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Editorial on the Research Topic 
 

Advances in diagnostics and management of adrenal tumors


Adrenal tumors are a heterogeneous group of tumors characterized by diverse biology and clinical courses. They may be associated with high malignant potential and/or hormonal activity, leading to multiple complications, with cardiovascular issues being the most prevalent. Diagnosing adrenal tumors often requires complex and costly laboratory and imaging procedures, which, unfortunately, in many cases, do not provide complete certainty about the diagnosis or the nature of the neoplastic process (benign, malignant, or hormonally active). A major challenge is that hormonally active adrenal tumors or potentially malignant adrenal lesions are rare or very rare. As a result, conducting research on them is particularly difficult. One of the current research directions for this group of neoplasms is biochemical research in metabolomics and proteomics, supported by bioinformatics techniques based on artificial intelligence (AI).




The latest in biochemical diagnostics of adrenal tumors

New biochemical methods for the diagnosis and monitoring of patients with adrenal tumors are currently being developed in two parallel directions. The first line of research involves classical immunological (immunochemical) methods based on the antigen-antibody reaction. In particular, automated immunochemical methods based on the chemiluminescence reaction (CLIA, ECLIA) are being evaluated, primarily as widely available, inexpensive, and easy-to-use screening tools (1). These studies include the use of these methods as screening tests in the diagnosis of patients with suspected primary aldosteronism (PA), the feasibility and clinical value of assaying various hormones, e.g. aldosterone, direct renin concentration (DRC), plasma renin activity (PRA), and cortisol in tests aimed at differentiating between different subtypes of PA, and, thirdly, the feasibility of assaying free hormone fractions in various biological materials (e.g., free cortisol in saliva) (2–4). The other direction involves chromatographic methods. New possibilities for biochemical diagnostics are opened by metabolomics research using modern analytical techniques: Liquid chromatography–mass spectrometry (LC-MS/MS), Gas chromatography/mass spectrometry (GC/MS) and others. The development of various chromatographic techniques, especially the LC-MS/MS technique, makes it possible to determine multiple hormones during a single analysis (e.g., steroid hormone profile in plasma or daily urine collection, free metanephrine profile in plasma, etc.) in routine diagnostics (5, 6). The introduction of the ability to determine hormone panels using various chromatographic techniques (mainly LC-MS/MS and GC/MS) into biochemical diagnostics enables new studies both in screening diagnosis of adrenal tumor lesions and in other diagnostic and therapeutic areas. An additional unique feature of hormonal profile studies in biological material from patients with adrenal tumors is their personalized nature, which can be used in the individual diagnostic-therapeutic process in a given group of patients (7, 8).





The latest in molecular diagnostics of adrenal tumors

Progress in the field of molecular studies in adrenal tumors has been made in the molecular characterization of pheochromocytoma, adrenal Cushing’s syndrome, PA, and adrenocortical carcinoma (ACC). F or pheochromocytomas, although some older studies reported a prevalence of germline genetic variants in 10% - 15% of the patients, more recent studies performed with NGS (Next-generation sequencing) technology describe genetic variants in up to 35% - 40% of patients (9–11). The prevalence of genetic variants in these patients has been increasing over the years as new genes such as CSDE1, H3F3A, MET, MERTK and IRP1, have been discovered (10). Furthermore, recent advances in the study of pheochromocytomas have revealed new molecular events in these tumors. In the context of adrenal Cushing’s syndrome, one of the most recent discoveries has taken place in patients with primary bilateral macronodular adrenal hyperplasia (PBMAH): the discovery of the role of variants in KDM1A in GIP-mediated cases of Cushing’s syndrome. It was reported that 100% of the patients with PBMAH and GIP-responsive Cushing’s syndrome had a germline variant in KDM1A, compared with 0% of patients from the control group (11). The discovery of genetic alterations such as ARMC5 and KDM1A in PBMAH allows early detection of PBMAH in patients’ relatives (12). Regarding PA, several genetic defects in the germline or somatic state have been identified. Although only 5% of PA are familial (13), it is currently known that approximately 90% of aldosterone-producing adenomas (APAs) are due to somatic variants in genes encoding ion channels or transporters including KCNJ5, CACNA1D, ATP1A1, and ATP2B3 (14). In recent years, new somatic variants have been identified, including a new one in CACNA1H (15). In addition, more recently, the co-existence of CTNNB1 with G Protein Subunit Alpha Q (GNAQ)/G Protein Subunit Alpha 11 (GNA11) variants has been documented in 59% of APAs (16). Finally, advances in the genetics of ACC have also been reported. Although there are not many current therapeutic options directly targeting reported ACC alterations, some studies have detected variants in TP53, BRD9, TERT, CTNNB1, CDK4, FLT4 and MDM2 as potentially targetable genetic alterations in patients with ACC (17). Utilizing blood-based NGS to characterize genomic alterations in advanced ACC is feasible in over 80% of patients, with 50% of them being potentially targetable (18). Thus, in conclusion, advances in the knowledge of the genetic context of functioning adrenal tumors have allowed a better characterization of these tumors, with important implications in the management of these patients, including the personalization of follow-up and treatment, and its importance in the face of genetic counseling for patients and their relatives.

The current Research Topic remains of high scientific and clinical interest and includes 23 articles.

The aim of the first article (Araujo-Castro et al.) was to compare the clinical presentation and laboratory hormonal diagnostics in patients with two forms of PA: familial hyperaldosteronism (FH) and primary hyperaldosteronism (PA). The study was a meta-analysis based on a systematic review of the literature to identify patients with FH. A total of 360 FH cases (246 FH type I, 73 type II, 29 type III and 12 type IV) and 830 sporadic PA patients (from the SPAIN-ALDO registry) were included in the study. Analysis of the results showed a different clinical presentation in patients with FH-I and III compared to sporadic forms of PA. In this regard, FH-I is characterized by a low prevalence of hypokalemia, while FH-III is characterized by severe aldosterone over-secretion causing hypokalemia in more than 85% of patients. The clinical and hormonal phenotype of types II and IV is similar to that of patients with sporadic PA.

Another original article (Liu et al.) focused on the evaluation of postoperative management of patients with pheochromocytoma assessing hemodynamic stability as one of the main causes of serious complications after surgical treatment, and in extreme cases leading to patient death.

The aim of this retrospective study by Canu et al. was to evaluate changes in Luteinizing hormone (LH), sex hormone binding globulin (SHBG), total testosterone (TT) and calculated free testosterone (cFT), the prevalence and type of hypogonadism and sexual function, the latter before and after androgen replacement therapy (ART) in patients with ACC treated with adjuvant mitotane therapy (AMT). The authors suggested monitoring LH, SHBG, TT and cFT and sexual function during AMT, and starting ART in hypogonadal patients with ACC with sexual dysfunction.

The research group of Araujo-Castro et al. sought to evaluate the prevalence of recurrence in patients with pheochromocytomas and sympathetic paragangliomas (PGLs; collectively referred to as PPGLs) and to identify predictors of recurrence (local recurrence and/or metastatic disease). This retrospective multicenter study included information on 303 patients with PPGLs in follow-up in 19 Spanish tertiary hospitals. The conclusions of this study are that since PPGL recurrence can occur at any time after the initial diagnosis of PPGL, it is recommended to closely follow up with all patients with PPGL, especially those with a higher risk of recurrence.

In a different article, researchers (Vetrivel et al.) performed a transcriptomic analysis of adrenal signaling pathways in different forms of endogenous Cushing’s syndrome to define areas of dysregulation and targets that can be treated. NGS analysis was performed on adrenal samples from patients with PBMAH (n = 10) and control adrenal samples (n = 8). Validation groups included cortisol-producing adenoma (CPA, n=9) and samples from patients undergoing bilateral adrenalectomy for Cushing’s syndrome (BADX-CD, n=8). This project concluded that the therapeutic effect was independent of the actions of ACTH, postulating a promising application of PPARG activation in endogenous hypercortisolism.

According to Díaz-López et al., severe hypokalemia leading to rhabdomyolysis (RML) in PA is a rare occurrence, with only a few cases reported in the last four decades. Their systematic review and case report aimed to gather all published data regarding hypokalemic RML as a presentation of PA, in order to contribute to the early diagnosis of this extremely rare condition. Early detection and management are essential to reduce the frequency of complications such as acute kidney injury.

Mansour et al. investigated an integrated diagnostic approach to predict the source of aldosterone overproduction in PA. A total of 269 patients with PA from the prospective German Conn Registry were included in this study. The integration of clinical parameters into a radiomics machine learning model improved the prediction of the source of aldosterone overproduction and subtyping in the patients.

Szatko et al. prepared a mini-review summarizing current data on the pathophysiological pathways of cardiac damage caused by catecholamines, the clinical presentation of PPGL-induced cardiomyopathies, and discussion of treatment options.

The aim of another included study (Berndt et al.) was to assess the diagnostic value of salivary cortisol and cortisone in patients with suspected hypercortisolism including 155 patients with adrenal incidentaloma, and 54 patients with suspected Cushing’s syndrome. The authors concluded that late-night salivary cortisol is not sufficiently sensitive or specific to be used for screening patients with suspected hypercortisolism. Instead, late-night salivary cortisone appears to be a promising alternative in patients with adrenal incidentaloma and salivary cortisone at 8 a.m. following the dexamethasone suppression test in patients with suspected Cushing’s syndrome.

The research group of Choromańska et al. assessed the total antioxidant/oxidant status in the plasma and urine of patients with adrenal tumors. The study group consisted of 60 patients (31 women and 29 men) with adrenal masses, classified into three subgroups: non-functional incidentaloma, pheochromocytoma and Cushing / Conn adenoma. The authors analyzed various biomarkers of antioxidant activity: Total Antioxidant Capacity, Total OxidantStatus, Oxidative Stress Index and Antiradical Activity (Radical-Scavenging Activity Assay, Ferric-Reducing Antioxidant Power). Both plasma and urine redox biomarkers can be used to assess systemic antioxidant status in patients with adrenal tumors.

Sun et al. developed a computed tomography (CT) -based radiological-clinical prediction model for evaluating the surgical difficulty of treatment using RPLA (Retroperitoneal Laparoscopic Adrenalectomy) based on data from 398 patients with adrenal tumors. The authors developed a radiological-clinical prediction model to predict the difficulty of RPLA procedures. This model was suitable, accessible, and helpful for individualized surgical preparation and reduced operative risk.

A meta-analysis by Li et al. focused on comparing the advantages of robotic posterior retroperitoneal adrenalectomy (RPRA) over laparoscopic posterior retroperitoneal adrenalectomy (LPRA). A total of 675 patients were included. It was found that RPRA is associated with a significantly shorter hospital stay compared to LPRA, while showing a comparable operative time, blood loss, conversion rate, and complication rate.

The following article (Sun et al.) described machine learning models for predicting the difficulty of retroperitoneal laparoscopic adrenalectomy by combining clinical and radiomic characteristics. These models can help surgeons evaluate surgical difficulty, reduce risks, and improve patient benefits.

In another study (Urusova et al.), the authors introduced a universal mathematical model for the differential diagnosis of all morphological types of ACC in adults. The method involves determining eight diagnostically significant indicators that enable the calculation of the probability of ACC development using specified formulas.

Zhanghuang et al. presented an interesting case report of a bilateral adrenal giant medullary lipoma and performed a review of the literature. Patients with adrenal myelolipoma complicated with sexual development disorders can be monitored after resection of the myelolipoma, prior to oculoplastic surgery. In some cases, patients with sexual development disorders may experience spontaneous relief of abnormal manifestations of the external genitalia.

