66) conducted a multicenter retrospective study to classify the postoperative outcomes of 380 patients from 16 treatment centers using the PASO consensus. However, 11% and 47% (16% of the total cohort) of patients classified as partial and absent clinical success, respectively, were considered to be misclassified or debatable. The main reasons for the debatable grouping of results were the PASO consensus’s use of high thresholds to determine relevant changes in systolic blood pressure (SBP) and the use of percentages rather than absolute values to determine changes in the defined daily dose. The PASO consensus defines a change in SBP of more than 20 mmHg to be considered a change in blood pressure. However, a systematic review by Ettehad, et al. (67) demonstrated that a 10mmHg reduction in SBP in hypertensive patients reduced the risk of major cardiovascular events (20%), coronary heart disease (17%), stroke (27%), heart failure (28%) and all-cause mortality (13%). A cut-off value of 20 mmHg may allow a significant proportion of patients with partial clinical success to be judged as having absent clinical success. On the other hand, the consensus definition of reduction in antihypertensive medication use refers to a 50% or greater reduction in defined daily dose (DDD) between preoperative and postoperative periods. Considering only percentages without incorporating absolute changes in actual medication use may result in medication use reductions that are not clinically meaningful being judged as partial clinical success or substantial medication use reductions being judged as absent clinical success. In addition, the PASO lacks an assessment of surgical indicators. For example, the duration of surgery, estimated bleeding, and postoperative complications will significantly affect the patient’s recovery and quality of life, and the lack of these indicators does not facilitate the overall assessment of the outcome of the procedure (68).




7.4 New diagnostic method

CT and AVS are commonly used to differentiate between unilateral and bilateral PA, but CT has limitations in the diagnosis of adrenal lesions. It is unable to identify smaller APN or APMS that are not morphologically distinct from the surrounding tissue, and even when a larger volume of tumor is observed, CT is unable to determine whether it is secretory or not. A systematic review of the diagnostic concordance of CT and MRI with AVS conducted by Kempers, et al. (69) concluded that of the 950 patients included in the 38 studies, 37.8% had CT/MRI findings that were inconsistent with AVS, 14.6% of patients with bilateral PA would undergo adrenalectomy based on CT/MRI findings, 19.1% of patients with unilateral PA could not undergo adrenalectomy, and even 3.9% of patients were diagnosed with the wrong side. The guidelines therefore recommend that AVS should be performed preoperatively in patients with PA who are being considered for surgery, except for young patients (<35 years) with significant aldosterone excess and spontaneous hypokalaemia and a typical unilateral cortical adenoma on CT of the adrenal lesion, who can be crossed over to AVS before adrenalectomy (70).

However, AVS is an invasive procedure that is difficult and complex and carries the risk of complications. Recently, steroid profiling of peripheral veins and functional imaging techniques have provided additional options for differentiating subtypes (16). In a multicenter study of steroid profiling in patients with PA, the subtype could be correctly identified in 172 (80%) of 216 patients with PA based on the analysis of 12 adrenal steroids measured in peripheral blood (71). In addition, steroid profiling can be applied to predict the biochemical outcome of patients after adrenalectomy.Meyer, et al. (60) measured 15 adrenal steroids in the peripheral veins of patients with PA. Of the 70 patients in whom the measurements were performed, biochemical outcomes following adrenalectomy and the diagnosis of bilateral PA could be correctly predicted in 53 (76%) patients using linear discriminant analysis, which further increased the accuracy to 86% using decision tree analysis. As for functional imaging techniques, Heinze, et al. (52) used 68Ga-pentixafor-PET (selectively binds to human CXCR4) in nine patients with APA and found significantly higher tracer uptake on the side of increased aldosterone secretion (p < 0.01), which could effectively differentiate APA from non-functioning adenoma. However, more large RCT studies are needed to truly introduce these techniques into clinical practice.