Another article (Deng et al.) presented a case of ACC with liver metastases treated with systemic antitumor therapy combined with local therapy for liver lesions (mitotane combined with TACE+MWA). The treatment outcome was a partial response, and the progression free survival of the patient has been extended to approximately 28 months so far, with survival when the study was completed (September 2022).

The Research Group of Enguita et al. found significant differences in the miRNA expression profiles of paragangliomas and pancreatic neuroendocrine tumors, leading to the identification of 6 key miRNAs (miR-10b-3p, miR-10b-5p, and the miRNA families miR-200c/141 and miR-194/192) that can effectively differentiate between the two types of tumors.

A group of authors from Italy (Delbarba et al.) included a total of 24 patients with ACC in their study. Testosterone deficiency was reported in 10 patients (41.7%) at baseline. It was found that mitotane therapy exposes these patients to a further elevated risk of hypogonadism, which should be promptly recognized and treated as it may have a negative impact on quality of life.

Kimura et al. presented a prospective study on mixed corticomedullary tumors of the adrenal gland, which are extremely rare tumors characterized by an admixture of steroidogenic cells and chromaffin cells in a single tumor mass simultaneously producing adrenocortical hormones and catecholamines; in some cases, it is associated with ectopic adrenocorticotropic hormone.

An included review (Constantinescu et al.) described clinically “silent” PPGLs which are characterized by the absence of signs and symptoms associated with catecholamine excess. “Non-secretory” tumors are those with an absence of clear catecholamine secretory activity, “biochemically negative” PPGLs are those characterized by plasma or urinary metanephrines below the upper cut-offs of reference intervals and “non-functional” tumors are those with no catecholamine synthesis as determined by measurements of catecholamines in the tumor tissue.

Another case report (Weng et al.) highlighted the remarkable response of a patient with an ACC microsatellite instability-high tumor, MLH1 splice variant, and high tumor mutational burden to treatment with a novel combination of mitotane, etoposide, paraplatin and sintilimab.

The research group of Zhang et al. investigated steroid profiling by LC-MS/MS led us to select DHEA as a candidate reference hormone for cortisol secretion. Lateralization and different steroid ratios showed that each steroid and all three steroidogenic pathways may be affected in patients with PBMAH. In patients with germline ARMC5 variants, the androgen pathway was particularly dysregulated.

In the final study to be included (Mellid et al.) 23 patients carrying germline NF1 variants were found to have additional pathogenic germline variants in DLST (n=1) and MDH2 (n=2), and two somatic variants in H3-3A and PRKAR1A, revealed by targeted sequencing. Thus, the authors concluded that variants affecting genes involved in different pathways (pseudohypoxic and receptor tyrosine kinase signaling) co-occurring in the same patient could provide a selective advantage for the development of PPGL and explain the variable expressivity and incomplete penetrance observed in some patients.

In summary, this Research Topic illustrates the challenges in the diagnosis and treatment of patients with adrenal tumors along with new diagnostic and therapeutic options.
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Mixed corticomedullary tumor (MCMT) of the adrenal gland is an extremely rare tumor characterized by an admixture of steroidogenic cells and chromaffin cells in a single tumor mass simultaneously producing adrenocortical hormones and catecholamines; it is associated with ectopic adrenocorticotropic hormone (ACTH) in some cases. We reviewed and summarized clinicopathological data of 28 MCMTs, including four metastatic tumors in 26 previous reports. These reports included 21 females and 7 males, and the average tumor sizes were 4.8 ± 2.5 cm and 12.6 ± 6.4 cm in the non-metastatic and metastatic groups, respectively (P<0.001). The clinical manifestations and laboratory data were as follows: Cushing or subclinical Cushing syndrome, 58% (14/24); hypertension, 71% (17/24); elevated adrenocortical hormones, 75% (18/24); elevated catecholamines, 75% (18/24); and ectopic ACTH, 71% (10/14). All four patients with metastatic MCMTs had poor prognoses and elevated adrenocortical hormone levels; however, only two patients had elevated catecholamine levels. Immunohistochemistry was essential for the pathologic diagnosis of MCMTs. In this study, using an improved technique, we detected ectopic ACTH-producing cells in the same paraffin-embedded sections reported to be negative in our previous reports. As MCMT is composed of cells with embryologically different origins, its pathogenesis has been explained by various hypotheses. We compared MCMT to the adrenal gland of birds and the early stage of human fetuses, in which nests of chromaffin cells and steroidogenic cells admix without the formation of cortex and medulla. MCMT is characterized by the immaturity of organogenesis and might be classified as an adrenal embryonal tumor.
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Introduction

Mixed corticomedullary tumor (MCMT) of the adrenal gland is an extremely rare tumor characterized by an admixture of cell nests of both adrenal cortical and medullary cells in a single mass that produces adrenocortical steroid hormones and catecholamines (CA). MCMT also sometimes produces ectopic adrenocorticotropic hormone (ACTH) and can induce Cushing syndrome or subclinical Cushing syndrome. To date, less than 40 cases of MCMT have been reported since the first case was diagnosed in 1969. Herein, we reviewed 28 cases in 26 MCMT reports (1–26) and added some experimental data and hypotheses on the pathogenesis of MCMT.

Patients with MCMTs presented with varying levels of CA, adrenocortical hormones, and ACTH. Additionally, careful pathologic diagnosis is necessary to define adrenocortical or medullary cells using immunohistochemistry. All MCMTs previously reported were histologically confirmed. Although MCMTs were initially considered benign, 4 of the 28 patients with MCMT had distant metastases and poor prognoses. Thus, it should be considered that all MCMTs have some metastatic potential, as does pheochromocytoma (PCC).

Most MCMT studies focused on its pathogenesis because it is composed of different cell types: the medullary cells are derived from the neuro-ectodermal cells of the neural crest, and the adrenocortical cells are from the mesodermal layer, which is structurally similar to the adrenal gland. The most important difference between MCMT and the human adrenal gland is that the tumor cell nests of steroidogenic and medullary cells are randomly admixed in MCMT. In contrast, the human adrenal gland has distinct steroidogenic and medullary areas, namely the cortex and medulla. Many authors have attempted to explain the pathogenesis of this peculiar tumor through several hypotheses, including collision tumor, gene mutations, and stemness factors. Herein, we suggest perspective pathogenesis and ectopic ACTH in MCMT based on the comparative anatomy of the adrenal gland in vertebrates and human fetuses.



Clinical manifestations and laboratory findings

We reviewed the characteristics of 26 previous studies involving 28 patients, including 24 patients with non-metastatic MCMTs from 22 studies (group A) (1–14, 16, 17, 19, 21, 22, 24, 26) and 4 patients with metastatic MCMTs from 4 other reports (group B) (15, 18, 20, 23).

The average patient age was 46.4 ± 12.3 years (mean ± standard deviation [SD], range: 25−66 years) in group A and 51.8 ± 26.4 years (range: 16–78 years) in group B. There were 21 female and 7 male patients, with a female:male ratio of 3:1; group A included 19 female and 5 male patients, while group B included 2 female and 2 male patients. The clinical manifestations and laboratory data were as follows: overall, 58% (14/24) had Cushing syndrome or subclinical Cushing syndrome, which was defined as autonomous glucocorticoid production without specific signs and symptoms of Cushing syndrome (27); 71% (17/24) had hypertension, and 75% (18/24) had elevated cortisol and CA levels. Plasma and/or urine CA, including epinephrine, norepinephrine, and dopamine, and their metabolites, such as metanephrine and vanillylmandelic acid, were measured in each institute. The types of elevated CA are as follows: epinephrine plus norepinephrine plus dopamine, one; epinephrine plus norepinephrine, five; metanephrine only, two; dopamine only, one; vanillylmandelic acid, three; and elevated CA with unknown types, six; and the analysis revealed that at least 44% (8/18 cases) were epinephrine-producing. The medullary component in four cases was unassociated with CA secretion (biochemically non-functional) and was identified histopathologically (12, 18, 20, 23). Further, adrenocortical cells produced cortisol in most cases and aldosterone in two cases, and only one case produced dehydroepiandrosterone sulfate (DHEA-sulfate). Seven of 12 previous cases with elevated cortisol had unsuppressed ACTH levels, despite a hypercortisolemic state (19). The detectable ACTH level was not grossly elevated, as is usually seen from pituitary or ectopic sources (19). We added six subsequent cases from the reports after Lwin et al. (19) and found that 71% (10/14) of MCMTs had subclinical Cushing syndrome with ectopic ACTH. In cases with Cushing syndrome, ectopic ACTH syndrome was defined as ACTH dependent when the plasma ACTH level was >15 pg/ml (reference range: 10–50 pg/ml) and ACTH independent when the plasma ACTH level was <5 pg/ml based on a previous report (23). Among the eight ACTH cases examined with immunohistochemistry (2, 3, 9, 19, 22–24, 26), only three cases showed focal positivity for ACTH (2, 23, 26).



Pathology of MCMTs

MCMTs were first defined histologically as cortical cells with round, regularly shaped, and rather small nuclei, and medullary cells with basophilic cytoplasm and nuclei with more varied appearance (1). The adrenocortical and medullary components’ ratios may differ between cases. In most cases, the cortical cells have mild abnormality; however, some metastatic MCMTs had cortical cells with malignant features described as Weiss’s criteria 7 (20). Both cells of the medullary and cortical components in MCMT are apparently tumor cells similar to PCC and adrenocortical neoplasm morphology and biology. MCMT is a very peculiar tumor, and its histology may vary from case to case, especially if it is metastatic.

The mean ± SD tumor sizes of non-metastatic and metastatic MCMTs were 4.8 ± 2.5 cm (range: 2.5–11.8 cm) and 12.6 ± 6.4 cm (range: 8–22 cm), respectively. Metastatic MCMTs were larger than non-metastatic MCMTs (P<0.001). In non-metastatic MCMTs, the cortical cells were usually uniformly shaped with mild nuclear atypia and had cortical adenoma features. Meanwhile, the medullary cells had slightly basophilic cytoplasm with hyperchromatic, irregularly shaped nuclei and nucleoli arranged in a zellballen pattern, which are compatible with those of PCC. Thus, MCMT was considered a mixed tumor of cortical adenoma/carcinoma and PCC.


Immunohistochemistry

Immunohistochemistry was performed to distinguish the medullary cells from the cortical cells in the MCMTs. Chromogranin-A (CgA) and synaptophysin (SP) were the most frequently used antibodies to identify the medullary cells in 25 and 10 tumors, respectively. In addition, catecholamine synthesizing enzymes, such as tyrosine hydroxylase (TH), dopamine-b-hydroxylase (DBH), and phenylethanolamine-N-methyltransferase (PNMT), were positive in four cases (2, 9, 22, 26). Insulinoma-associated protein 1 (INSM1) was detected in one (22) case with two recently reported cases after our review (2, 9). CgA and SP were the most frequently used antibodies for confirming neuroendocrine tumors, including PCC. However, both antibodies and INSM1 are also markers for epithelial neuroendocrine tumors (eNETs) and are not specific markers for PCC. The combined use of these antibodies and TH or DBH is suitable for detecting CA-producing cells (28). The adrenocortical component was confirmed by inhibin-alpha in 11 cases, steroidogenic factor 1 (SF-1) in six cases, calretinin in four cases, and melan-A in four cases. Steroidogenic enzymes (3β-hydroxysteroid dehydrogenase; 11 β-hydroxylase [CYP11β1], p450c21, and p450c17) were positive in four cases. Among these antibodies for adrenocortical cells, SF-1 is presently the most universally used antibody to identify adrenocortical cells. The analysis of hormone products showed that the cortical cells and medullary cells were compatible with those present in adrenocortical adenoma and PCC, respectively. Electron microscopic examination was used to identify neuroendocrine granules in the cytoplasm of medullary cells and mitochondria with tubulovesicular cristae for adrenocortical cells (2, 4, 5). Sudan III stain was used for fat globules in adrenocortical cells (2, 3).

Given that Cases # 2, 3, and 9 were our own previously reported cases, we re-examined the immunohistochemical staining of ACTH using novel modalities, including an autoimmunostainer for the same buffered formalin-fixed, paraffin-embedded blocks used before. Briefly, the immunohistochemical procedures for ACTH were performed using an automated immunostainer (Benchmark, Ventana, Tucson, AZ, USA) according to the manufacturer’s protocol. The primary antibody for ACTH was mouse monoclonal, clone 02A3 (DAKO), and the final dilution was 1:100. We did not need any enhancement for materials, and the incubation time was 32 minutes. The positive control was a human pituitary gland, and the negative control was phosphate-buffered saline. There was no nonspecific ACTH staining. The results revealed that all three MCMTs clearly demonstrated cell nests of medullary cells positive for ACTH immunoreactivity (Figure 1). This suggested that some medullary cells of MCMT with subclinical Cushing syndrome could produce ectopic ACTH. These ectopic ACTH-producing tumor cells were characteristically bizarre cells with abundant basophilic cytoplasm and irregularly shaped, large nuclei located at the intersection between the nests of cortical cells and smaller medullary cells. The smaller medullary cells with mild atypia did not show ACTH immunoreactivity. It is speculated that morphologically atypical medullary cells with bizarre nuclei have some genetic changes that produce both catecholamines and ACTH simultaneously, as shown in ectopic ACTH-producing PCC (29). The lack of ACTH reactivity in previous reports with subclinical Cushing syndrome may be due to the low levels of ACTH produced by the tumor cells and the lower sensitivity of immunohistochemistry at the time of the study, resulting in false negative staining as suspected by Lwin et al. (19). The reasons of discrepancy between our results of ACTH and the original data are considered as following; Immunohistochemical principle is basically same as before, however, recent progress in immunohistochemistry using an autoimmunostainer contributed to get more sensitive and specific results compared to the years of the original technique was performed. Furthermore, immunohistochemistry is now daily used technique in pathology laboratories but not a special technique for research as used before. Both progress of instruments and human techniques may be the reasons for detecting ACTH this time. However, in the above three cases, medullary cells with mild atypia had very few cells immunoreactive to ACTH, suggesting that the grade of histological atypia of medullary cells is related to the ectopic ACTH production. The immunohistochemical data are summarized in Table 1.




Figure 1 | 
(A) Histology of mixed corticomedullary tumor (MCMT) with immunohistochemistry. The tumor is composed of nests of cortical cells with eosinophilic cytoplasm and round nuclei (C) and medullary cells with pale cytoplasm and hyperchromatic, irregularly shaped nuclei (M). Cell nests of medullary cells are positive for chromogranin-A (CgA), tyrosine hydroxylase (TH), dopamine beta-hydroxylase (DBH), and INSM1; however, cortical cells are negative for all these biological markers but positive for SF1. (B) Histology of three cases of MCMTs with subclinical Cushing syndrome. Three cases of MCMT are demonstrated. The upper and lower lines are the same cases subjected to hematoxylin-eosin and adrenocorticotropic hormone (ACTH) immunohistochemical staining, respectively. Tumor cells in the left line show mild atypia in both cortical cells and medullary cells (A), and there are few ACTH-positive cells (D). Nests of medullary cells in the middle line show small and large irregular nuclei (B) and stain positively for ACTH in the adjacent area of cortical cells (E). Medullary cells in the right line have irregularly shaped large basophilic cytoplasm and hyperchromatic large nuclei, especially those adjacent to eosinophilic cortical cells (C), and these medullary cell components strongly demonstrate ACTH immunoreactivity (F). Cortical cells in these cases show very mild atypia and are compatible with cortical adenoma.




Table 1 | Immunohistochemical markers used for identifying medullary cells and cortical cells in 28 previous reports of mixed corticomedullary tumors of the adrenal gland.





Other concurrent lesions

The previously reported MCMTs had other concurrent lesions, such as neurofibromatosis type 1 (14), myelolipoma (6, 9, 13), aldosterone-producing adrenocortical micronodules (26), and spindle cell sarcoma (4).




Metastatic MCMT

Distant metastasis was observed in four patients (15, 18, 20, 23). The metastatic sites were the liver in four patients, lung in two patients, and posterior stomach in one patient. One patient had local recurrence in addition to liver metastasis. All patients with metastasis had elevated steroid hormones (three patients with cortisol and one patient with DHEA-sulfate); however, two patients had no elevated catecholamines (20, 23). One patient only had elevated cortisol levels at the time of primary tumor diagnosis, following which the CA levels were elevated at the time of liver metastasis (18). Only one patient had both elevated CA and steroid hormone levels from the time of primary diagnosis (15). Metastatic MCMTs produced more adrenocortical hormones than CA.

Histologically, all MCMTs with metastasis had both components of cortical tumor and PCC. The histological description of the metastatic MCMTs only included information about the primary tumors without any information about the metastatic sites. One case only described the medullary component without describing the cortical component; the tumor cells had marked nuclear pleomorphism, abundant mitotic cells with atypical mitotic figures, confluent geographic tumor necrosis, and vascular invasion in the PCC component (15). Another case was described as a high-grade undifferentiated carcinoma with evident tumor necrosis and focal vascular invasion. Many of the cells were large and pleomorphic, and some were multinucleated and bizarre with frequent mitoses up to 4/high-power field with aberrant forms. A Weiss score 7 was given, indicating adrenocortical carcinoma; however, no description of the medullary component was provided (20). From these descriptions, metastatic MCMTs had features of adrenocortical carcinoma or high-grade PCC (30).

These patients had poor prognoses due to highly progressive tumors. Two patients died 18–24 months postoperatively (18, 20), while two other patients deteriorated with metastatic tumors postoperatively (15, 23).



Discussion


Terminology of MCMT with metastasis

The terms “mixed corticomedullary carcinoma” were used for three cases (15, 18, 20) and “malignant mixed corticomedullary tumor” for the other case (23). The term “corticomedullary” carcinoma provides the impression that metastasis occurs only in the cortical component and not in the medullary component. All four MCMTs with metastasis had histological components of both cortical and medullary cells; however, biologically, all had elevated steroid hormones, while two cases had unelevated CA. The term “mixed corticomedullary carcinoma” seems to be inappropriate because the medullary component is non-epithelial; instead, it should be called sarcoma when it is pathologically diagnosed as malignant. The World Health Organization Endocrine Tumor Classification 4th edition (2017) recommends using metastatic pheochromocytoma and avoiding the terms “benign” or “malignant” to classify PCC. We would like to suggest the term “metastatic MCMT” instead of “mixed corticomedullary carcinoma” or “malignant MCMT.” There were only four metastatic MCMTs in the previous reports; however, patient follow-up time was insufficient, especially in the recently reported cases, and life-long follow-up may be necessary as requested for patients with PCC.



Pathogenesis of MCMT

While previous reports have focused on the pathogenesis of MCMT, it remains unclear. The separate embryological origin of the adrenal medulla and cortex was previously suggested to favor a two clonal collision tumor (4, 5, 18). Disruption of the normal cortical-chromaffin cell interactions (paracrine interactions) by unknown mechanisms could theoretically result in trophic stimulation of both cell lineages and provide a possible explanation for the development of MCMTs (7, 14). Genetic testing was negative for RET, VHL, SDHB, SDHC, and SDHD (8). We detected immunohistochemical reactivity of SDHB in MCMTs, which ruled out SDHx gene mutations (data not shown). Only one case had NF1 (14), but majority of the tumor component of this patient was a composite PCC, and only 20% was cortical. A whole exome sequencing analysis using genomic DNA extracted from peripheral leukocytes and paraffin-embedded tumor tissue revealed no germline or somatic gene alterations (22), such as in PRKACA, CTNNB1, GNAS, ARMC5, PRKAR1A, PDE11A, or PDE8B, which have been reported in adrenal cortisol-producing adenomas (31). Moreover, no germline or somatic gene mutations were found in genes that have been reported in PCC, such as NF1, RET, VHL, SDHx, TMEM127, MAX, HIF2A, PHD1/PHD2, FH, KIF1B, DNMT3A, IDH1, or SLC25A11 (32). Among the 10 genes detected as possible pathogenic candidates, Kanzawa et al. (22) focused on fibroblast growth factor receptor 4 (FGFR4). A homozygous FGFR4-G388R germline variant was identified in MCMT, which was suggested to influence the development of the adrenocortical component but not the PCC component.

Another hypothesis is based on a genetic event in stem cells which gives rise to cells constituting the cortex and the medulla. Immunohistochemistry using various tumor stem cell-specific markers, including acetaldehyde dehydrogenase 1, CD44, CD133, Nestin, NGFR, and SOX9, revealed short spindle-positive cells scattered within the tumor, suggesting the involvement of tumor stem cells (21). Double-labeling immunohistochemistry identified the presence of a few spindle cells within the tumor immunoreactive for both cortical and medullary antigens (23). Along with the positive immunofluorescence for cancer stem cell biomarkers (OCT4, NANOG, and SOX-2), these findings indicated the involvement of primitive embryonic cells as the origin of MCMT and concluded that MCMT may not come from colliding tumors, but from a single stem cell. Chiou et al. (24) reported that the previously well-known mutations for adrenocortical adenoma (GNAS, CTNNB1, PRKAR1A, PRKACA, PDE11A, PDE8B, KCNJ5, CACNA1D) (31) and PCC (RET, VHL, NF1, SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127, MAX, EGLN1(PHD2), EPAS1(HIF2A), KIF1B, MET, FH, and H-RAS) (32) were not detected in their MCMT. However, immunohistochemistry confirmed that the stemness markers SOX2, CD44, and OCT4 were highly expressed in MCMT with greater adrenocortical adenoma density than in PCC. Several mutations were also identified in membrane receptors, such as LRP5 p.C1548F, IGFBP2 p. L21insPLL, GPR39 p.V230A, EMR2 p.S523F, which may be associated with MCMT development (24). Stemness activation may drive tumor formation, and the complex proliferative signaling caused by germline and somatic mutations may accelerate tumor growth. The mechanism by which stemness and asymmetrical tumorigenesis in the adrenal gland of MCMT are initiated remains unclear (24). Although cancer stem cells have been observed in MCMT as well as PCCs and paragangliomas (33) but also in other endocrine, non-endocrine, and neural tumors. The precise role of cancer stem cells and mutations in membrane receptors in MCMT tumor formation remains further accumulation of experiments.



MCMT and the bird/fetal adrenal gland

Apart from cancer stem cell analysis, we would like to suggest a different approach to investigate MCMT tumorigenesis based on comparative endocrinology. MCMTs are histologically similar to the adrenal gland of birds, in which the catecholaminergic tissue is dispersed in the corticosteroidogenic tissue (34). A comparative endocrinology study showed evidence of considerable interspersion of the two components of chromaffin cells and corticosteroidogenic tissues in birds and most amphibians. However, the cortex-medulla relationship in most mammals represents a division into two separate tissues through contiguous components (35).