7.5 Partial or total adrenalectomy

The concept of partial adrenalectomy was developed to treat hereditary and sporadic bilateral tumors, to reduce the risk of Addisonian crisis and to avoid the need for steroid replacement (72). Birnbaum, et al. (73) first described partial adrenalectomy to preserve adrenal function in a bilateral pheochromocytoma, and follow-up after 32 months showed that the patient had normal blood pressure and did not require antihypertensive medication or steroid replacement. Walz, et al. (30) first proposed partial adrenalectomy using a retroperitoneoscopic technique in 1996 and performed subtotal resection in five cases of smaller eccentric tumors, demonstrating that with careful selection, endocrine cure could also be achieved in unilateral pheochromocytomas and Conn adenomas. In recent years, the use of minimally invasive adrenal-sparing techniques for PA has increased with increasing experience and the spread of robotic surgery. Theoretically, in multiple occupying lesions or nonclassical PA, micronodules in the residual tissue after partial adrenalectomy have an impact on clinical parameters (blood pressure, plasma renin activity, plasma aldosterone) and they may play a role in PA recurrence. However, a systematic review including four studies (two RCTs) showed no significant differences in clinical and biochemical outcomes and recurrence rates between partial and total adrenalectomy (Table 4) (75). In another systematic review of 60 studies of partial adrenalectomy, the recurrence rate of PA was only 2% and 97% of patients did not require steroid replacement (72). Anceschi, et al. (68) used PASO criteria to assess the outcome of partial adrenalectomy compared to total adrenalectomy and showed that the proportion of patients with complete clinical success was higher in the partial adrenalectomy group than in the total adrenalectomy group (72.4% vs 54.1%) and the success rate of partial clinical success was lower than in the total adrenalectomy group (6.8% vs 23%), but there were differences in the baseline characteristics (patients in the partial adrenalectomy group had a smaller mean tumor diameter) and the surgical approach (most patients in the partial adrenalectomy group were robotic) between the two groups. Billmann, et al. (74) evaluated 234 patients with unilateral PA, 78 (33.3%) underwent minimally invasive partial adrenalectomy and 156 (66.7%) underwent minimally invasive total adrenalectomy. In terms of postoperative morbidity, the incidence of hypocortisolism and hypoglycemia was lower with partial adrenalectomy.


Table 4 | Partial adrenalectomy vs Total adrenalectomy in patients with primary aldosteronism.



Although the above findings suggest that partial adrenalectomy has similar surgical outcomes to total adrenalectomy and even fewer postoperative complications. However, partial adrenalectomy still has the potential to miss a true source of abnormal aldosterone. Nanba, et al. (50) used CYP11B2 immunostaining to classify postoperative pathology in patients with PA. Preoperative CT in 23 patients showed unilateral adrenal tumors, but in four (17.4%) of these patients the tumors did not show positive CYP11B2 immunostaining, suggesting that the tumors shown on CT may not be the true source of abnormal aldosterone secretion. In a case report by Ito, et al. (76), the patient had a preoperative diagnosis of right-sided PA by CT and AVS, etc. Postoperative pathology revealed multiple nodules (up to 6 mm) and hyperplasia of the zona glomerulosa by visual observation, but all these nodules were negative for CYP11B2 immunostaining, while 1 mm-sized micronodule positive for CYP11B2 immunostaining were found at other sites. The authors also encountered a case of a patient with unilateral PA who, 10 years after undergoing partial adrenalectomy on the right side, developed a recurrence in the ipsilateral adrenal gland, rediscovered APA, and underwent total adrenalectomy.Therefore, more large RCT studies and especially long- term follow-up are still needed to verify which surgical approach is of greater benefit.





8 Conclusion

PA is the most common endocrine form of secondary hypertension. Adrenalectomy for unilateral PA is effective. The patient’s preoperative factors, vascular and adipose conditions, type of pathology and somatic variants all suggest prognosis to varying degrees. Combining the indicators for analysis can better help the operator manage the patient’s prognostic expectations and target patients with potentially poorer prognoses for close monitoring of blood pressure and biochemical indicators. The emergence of the PASO consensus has set a uniform standard for the assessment of surgical outcomes in patients undergoing adrenalectomy for PA, but improvements are still needed. The use of CYP11B2 immunostaining for pathological diagnosis, as advocated by the HISTALDO consensus, can help to better identify potential sources of abnormal aldosterone secretion. Steroid profiling and functional imaging techniques offer new options for determining subtypes of PA as less invasive screening techniques. A combination of techniques and indicators allows for better early diagnosis of PA, better determination of the type of lesion and the selection of the appropriate surgical approach for timely surgical intervention in patients with unilateral PA.
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