In humans, the fetal adrenal glands are detectable around the 6th week of development, and its morphology is completed around the 7th gestational week (35). The morphological and steroidogenic functions of the fetal adrenal cortex are formed around the 7th gestational week (36). The neural crest-derived chromaffin cells stain positively for CgA and migrate toward the adrenal cortex as islands in the 6th–7th gestational weeks. These chromaffin cells initially appear as small clusters or nests scattered throughout the cortex, where they gradually invade the medial aspect of the cortical tissue along the central vein at the 7th–12th gestational weeks to gain a central position and then form around the adrenal medulla (36). However, the enzymes involved in CA biosynthesis can be detected as early as the 6th gestational week (37, 38). Therefore, the adrenal glands of birds and human fetuses at the 6th–7th gestational weeks are similar, forming an independent organ with admixed corticomedullary cell nests that produce steroid hormones and CAs. MCMT is characterized by the immaturity of organogenesis and might be classified as an embryonal tumor of the adrenal gland.



ACTH production in MCMT

Small amounts of ACTH are released within the adrenal gland during splanchnic nerve stimulation in the functionally hypophysectomized calf (39). The epithelial hypophysis has long been believed to originate from Rathke’s pouch (RP). However, experiments on some amphibian species showed that the primordium of the epithelial hypophysis originates from the anterior neural ridge and migrates underneath the brain to form an RP-like structure (40). Further, early rat embryo culture confirmed that adenohypophyseal cells originate from the rostral end of the neural plate before RP formation (41). These animal models suggest that the anterior pituitary gland also exists close to the neural crest in human fetuses. It could be hypothesized that some anterior pituitary cells may migrate into the neural crest, become part of chromaffin cell nests, and produce ACTH during medullary component formation in early fetal stages as MCMT. However, further investigations are necessary to confirm this hypothesis.
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The aim of the study was to assess the total antioxidant/oxidant status in the plasma and urine of patients with adrenal tumors. The study group consisted of 60 patients (31 women and 29 men) with adrenal masses, classified into three subgroups: non-functional incidentaloma, pheochromocytoma and Cushing’s/Conn’s adenoma. The number of patients was set a priori based on our previous experiment (α = 0.05, test power = 0.9). Antioxidant activity (Total Antioxidant Capacity (TAC), Total Oxidant Status (TOS), Oxidative Stress Index (OSI)) and antiradical activity (Radical-Scavenging Activity Assay (DPPH), Ferric-Reducing Antioxidant Power (FRAP)) were measured using colorimetric methods. FRAP level was decreased in plasma and urine incidentaloma (p<0.0001), pheochromocytoma (p<0.0001) and Cushing’s/Conn’s adenoma (p<0.0001), while DPPH antiradical activity only in plasma of patients with adrenal masses (p<0.0001). Plasma TAC was increased in incidentaloma patients (p=0.0192), whereas in pheochromocytoma group (p=0.0343) was decreased. Plasma and urine TOS (p<0.0001) and OSI (p<0.01) were significantly higher in patients with adrenal tumors. In pheochromocytoma patients, plasma and urine TAC (p=0.001; p=0.002), as well as plasma plasma DPPH (p=0.007) and urine FRAP (p=0.017) correlated positively with normethanephrine. We are the first who showed reduced radical scavenging capacity in the plasma/urine of patients with adrenal masses. Nevertheless, plasma TAC was significantly higher in the incidentaloma group compared to controls. Therefore, plasma and urinary antioxidant and antiradical activities depend on the presence of the tumor. Lower levels of TAC, DPPH and FRAP clearly indicate a reduced ability to scavenge free radicals and thus a lack of effective protection against oxidative stress in patients with adrenal tumors. Both plasma and urine redox biomarkers can be used to assess systemic antioxidant status in adrenal tumor patients.
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Introduction

Although malignant adrenal tumors are rare, with 1-2 cases per 1 million people a year, benign adrenal masses are the most common of all tumors in humans (1). Typically, they are detected incidentally during diagnostic imaging due to other diseases, hence the term incidentaloma (2). Adrenal masses occur in up to 5% of the adult population, with malignancy rates in 1–12% (3). Even though, most of these masses are benign and nonfunctional, 1–15% may cause overproduction of hormones (aldosterone, cortisol or catecholamines) (3–5). Unfortunately, the pathogenesis of adrenal tumors is not fully understood. Currently, it is believed that most of them are caused by genetic abnormalities (6). Hypoxia-induced factor (HIF-1) deregulation has been involved in the pathogenesis of cancer secreting catecholamines (7). Indeed, the VHL/HIF axis mutation is most common in pheochromocytoma (8). Recent research has brought awareness to the key role of oxidative stress (OS) in cancer development (9–11). Reactive oxygen species (ROS) and HIF-1 interact with each other, intensifying the process of carcinogenesis under hypoxic conditions (12–14). In response to hypoxia, HIF-1 activation leads to an increased activity of NADPH oxidase, the main source of ROS in a cell (15). Overproduction of ROS disrupts cellular metabolism including many signaling pathways (NF-κB, PI3 kinase, MAPK or p21RAS) and induces oxidative damage to lipids and proteins (16, 17). The accumulated products of lipid and protein oxidation are cytotoxic increasing the structural and functional damage to cell organelles and inducing apoptosis (18). Further on, overproduction of ROS can damage nucleic acids and lead to cell death through necrosis (16). Therefore, aerobic organisms have developed a defense mechanism in the form of antioxidant barrier (19). Until now, little is known about the interaction of oxidants and antioxidants in the development of adrenal tumors. In our previous study, we have described abnormalities in both enzymatic and non-enzymatic antioxidant barrier (20). However, it is not known how the total antioxidant status changes in patients with adrenal tumors. The compounds with antioxidant properties can interact additively or synergistically with each other (21, 22). Therefore, total antioxidant capacity better characterizes the redox status of the biological system than the determination of individual antioxidants separately (23, 24). Therefore, the aim of this study was to evaluate the total antioxidant potential using various methods: total antioxidant capacity (TAC), iron reducing antioxidant power (FRAP) and the DPPH (2,2′-diphenyl-1-picrylhydrazyl) radical scavenging activity. Redox status was also assessed by measuring the total oxidant status (TOS) and the oxidative stress (OSI) index. Thus, the results of our study will provide an answer to the question: is the oxidation-reduction equilibrium shifted towards the oxidation?

Adrenal tumors may not show specific clinical symptoms and are usually detected accidentally. Due to their diversity, diagnostics are complicated and burdensome for the patient. Therefore, it is important to search new, more specific and sensitive markers in the material collected in a non-invasive manner. Importantly, the total antioxidant potential depending on the biological fluid (plasma, serum, urine, etc.). However, there are no studies characterizing the antioxidant status in different diagnostic biomaterials of patients with adrenal tumors. Therefore, the aim of our study was also a comparative evaluation of the total antioxidant capacity in the plasma and urine to assess their diagnostic utility.



Materials and methods

The study was designed and conducted in accordance with the Guidelines for Good Clinical Practice and the Declaration of Helsinki. The study was also approved by the Bioethics Committee of the Medical University of Bialystok (code of permission: R-I-002/66/2015, APK.002.341.2020). All patients gave their informed consent to participate in this study.

The inclusion criterion for the study group was the presence of an adrenal tumor, while the control group included generally healthy subjects. The diagnosis of adrenal tumor was performed in the departments of internal diseases with an endocrine profile. The subjects from both study and control groups were qualified for the study based on a negative medical history concerning: neoplastic diseases, metabolic diseases (osteoporosis, gout, mucopolysaccharidosis, insulin resistance and type 1 diabetes), cardiovascular diseases, autoimmune diseases (ulcerative colitis, Hashimoto’s disease and Crohn’s disease), diseases of the genitourinary, digestive and respiratory systems, infectious diseases (HIV/AIDS, hepatitis A, B and C), acute inflammation, as well as pregnancy in women. The participants of the study were not abusing alcohol nor smoking. Additional exclusion criteria were taking nonsteroidal anti‐inflammatory drugs, glucocorticosteroids, antibiotics and antioxidant supplements (including iron preparations) for three months before collecting material for the study. Patients in all groups were on a diet (2000 kcal, including 55% carbohydrates, 30% fat, and 15% protein) determined by a dietician.

The study group consisted of 60 patients (31 women and 29 men aged from 50 to 65 years) with adrenal masses diameter > 4 cm and < 8 cm, who were treated using endoscopic adrenalectomy at the First Department of General and Endocrine Surgery at the University Hospital in Bialystok. The patients were classified into three subgroups: patients with non-functional incidentaloma (n=20), pheochromocytoma (n=20) and Cushing’s/Conn’s adenoma (n=20). In the adenoma subgroup Cushing’s syndrome was diagnosed in 11 patients and Conn’s syndrome in 9 patients. Preoperatively patients with Conn’s syndrome received potassium supplementation or spironolactone (aldosterone receptor blocker). Patients with phaeochromocytoma took doxazosin (a selective alpha-1-adrenergic receptor blocker) for 10 to 14 days before surgery to avoid intraoperative hypertensive crisis.

The control group included 60 healthy people (31 women and 29 men aged 50 to 65) whose blood counts and biochemical blood tests (Na+, K+, ALT, AST, creatinine and INR) were within the reference values. The subjects underwent abdominal ultrasound, which showed no abnormalities. The patients of the controls group were treated at the Specialist Dental Clinic at the Medical University of Bialystok.

The clinical and laboratory characteristics of the control and study groups are shown in Table 1.


Table 1 | Clinical and routine laboratory characteristics of the controls, incidentaloma, pheochromocytoma, and Cushing’s/Conn’s adenoma patients.




Blood and rine collection

All samples from healthy individuals and patients with adrenal mass were collected in a fasting state. The patients declared, that they did not perform intense physical activity twenty-four hours prior to blood sampling. Blood samples were collected into EDTA and serum tubes (SARSTEDT, S-Monovette) and centrifuged at 4°C, 1789 x g for 10 minutes. The urine samples were collected in a sterile disposable container from the first-morning portion of urine from the middle stream immediately after bedtime and centrifuged at 252 x g for 5 minutes. In order to protect against oxidation, the supernatant was added (10 µl of 0.5 M BHT/1 ml of plasma/serum and urine) and stored at -80°C until appropriate determinations were made.



Laboratory measurements

Serum cortisol before 10 a.m., serum aldosterone, Na+, K+, glucose, and urine methanephrine and normethanephrine, as well as full blood count were analyzed using an Abbott analyzer (Abbott Diagnostics, Wiesbaden, Germany).



Redox assays

All reagents used to perform the redox assays were obtained from Sigma-Aldrich (Nümbrecht, Germany/Saint Louis, MO, USA). The absorbance of the samples was measured using Mindray MR-96 Microplate Reader (Mindray, Nanshan, China). Determinations of all tested parameters were carried out in triplicate samples. The results were standardized to 1 mg of total protein.



Antioxidant/oxidant activity tests


Total antioxidant capacity

The level of plasma total antioxidant capacity (TAC) was determined using ABTS (2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid) radical cation and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as a standard. Absorbance was read spectrophotometrically at 660 nm (25).



Total oxidant status

In the presence of the oxidants contained in the sample, the level of plasma total oxidant status (TOS) was evaluated bichromatically at 560/800 nm based on the oxidation reaction of Fe2+ to Fe3+ (26).



Oxidative stress index (OSI)

Oxidative stress index (OSI) was counted as TOS to TAC ratio: OSI = TOS/TAC (27).




Antiradical activity tests


Radical-scavenging activity assay (DPPH)

The antioxidant potential of plasma and urine was also assayed using DPPH (1,1-diphenyl-2- picrylhydrazyl) radical and Trolox as a standard (22). The absorbance of DPPH, after decolorization in the presence of antioxidants, was measured spectrophotometrically at 515 nm.



Ferric-reducing antioxidant power

The level of ferric-reducing antioxidant power (FRAP) was assayed using the reduction reaction of Fe2+ to Fe3+ an acidic environment. Absorbance of the resulting a colorful ferrous tripyridyltriazine (Fe3+-TPTZ) complex was measured colorimetrically at 592 nm (28).




Hydrophilic antioxidants and hydrogen peroxide


Uric acid (UA)

UA concentration was analyzed using Abbott analyzer (Abbott Diagnostics, Wiesbaden, Germany).



Ascorbic acid

AA concentration was determined colorimetrically using Folin-Ciocalteu reagent. The absorption of the color product formed in the reaction between AA and Folin-Ciocalteu reagent was measured at 760 nm (29).



Albumin

The concentration of albumin was determined colorimetrically using bromocresol green solution. The absorbance was measured at 628 nm wavelength in the reaction between albumin and bromocresol green in succinate buffer.



The total phenolic content

TPC was assayed according to the Folin–Ciocalteu colorimetric method (30). The absorption was measured at 760 nm in the reaction between phenols and Folin–Ciocalteu reagent.



Total thiols

Total thiols concentration was measured colorimetrically at 420 nm using Ellman’s reagent (31). The concentration of thiol groups was counted on the basic of the calibration curve using reduced glutathione (GSH) as a standard.



Hydrogen peroxide

The concentration of H2O2 was measured using commercially available kit (The Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit; Invitrogen, Molecular Probes, Paisley, United Kingdom) according to the manufacturer’s instructions. The H2O2 concentration was determined immediately after centrifuging the sample.




Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, La Jolla, USA) and Microsoft Excel 16.49 for MacOS. The Shapiro–Wilk test were used to evaluate the distribution of the results and data were presented as mean ± SD. The homogeneity of variance was checked by Levine’s test. The groups were compared using one-way analysis of variance ANOVA with Tukey’s post-hoc test. Multiplicity adjusted p value was also calculated. Correlations between biomarkers and clinical parameters were assessed based on the Pearson correlation coefficient. Statistically significant value was p ≤ 0.05.

The number of patients was determined a priori based on the previous pilot study (n = 40). The power of the test was assumed as 0.9 and α = 0.05. Variables used for sample size calculation were plasma and urine TAC, TOS and FRAP. The ClinCalc online calculator provided the sample size for one group. The minimum number of patients was 17.




Results

Table 1 demonstrates a comparison of the clinical and laboratory characteristics of the controls and patients with adrenal masses: incidentaloma, pheochromocytoma, and Cushing’s/Conn’s adenoma. We found higher BMI values and serum glucose concentration in all study subgroups compared to the healthy controls. The PLT content was decreased in patients with incidentaloma and Cushing’s/Conn’s adenoma than in the controls and patients with pheochromocytoma. Urinary metanephrine and normetanephrine were increased in the pheochromocytoma group than the controls and incidentaloma and Cushing’s/Conn’s adenoma patients. However, concentration of serum cortisol and aldosterone were higher in Cushing’s/Conn’s adenoma group as compared to the controls.


Plasma and urine concentration of total antioxidant capacity in patients with adrenal tumors

The TAC test is used to assess total antioxidant activity, especially non-enzymatic antioxidant activity. The TAC test determines the activity of known and unknown antioxidants and detects the synergism between the antioxidants (32, 33). Interestingly, plasma TAC was increased in incidentaloma patients (+29%, p=0.0192), whereas in pheochromocytoma group was decreased (-27%, p=0.0343) as compared with the controls. Additionally, plasma TAC was greater in incidentaloma group (+77%, p<0.0001; +60%, p=0.0006; respectively) than the pheochromocytoma and Cushing’s/Conn’s adenoma patients (Figure 1A). In urine TAC values was significantly diminished in patients with adrenal masses: incidentaloma (-27%, p=0.0001), pheochromocytoma (-20%, p=0.0063) and Cushing’s/Conn’s adenoma (-21%, p=0.0037) in comparison with the controls (Figure 1B). However, plasma/urine index of TAC was enhanced only in incidentaloma patients (+90%, p<0.0001; +101%, p<0.0001; +55%, p=0.0015; respectively) than the controls, pheochromocytoma and Cushing’s/Conn’s adenoma (Figure 1C).




Figure 1 | Plasma TAC (A), TOS (D) and OSI (G), urine TAC (B), TOS (E) and OSI (H), and plasma/urine index of TAC (C), TOS (F) and OSI (I) of the controls, incidentaloma, pheochromocytoma, and Cushing’s/Conn’s adenoma patients. Results are presented as mean with standard deviation. *p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001 indicate significant differences from the controls; ^ p<0.05, ^^ p<0.01, ^^^^p<0.0001 indicate significant differences from the pheochromocytoma group; ~~ p<0.01, ~~~ p<0.001 indicate significant differences from the Cushing’s/Conn’s group; total antioxidant capacity (TAC), total oxidant status (TOS) and oxidative status index (OSI).





Plasma and urine concentration of total oxidant status in patients with adrenal tumors

TOS is indicator to determine all oxidants in the sample, which can more specifically reflect the changes of oxidant capacity than various oxidants measured separately. We found significantly higher values of plasma and urine TOS in all study subgroups: incidentaloma (+214%, p<0.0001; +184%, p<0.0001), pheochromocytoma (+313%, p<0.0001; +375%, p<0.0001) and Cushing’s/Conn’s adenoma (+229%, p<0.0001; +200%, p<0.0001) than the healthy controls. Moreover, plasma TOS was increased in pheochromocytoma (+31%, p=0.0082; +26%, p=0.0336; respectively) than the incidentaloma and Cushing’s/Conn’s adenoma. Similarly to plasma, in urine patients with pheochromocytoma (+67%, p=0.0245; +58%, p=0.0462; respectively) had greater value than the incidentaloma and Cushing’s/Conn’s adenoma patients (Figures 1D, E). Plasma/urine index of TOC did not differ between study groups (Figure 1F).



Plasma and urine oxidative stress index in patients with adrenal tumors

We noticed increased OSI in plasma of pheochromocytoma (+421%, p<0.0001) and Cushing’s/Conn’s adenoma (+304%, p=0.0003) patients as compared to the healthy controls. Further on, plasma OSI was greater in pheochromocytoma (+123%, p=0.009) than incidentaloma patients (Figure 1G). In urine OSI was enhanced in all study subgroups: incidentaloma (+292%, p=0.0012), pheochromocytoma (+533%, p<0.0001) and Cushing’s/Conn’s adenoma (+288%, p=0.0015) in comparison with the controls (Figure 1H). We did not find any differences in plasma/urine index of OSI in study groups (Figure 1I).



Plasma and urine antiradical activity in patient with adrenal tumors

The antiradical activity is usually determined by measuring the scavenging of the synthetic radical 2,2′-diphenyl-1-picrylhydrazyl (DPPH). It is also measured in ferric reducing antioxidant power (FRAP) assay. The reduction assays assume that antioxidants are reducing agents which react with free radicals (33, 34). We observed markedly lower plasma DPPH in all patients with adrenal masses: incidentaloma (-57%, p<0.0001), pheochromocytoma (-65%, p<0.0001) and Cushing’s/Conn’s adenoma (-61%, p<0.0001) than the controls (Figure 2A). Whereas, in urine, DPPH was decreased only in Cushing’s/Conn’s adenoma patients (-37%, p=0.0056) as compared to the controls (Figure 2B). However, plasma/urine index of DPPH was diminished in pheochromocytoma (-33%, p=0.0003) and Cushing’s/Conn’s adenoma (-22%, p=0.0289) in comparison with the controls (Figure 2C).




Figure 2 | Plasma DPPH (A) and FRAP (D), urine DPPH (B) and FRAP (E), and plasma/urine index of DPPH (C) and FRAP (F) of the controls, incidentaloma, pheochromocytoma, and Cushing’s/Conn’s adenoma patients. Results are presented as mean with standard deviation. *p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001 indicate significant differences from the controls; 2,2′-diphenyl-1-picrylhydrazyl radical (DPPH) and ferric reducing antioxidant power (FRAP).



The plasma and urine FRAP was significantly decreased in all study subgroups: incidentaloma (-55%, p<0.0001; -46%, p<0.0001), pheochromocytoma (-54%, p<0.0001; -41%, p<0.0001) and Cushing’s/Conn’s adenoma (-53%, p<0.0001; -37%, p<0.0001) as compared to the controls (Figures 2D, E). However, there were no differences between the study groups in the plasma/urine index of FRAP (Figure 2F).



Serum/plasma and urine concentration of selected antioxidants and hydrogen peroxide

Table 2 presents levels of selected antioxidants and hydrogen peroxide.


Table 2 | The serum/plasma and urine concentration of selected antioxidants and hydrogen peroxide of the controls, incidentaloma, pheochromocytoma, and Cushing’s/Conn’s adenoma patients.



We found diminished concentration of UA only in plasma of incidentaloma patients (-19%, p=0.0056), while in urine the UA concentration was lower in all study groups: incidentaloma (-25%, p<0.0001), pheochromocytoma (-24%, p<0.0001) and Cushing’s/Conn’s adenoma (-29%, p<0.0001) in comparison with the controls.

The plasma content of AA was decreased in patients with adrenal incidentaloma (-12%, p=0.0335), pheochromocytoma (-16%, p=0.0031) and Cushing’s/Conn’s adenoma (-16%, p=0.0037), whereas in urine content of AA was lower in pheochromocytoma (-26%, p=0.011) and Cushing’s/Conn’s adenoma (-27%, p=0.0085) than the controls.

We observed decreased concentration of serum albumin in patients with adrenal masses: incidentaloma (-16%, p=0.0168), pheochromocytoma (-16%, p=0.0206) and Cushing’s/Conn’s adenoma (-14%, p=0.0068) than the controls.

The plasma content of total thiols in patients with incidentaloma was increased (+26%, p=0.018) while in pheochromocytoma was diminished (-24%, p=0.0331) as compared to the controls. Additionally, patients with incidentaloma had higher plasma total thiols content than pheochromocytoma (+65%, p<0.0001) and Cushing’s/Conn’s adenoma (+42%, p=0.0033) groups.

Patients with incidentaloma had lower content of serum and urine (-42%, p=0.0034; -23%, p=0.029) TPC than the controls, whereas Cushing’s/Conn’s adenoma had decreased only in serum.

We observed increased concentration of H2O2 in plasma and urine of patients with adrenal masses: incidentaloma (+168%, p<0.0001; +40%, p<0.0001), pheochromocytoma (+60%, p=0.0004; +21%, p=0.0058) and Cushing’s/Conn’s adenoma (+48%, p=0.0082; +26%, p=0.0005) than the controls. Interestingly, plasma concentration of H2O2 was greater in incidentaloma patients than pheochromocytoma (+36%, p<0.0001) and Cushing’s/Conn’s adenoma (+82%, p<0.0001) groups.



Correlations between the analyzed redox biomarkers and clinical parameters in the controls

In the controls, plasma TAC correlated highly positively with urine TAC (R=0.981, p<0.0001), plasma DPPH (R=0.886, p<0.0001) and plasma FRAP (R=0.945, p<0.0001), as well as negatively with plasma OSI (R=-0.724, p<0.0001). Plasma OSI was associated positively with urine OSI (R=0.541, p<0.0001), and negatively with plasma DPPH (R=-0.573, p<0.0001) and plasma FRAP (R=-0.604, p<0.0001). The positive associations were between plasma DPPH and plasma FRAP (R=0.858, p<0.0001), plasma DPPH and urine DPPH (R=0.797, p<0.0001), plasma FRAP and urine FRAP (R=0.775, p<0.0001), urine TAC and urine DPPH (R=0.838, P<0.0001), urine TAC and urine FRAP (R=0.812, p<0.0001), urine TOS and urine OSI (R=0.904, p<0.0001), and urine DPPH and urine FRAP (R=0.702, p<0.0001). We observed negative correlation between plasma TOS and plasma DPPH (R=-0.291, p=0.024), urine TAC and urine OSI (R=-0.63, p<0.0001), urine TAC and urine TOS (R=-0.308, p=0.017), urine TOS and urine FRAP (R=-0.27, p=0.037), urine OSI and urine DPPH (R=-0.444, p<0.0001), as well as urine OSI and urine FRAP (R=-0.52, p<0.0001). Moreover, BMI correlated positively with cortisol (R=0.415, p=0.023), and negatively with urine TOS (R=-0.481, p=0.007) and urine OSI (R=-0.435, p=0.016). Plasma FRAP was positively associated with glucose (R=0.4, p=0.035), while normethanephrine correlated positively with cortisol (R=0.282, p=0.029) and methanephrine (R=0.854, p<0.0001). Plasma UA correlated positively with plasma TPC (R=0.713, p<0.0001), plasma and urine TAC (R=0.879, p<0.0001; R=0.889, p<0.0001), plasma and urine DDPH (R=0.852, p<0.0001; R=0.779, p<0.0001), plasma and urine FRAP (R=0.832, p<0.0001; R=0.705, p<0.0001), and negatively with plasma and urine OSI (R=-0.608, p<0.0001; R=-0.504, p<0.0001). Plasma TPC was associated positively with TAC (R=0.77, p<0.0001; R=0.779, p<0.0001), DDPH (R=0.645, p<0.0001; R=0.618, p<0.0001), FRAP (R=0.772, p<0.0001; R=0.632, p<0.0001), and negatively with plasma and urine OSI (R=-0.6, p<0.0001; R=-0.506). Urine UA positively correlated with plasma UA (R=0.691, p<0.0001) and plasma TPC (R=0.495, p<0.0001). We observed positive correlation between plasma TPC and plasma UA (R=0.713, p <0.0001) and glucose (R=0.382, p=0.045). The urine albumin was positively associated with plasma albumin (R=0.412, p=0.001) and BMI (R=0.415, p=0.023). (Figure 3A).




Figure 3 | Correlations between the analyzed redox biomarkers and clinical parameters in in plasma and urine of the controls (A) and patients with incidentaloma (B), pheochromocytoma (C), and Cushing’s/Conn’s adenoma (D). Ferric reducing antioxidant power (FRAP), 2,2′-diphenyl-1-picrylhydrazyl radical (DPPH), oxidative status index (OSI), total oxidant status (TOS), total antioxidant capacity (TAC), body mass index (BMI).





Correlations between the analyzed redox biomarkers and clinical parameters in incidentaloma patients

In incidentaloma patients, plasma TAC was associated positively with plasma DPPH (R=0.712, p=0.001), plasma FRAP (R=0.714, p=0.001) and urine TAC (R=0.943, p<0.0001), as well as negatively with plasma OSI (R=-0.866. p<0.0001). The positive correlations were between plasma TOS and plasma OSI (R=0.733, p<0.0001), plasma OSI and urine OSI (R=0.613, p=0.005), plasma FRAP and urine FRAP (R=0.759, p<0.0001), urine TAC and urine DPPH (R=0.697, p=0.001), urine TAC and urine FRAP (R=0.84, p<0.0001), urine TOS and urine OSI (R=0.594, p=0.006), as well as urine DPHA and urine FRAP (R=0.563, p=0.015). Whereas. we found negative associations between plasma TOS and plasma DPPH (R=-0.498, p=0.025), plasma OSI and plasma DPPH (R=-0.844, p<0.0001), plasma OSI and plasma FRAP (R=-0.493, p=0.032), as well as urine TAC and urine OSI (R=-0.553, p=0.011). Further on, plasma TOS negatively correlated with normethanephrine (R=-0.448, p=0.048), whereas urine TOS wit serum albumin (R=-0.519, p=0.019). We observed positive correlations between cortisol and methanephrine (R=0.485, p=0.03), cortisol and urine OSI (R=0.496, p=0.026), methanephrine and normethanephrine (R=0.781, p<0.0001), methanephrine and aldosterone (R=0.529, p=0.017), as well as normethanephrine and aldosterone (R=0.483, p=0.031). Plasma total thiols was positively associated with plasma and urine TAC (R=0.484, p=0.036; R= 0.482, p=0.032) as well as with aldosterone (R=0.549, p=0.12), whereas urine total thiols correlated with urine UA (R=0.464, p=0.039). We found negative correlation between plasma AA and plasma FRAP (R=-0.553, p=0.012) and urine TOS (R=-0.501, p=0.024). Urine AA was positively associated with TOS (R=0.722, p<0.0001) and OSI (R=0.589, p=0.006) in urine. Urine TPC negatively correlated with urine FRAP (R=-0.552, p=0.014). Plasma H2O2 was associated positively with urine albumin (R=0.586, p=0.03) (Figure 3B).



Correlations between the analyzed redox biomarkers and clinical parameters in pheochromocytoma patients

In pheochromocytoma subgroup, plasma TAC correlated positively with plasma DPPH (R=0.815, p<0.0001), plasma FRAP (R=0.61, p=0.004) and urine TAC (R=0.973, p<0.0001), whereas negatively plasma OSI (R=-0.711, p<0.0001). We found positive associations between plasma TOS and plasma OSI (R=0.494, p=0.027), plasma DPPH and urine DPPH (R=0.451, p=0.046), plasma FRAP and urine FRAP (R=0.458, p=0.049), urine TAC and urine DPPH (R=0.639, p=0.002), urine TAC and urine FRAP (R=0.835, p<0.0001). Methanephrine was associated positively with normethanephrine (R=0.631, p=0.003), plasma and urine TAC (R=0.877, p<0.0001; R=0.83, p<0.0001), as well as negatively with urine H2O2 (R=-0.474, p=0.035), DPPH (R=0.633, p=0.003; R=0.76, p<0.0001), and FRAP (R=0.511, p=0.021; R=0.515, p=0.024). We observed that normethanephrine correlated positively with plasma and urine TAC (R=0.698, p=0.001; R=0.657, p=0.002), plasma DPPH (R=0.586, p=0.007) and urine FRAP (R=0.54, p=0.017), as well as negatively with plasma OSI (R=-0.525, p=0.017). The negative correlation was also between plasma OSI and plasma DPPH (R=-0.869, p<0.0001). Plasma UA was positively associated with urine FRAP (R=0.521, p=0.027) and negatively with plasma OSI (R=-0.465, p=0.045). We observed positive correlation between plasma TPC and urine DPPH (R=0.462, p=0.047). Plasma total thiols was negatively associated with serum albumin (R=-0.553, p=0.011). We found positive correlation between urine AA and aldosterone (R=0.503, p=0.033) (Figure 3C).



Correlations between the analyzed redox biomarkers and clinical parameters in Cushing’s/Conn’s adenoma patients

In Cushing’s/Conn’s adenoma patients, plasma TAC highly positively correlated with plasma DPPH (R=0.637, p=0.002), plasma FRAP (R=0.782, p<0.0001) and urine TAC (R=0.956, p<0.0001). The positive correlations were between plasma DPPH and plasma FRAP (R=0.58, p=0.007), plasma DPPH and urine DPPH (R=0.674, p=0.001), plasma FRAP and urine FRAP (R=0.516, p=0.02), urine TAC and urine DPPH (R=0.852, p<0.0001), urine TAC and urine FRAP (R=0.527, p=0.017), urine TOS and urine OSI (R=0.821, p<0.0001), and urine DPPH and urine FRAP (R=0.469, p=0.037). Additionally, plasma DPPH was associated negatively with cortisol (R=-0.569, p=0.009), whereas methanephrine positively with normethanephrine (R=0.457, p=0.043). We found positive correlation between plasma UA and normethanephrine (R=0.522, p=0.018). Plasma and urine total thiols correlated positively with glucose (R=0.468, p=0.05; R=0.535, p=0.022). The positive correlations were between plasma serum albumin and normethanephrine (R=0.486, p=0.035), as well as urine TPC and BMI (R=0.461, p=0.041), whereas negative correlations were between plasma TPC and plasma AA (R=-0.542, p=0.017), as well as urine albumin and urine UA (R=-0.49, p=0.028). Plasma H2O2 was negatively associated with normethanephrine (R=-0.541, p=0.014), plasma UA (R=-0.45, p=0.046) and plasma albumin (R=-0.534, p=0.019), while urine H2O2 positively associated with BMI (R=0.477, p=0.033). (Figure 3D).




Discussion

In recent years, many studies have been conducted trying to explain the pathogenesis of cancer. The burden of cancer continues to increase worldwide. According to the World Health Organization (WHO), cancer is the second leading cause of death in the world, accounting for approximately 9.6 million deaths in 2018 (35). Numerous studies suggest that redox imbalance may be a factor predisposing to cancer development (9, 36, 37). However, it has not yet been clarified in what direction the redox equilibrium is shifted and whether these disorders may be involved in the development of adrenal tumors. This is the first study to evaluate the total antioxidant potential in patients with adrenal tumors. Additionally, we compared redox status depending on the type of the tumor: incidentaloma, pheochromocytoma and Cushing’s/Conn’s adenoma.

Antioxidants can act additively or synergistically, and can be absorbed and utilized in the body in different ways (38). Therefore, the assessment of total antioxidant activity provides more reliable information about the biological system than the assessment of individual antioxidants separately (21). There are many different methods for measuring total antioxidant activity. The contribution of individual antioxidants varies, because the same antioxidants have different reactivity in various methods (39, 40). Moreover, in order to correctly measure total antioxidant activity, it is recommended to perform at least two different tests. These methods use the ability of the test compound or product to scavenge free radicals and/or metal ions involved in the oxidation reaction.

It is also important to distinguish between antioxidant and antiradical activity. Antioxidant activity is characterized by the ability to inhibit the oxidation process, while antiradical activity is the ability to react with free radicals (41). In our study, we demonstrated reduced radical scavenging capacity in patients with incidentaloma (↓DPPH and ↓FRAP in plasma), pheochromocytoma (↓DPPH in plasma, ↓FRAP in plasma and urine) and Cushing’s/Conn adenoma (↓DPPH and ↓FRAP in plasma and urine) compared to the control group. Antioxidant capacity assessed in the TAC assay was also decreased in the plasma of pheochromocytoma patients and in the urine of all patients with adrenal masses. Nevertheless, plasma TAC levels were also significantly higher in the incidentaloma group compared to controls.

The DPPH test uses stable 1,1-diphenyl-2- picrylhydrazyl free radical and thus reflects the radical scavenging process and antiradical activity (33). The FRAP method is based on the reduction of iron ions by antioxidants contained in the sample (42). The contribution of individual antioxidants to the total antioxidant potential varies depending on the test used. Due to low pH = 3.6, share of GSH and thiol groups in the total antioxidant potential is significantly lower in the FRAP assay than in DPPH and TAC methods (22, 28). Therefore, plasma FRAP much better reflect the antioxidant potential of the human body (38).

In our study, we observed decreased plasma DPPH and FRAP in all study groups: incidentaloma, pheochromocytoma and Cushing’s/Conn’s adenoma. This suggests depletion of antioxidant reserves and/or increased free radical production in patients with adrenal masses. This is confirmed by the decrease in blood hydrophilic antioxidants such as AA and albumin compared to controls. TPC content was also significantly reduced in patients with incidentaloma and Cushing’s/Conn’s adenoma. In contrast, in urine we found a decrease in UA, the most important of the antioxidants in this biological fluid. Urinary AA concentrations were also significantly lower in patients with pheochromocytoma and Cushing’s/Conn’s adenoma. Although we did not directly evaluate the rate of ROS production in our patients, total oxidative potential (TOS) was significantly higher in adrenal cancer cases as compared to heathy controls. This parameter expresses the total oxidant content in the biological material and may indicate increased ROS formation in patients with adrenal masses. Importantly, this biomarker indicates an increase in both free-radical and non-radical oxidant species.

TAC measures only part of the antioxidant capacity, i.e. non-enzymatic activity, and is mainly influenced by antioxidants present at the highest concentrations. Uric acid and thiol protein groups have the largest share in TAC in human plasma (32). Therefore, the higher plasma TAC in incidentaloma patients may be due to an increased pool of circulating thiols. Indeed, total thiol levels were significantly higher only in patients with incidentaloma. This can be also evidenced by the correlations we found in our study. Plasma thiols was positively associated with plasma and urine TAC (R=0.484, p=0.036; R= 0.482, p=0.032) as well as with aldosterone (R=0.549, p=0.12). It also suggests an adaptive response to overproduction of ROS. The strengthening of the antioxidant barrier is the primary protective mechanisms against systemic oxidative stress. In this study, in addition to TOS, we also evaluated hydrogen peroxide production. H2O2 is not a free radical. Nevertheless, it has the ability to migrate through cell membranes and, in high concentrations, exhibits a strong cytotoxic effects. Hydrogen peroxide levels were significantly higher in the plasma of incidentaloma group compared to patients with other adrenal masses and healthy controls.

However, we also observed diminished plasma TAC in patients with pheochromocytoma. This may be a result of decreased plasma concentration of GSH, the major non-enzymatic antioxidant in these patients (20). Lower GSH concentrations lead to the intensification of the inflammatory process with an increase in the secretion of inflammatory mediators: IL-1β and TNF-α. Depletion of glutathione reserves also promotes oxidative and carbonyl stress, which may be responsible for the development of metabolic complications of adrenal tumors. However, further studies are needed to clarify the sources of increased ROS production in adrenal tumor cases.

The question now arises: is there a shift in redox equilibrium in favor of oxidation reactions? For this purpose, we calculated the oxidative stress index (OSI), which is the quotient of total antioxidant potential (TAC) to TOS. OSI was significantly higher in all patients with adrenal tumors and therefor antioxidant/oxidant barrier is shifted towards an increased oxidation process. Thus, in patients with adrenal tumors, oxidative damage to proteins, lipids, and DNA may be exacerbated. Although we observed disturbances in the redox homeostasis in all study groups, they were the most severe in patients with pheochromocytoma. Increased oxidative stress in patients with phaeochromocytoma can be associated with HIF-1 (hypoxia-inducible factor 1) activity. Under hypoxic conditions, HIF-1 by stabilizing HIF-1α, increases the activity of NADPH oxidase, contributing to the ROS overproduction. Moreover, most patients with adrenal gland tumors are overweight or obese. It is well known that an excessive amount of adipose tissue leads to increased production of ROS (43). Therefore, the question arises whether the redox disturbances are not the result of increased body weight or metabolic disorders of obesity. Although we have not investigated this directly, it can be speculated that the increased oxidative stress in patients with adrenal tumors may be associated with obesity. It has been described that adipokines secreted by adipose tissue can activate nuclear factor kappa B (NF-κB), which induces the secretion of proinflammatory cytokines (IL-1. IL-6. IL-8), tumor necrosis factor α (TNF-α), as well as impairs the bioavailability of NO and increases the formation of free radicals (43–46). Further on, patients with functional adrenal tumors, especially phaeochromocytomas suffer often from impaired lipid and glucose metabolism, and insulin resistance (47), which may be the result of increased production of catecholamines, obesity, as well as the advantage of the oxidative process over antioxidant (48). In addition, increased cortisol secretion can exacerbate oxidative stress. Although cortisol enhances the process of gluconeogenesis, it also enhances lipolysis of adipose tissue, leading to hyperglycemia and hyperlipidemia (49–51). Thus, we cannot exclude that metabolic abnormalities lead to impaired redox homeostasis in patients with adrenal tumors. Nevertheless, our patients had an adequate glucose profile, indicating that impaired redox balance depends on the presence of the tumor.

It should also be noted that the total antioxidant potential may vary depending on the biological fluid in which it is measured. Parameters that assess redox homeostasis are usually measured in serum or plasma as a stable environment for systemic biomarkers (52). Nevertheless, Il’yasova et al. (53) argue that urine is a better biological fluid for the evaluation of oxidative stress markers than plasma or serum; and urinary oxidative stress parameters may reflect local and systemic oxidative status (52). The urine has a lower content of metals and ROS promoters, therefore in the urine there is a lower risk of obtaining results with elevated values of oxidative stress markers (53). In this study we observed higher TAC, DPPH and FRAP values in the plasma than in urine. However, it was also observed that urine TAC had similar or higher values than in blood plasma (34). Therefore, it is important to check whether redox biomarkers correlate between different body fluids. Antioxidant status measured in body fluids generally reflect a local, not a systemic, redox homeostasis (54). However, we found positive correlations between plasma FRAP and urine FRAP in patients with incidentaloma. In pheochromocytoma subgroup, plasma TAC correlated positively with urine TAC, as well as plasma DPPH and urine DPPH, plasma FRAP and urine FRAP. In Cushing’s/Conn’s adenoma, plasma TAC highly positively correlated with urine TAC, plasma DPPH with urine DPPH and plasma FRAP with urine FRAP. This indicates that urinary antioxidant status reflects changes in blood and can be used to assess systemic redox imbalances. These hypotheses are also supported by the correlations between plasma/urinary antioxidant status and the classical biomarkers evaluated to assess disease progression: cortisol, metanephrine, and normetanephrine.

In the study groups, both TAC, DPPH, and FRAP generally did not correlate with UA concentration and total polyphenolic content. Thus, as opposed to healthy people, these compounds may be marginally responsible for plasma/urine antioxidant activity. The weakening of the antioxidant barrier may be due to depletion of other low molecular weight antioxidants such as lipophilic α-tocopherol, β-carotene, retinol, and coenzyme Q10. This issue requires further research and may be of great clinical importance.

Our study confirms previous reports that patients with adrenal tumors are especially vulnerable to oxidative stress and oxidative damage (20, 55). Although our study does not explain this, antioxidant supplementation may be considered in patients with adrenal tumors. Clinical trials evaluating the utility of antioxidant therapy/dietary modifications in patients with adrenal masses are needed. Studies to elucidate the reasons for impaired redox homeostasis in these patients are also essential.

Summarizing, we demonstrated reduced radical scavenging capacity in the plasma/urine of patients with adrenal masses. Nevertheless, plasma TAC was significantly higher in the incidentaloma group compared to controls. Thus, plasma and urinary antioxidant and antiradical activities depend on the presence of the tumor. Both plasma and urine redox biomarkers can be used to assess systemic antioxidant status in adrenal tumor patients. Although antioxidants are the main defense mechanism against ROS overproduction, the reduced levels of TAC, DPPH and FRAP clearly indicate a reduced ability to scavenge free radicals and thus a lack of effective protection against oxidative stress in patients with adrenal tumors.
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Pheochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine tumors with heterogeneous clinical presentations and potential lethal outcomes. The diagnosis is based on clinical suspicion, biochemical testing, imaging and histopathological confirmation. Increasingly widespread use of imaging studies and surveillance of patients at risk of PPGL due to a hereditary background or a previous tumor is leading to the diagnosis of these tumors at an early stage. This has resulted in an increasing use of the term “silent” PPGL. This term and other variants are now commonly found in the literature without any clear or unified definition. Among the various terms, “clinically silent” is often used to describe the lack of signs and symptoms associated with catecholamine excess. Confusion arises when these and other terms are used to define the tumors according to their ability to synthesize and/or release catecholamines in relation to biochemical test results. In such cases the term “silent” and other variants are often inappropriately and misleadingly used. In the present analysis we provide an overview of the literature and propose standardized terminology in an attempt at harmonization to facilitate scientific communication.
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Introduction

Pheochromocytomas and paragangliomas (PPGLs) are neuroendocrine tumors derived from chromaffin cells of the adrenal medulla or extra-adrenal paraganglionic tissue. Clinical presentation of PPGL depends on capacity of the tumors to synthesize and release catecholamines to impact adrenergic receptors in multiple tissues and organs (1). Signs and symptoms vary accordingly and are highly heterogeneous. Biochemical diagnosis depends primarily on measurements of plasma or urinary metanephrines, the O-methylated metabolites of catecholamines (2).

The past several decades have seen increased use of the term “silent PPGL”, presumably reflecting increased discovery of tumors that do not produce the usual signs and symptoms of catecholamine excess consequent to their discovery as incidentalomas or during routine surveillance based on hereditary risk or a previous tumor. The term “silent PPGL” or other variants have become common in the literature without any clear or consistent link to the clinical and biochemical presentation of affected patients. In some cases, the term “silent” is used to describe the absence of signs and symptoms of catecholamine excess (3–5). In other cases, use of the terms “silent” and “non-functioning” tumors have been employed equivalently to describe patients with PPGL who present without signs and symptoms but in whom it is not always clear whether the tumors produce catecholamines (6–8). In other cases, the term “non-secretory” or “non-secreting” has been employed to designate patients with absence of secretory symptoms or lack of functional activity (9–11). Appropriate definitions according to the ability of the tumors to synthesize catecholamines (functional/non-functional), release catecholamines (secretory/non-secretory) or according to the presence of positive or negative biochemical test results (biochemically positive/negative) are essential for scientific communication.

The need for unified nomenclature to better describe “silent PPGLs” has become increasingly important given the widespread use of anatomic imaging and expansion of surveillance programs for patients at risk of PPGL due to genetic predisposition or a previous tumor (12, 13). The aim of the present analysis is first to review the relevant literature and then propose standardized terminology in an attempt to improve scientific communication about PPGLs according to their ability to synthesize, store, metabolize and secrete the catecholamines responsible for the heterogeneous clinical presentation of the tumors.



Overview of the literature

Two researchers (GC and VC) independently searched PubMed for articles published in English from 1-1-1980 to 30-08-2021. The following search terms were used: ((pheochromocytoma [MeSH Terms]) or (pheochromocytoma [Title/Abstract]) or (paraganglioma [Title/Abstract])) AND ((silent [Title/Abstract]) or (nonfunctioning [Title/Abstract])). Based on title and abstract, GC and VC independently selected the papers that reported on patients with PPGLs. Subsequently, full text articles were downloaded. Articles without extractable data of individual cases were excluded. GC and VC accessed all papers and extracted data. Items not explicitly reported were noted as ‘not mentioned’. Three hundred ten articles were initially identified through PubMed. One hundred twenty-nine articles were excluded for lack of eligibility after review of the title and abstract (not in English, not human related or no abstract available) (Figure 1). Screening by title and article excluded a further 61 articles, while screening after reading the full text reduced the eligible articles to 85, which covered a total of 157 cases in the final analysis. The PRISMA flow diagram is shown in Figure 1. Due to data heterogeneity no meta-analysis was carried out.




Figure 1 | Flow chart after review of the literature. After screening and text analysis, 157 cases were included in the final analysis.




Patient characteristics

Among the 157 cases reported in the final analysis (Table 1), 48% were females. Patients presented more often with extra-adrenal (62%) than adrenal tumors, whereas prevalence of metastatic disease was 25%. The most common reasons for biochemical testing were detection of incidental adrenal lesions (62%) due to abdominal or other non-specific complaints. Finally, in 36% of cases, diagnosis was established during surveillance and follow up. There remained only 3 cases (2%) where specific signs and symptoms of catecholamine excess provided the initial reason for the diagnostic work up.


Table 1 | Patient characteristics.





Terminology according to clinical and biochemical phenotypes

In 56 patients (36%) the authors used the term ‘clinically silent’ (3–9, 14–57) to describe the absence of the “classic triad” and/or hypertension. In eight cases, although patients were defined to have ‘clinically silent’ tumors, they presented with symptoms that could have been related to catecholamine excess, such as sweating, weight loss, vomiting and nausea (3, 5, 9, 15, 24, 31, 48, 57). In addition to the term “clinically silent” to define the absence of signs and symptoms, other terms were used based on biochemistry. In particular, 55 cases were defined by the authors as “biochemically silent” (4, 11, 16, 18, 21, 22, 58–64), 59 as “non-functional” (6–8, 17, 19, 35–39, 41–50, 52–54, 65–89) and two as “non-secretory” PPGL (9, 10) and 7 patients presented “negative markers” (90).

Among 55 cases defined by the authors as “biochemically silent”, test results of plasma metanephrines with respective reference intervals were available in only 15 cases (11, 22, 58, 59, 64) (Table 2). Among those 15 cases, test results and reference intervals for plasma catecholamines and metanephrines were reported in five cases (11, 58) and for urinary metanephrines (+/- catecholamines) in 25 cases (16, 21, 22, 58, 59, 61, 63, 64). All plasma results showed values below upper cut-offs of stipulated reference intervals. Urinary metanephrines were below upper cut-offs of reference intervals in all except one case when at the 3 year follow up the patient presented with increased urinary normetanephrine (21). Finally, test results and reference intervals for plasma and urinary metanephrines were available in only eight cases (22, 58, 59, 64), whereas in only four patients test results and reference intervals were available for catecholamines and metanephrines in both plasma and urine (58). In all these patients the results showed normal values.


Table 2 | Biochemical tests in patients according to authors’ classification of catecholamine biochemical activity.



Similarly, among 59 patients classified by the authors with ‘non-functional’ tumors (6–8, 17, 19, 35–39, 41–50, 52–54, 65–89), test results and reference intervals for plasma metanephrines were only mentioned in ten cases (65, 86, 89) and for urinary metanephrines in fourteen (65, 79, 86, 87) (Table 2). In one patient referred to as having a non-functional tumor, both plasma and urinary measurements indicated increased concentrations of normetanephrine (65), while in another patient only plasma metanephrines were measured and found to be increased (19). Two patients were referred to as having ‘non-secretory’ PPGL (9, 10) while 7 patients presented with negative markers according to the authors (90).

The method of measurement for plasma and urinary catecholamines and metanephrines was mentioned only in eight studies, either as high performance liquid chromatography (9, 29, 58, 59, 63) or liquid chromatography with mass spectrometry (23, 61, 86).




Proposed definitions for a standardized approach

Review of the literature revealed that the term “silent” was used in a highly variable fashion according to widely differing circumstances. The term “clinically silent” was mainly used to describe the absence of symptoms of catecholamine excess, which is appropriate. However, definitions according to the ability of tumors to synthesize and/or release catecholamines were inconsistently used according to biochemical test results. In some cases, biochemical test results were not even mentioned. In order to address these shortcomings, we propose use of standardized terminology that may be useful in an attempt for harmonized and more consistent descriptions of how patients may present with silent PPGL.


Clinically silent PPGLs

“Clinically silent” PPGLs are more common than usually appreciated. Starting in the 1980s patients with pheochromocytoma who were both normotensive and asymptomatic began to be identified incidentally upon imaging studies for purposes other than suspicion of the tumor (91), a trend that has increased subsequently with the broadening use of imaging studies (92). Before this, the almost exclusive mode of discovery was based on clinical suspicion according to the presence of signs and symptoms (93).

Starting in the late 1980’s, with the advent of surveillance programs involving patients with von Hippel Lindau (VHL) syndrome or multiple endocrine neoplasia (MEN), it became apparent that most patients identified in this way also had clinically silent tumors (94–100). Discovery at an earlier stage by positive biochemical tests and/or imaging studies when tumors are small and secrete insufficient amounts of catecholamines to produce typical manifestations of the tumor provides the main explanation for such presentations. This underlies the likelihood that all PPGLs start out without eliciting signs and symptoms of catecholamine excess. Nevertheless, some PPGLs can be relatively large and/or secrete large amounts of catecholamines and still remain clinically silent, indicating that other factors can contribute to a normotensive and asymptomatic presentation (101–103).

Apart from tumor size and the extent of catecholamine secretion, other factors that may contribute to the absence of signs and symptoms in patients with PPGLs include the types of catecholamines secreted, the sustained or episodic nature of catecholamine secretion and adaptive physiological responses to catecholamine secretion. About half of all pheochromocytomas produce a combination of epinephrine and norepinephrine, while most others and particularly paragangliomas produce nearly exclusively norepinephrine (104). These differences depend on expression of phenylethanolamine-N-methyltransferase (PNMT), the enzyme that converts norepinephrine to epinephrine (105). Some tumors that show minimal expression or complete lack of dopamine-β-hydroxylase, the enzyme that converts dopamine to norepinephrine, may produce and secrete combinations of dopamine and norepinephrine or occasionally in some paragangliomas only dopamine.

Dopamine has negligible actions on α- and ß-adrenoreceptors and primarily elicits vasodepressor responses via actions mediated by an array of dopamine receptors particularly important in mesenteric and renal vascular beds (106, 107). This clarifies why patients with dopamine-producing paragangliomas may be asymptomatic and are usually normotensive or may even suffer from hypotension (105, 108). Epinephrine has variably more potent agonist actions on α- and ß-adrenoreceptors than norepinephrine (109). Epinephrine has particularly stronger actions than norepinephrine on ß2-adrenoreceptors responsible for vasodilation in skeletal muscle. According to studies involving intravenous (i.v.) infusions of epinephrine and norepinephrine in healthy subjects, increases in systolic blood pressure relative to the increased plasma catecholamines are larger for epinephrine than norepinephrine (110). On the other hand, diastolic blood pressure shows small decreases compared to increases with norepinephrine.

With the above factors in mind, the lower potency of norepinephrine than epinephrine on adrenoceptors may contribute to the higher proportion of normotensive and clinically silent norepinephrine-producing tumors in patients with VHL syndrome than those with epinephrine-producing tumors in MEN2 (95); however, there are other factors that can contribute to a clinically silent phenotype among patients with PPGLs.

Among various factors to be considered to account for clinically silent PPGL, it should not be overlooked that blood pressure and other responses associated with increased plasma concentrations of norepinephrine are much larger when due to increased secretion of norepinephrine from sympathetic nerves than associated with i.v. infusion of norepinephrine and therefore presumably also secretion of norepinephrine from a PPGL. For example, although a little more than 2-fold increase in plasma norepinephrine to 3.6 nmol/L during sympathetic activation results in a 25 mmHg increase in systolic blood pressure (111), the same increase in norepinephrine during its i.v. infusion results in only a 4 mmHg increase in systolic blood pressure, while a 25 mmHg increase in blood pressure requires circulating concentrations of norepinephrine of over 20 nmol/L (110). These differences reflect concentration gradients of the transmitter between sites of release at neuroeffector junctions in the adventitia of blood vessels compared to the bloodstream and differing geographic locations of adrenoceptors within blood vessels impacted by neuronal versus hormonal secretion (112). More than 80% of norepinephrine in the blood stream is derived from neuronal rather than hormonal sources and circulating norepinephrine is largely irrelevant as a hormone compared to epinephrine, which also targets different populations of adrenoceptors. The above considerations explain why increases in plasma norepinephrine resulting from tumoral secretion of the catecholamine may not evoke signs and symptoms of catecholamine secretion until increases are reasonably large.

In addition to the aforementioned factors, physiological adaptation can also contribute to a clinically silent presentation in the face of high circulating concentrations of catecholamines. This can take the form of both hypovolemia or a redistribution of blood volume as a compensatory response to increased blood pressure or diminished responsiveness of adrenoceptors to activation by catecholamines after prolonged adrenergic stimulation (101, 113). Of additional relevance are repeated observations that tumors that produce exclusively norepinephrine tend to secrete the catecholamine in a sustained manner whereas those that produce epinephrine tend to more often show an episodic pattern of catecholamine secretion (114–116). Sustained secretion of norepinephrine in the former noradrenergic tumors might be expected to contribute to tachyphylaxis more than in tumors that secrete catecholamines in widely spaced episodes.

It should also be appreciated that although noradrenergic tumors show a usually more sustained pattern of catecholamine secretion than adrenergic tumors, these tumors are also characterized by lower secretory stores of catecholamines (117); this might further impact the clinical presentation by limiting overall secretory capacity.

Apart from head and neck paragangliomas that usually do not produce appreciable catecholamines, relatively low tissue catecholamine stores are particularly common in patients with paragangliomas due to mutations of succinate dehydrogenase subunit B and D (SDHB and SDHD) genes (117). Tumors due to SDHB mutations show a particularly immature phenotype that often involves relatively high tissue contents of dopamine. In order to produce and secrete sufficient amounts of catecholamines to cause related signs and symptoms, these tumors often reach a large size before diagnosis, which may contribute to their predisposition to metastasize. Also, occasionally found are tumors that produce only dopamine (108) or those that do not produce any catecholamines and which remain clinically silent until they produce local mass effects.

Finally, and as will be covered in more detail later, although almost all PPGLs produce catecholamines, a significant proportion do not secrete catecholamines in amounts sufficient to produce diagnostically meaningful increases in plasma or urinary catecholamines or related signs and symptoms of catecholamine excess. These tumors typically can only be detected by measurements of metanephrines in urine or more ideally plasma. Most often these tumors are adrenergic in nature and may only become apparent clinically after catecholamine secretion is provoked.

Taking all the above into consideration, several factors may contribute to the absence of clinical manifestations of PPGLs including small tumor size and minimal catecholamine secretion, as well as the type and pattern of catecholamine secretion, adrenoceptor desensitization and other compensatory responses to the disease. However, in many cases patients may present with nonspecific signs and symptoms that are overlooked by clinicians, especially if there is coexistence of other clinically confusing conditions (e.g., diabetes, menopause, migraine). Based on our review of the literature, most clinicians still focus their interest on the presence or absence of hypertension (6, 8, 19, 21, 28, 30, 47, 56), although it has been repeatedly shown that this feature has rather limited value for triaging patients according to the likelihood of disease (114, 118–120). On the other hand, symptoms such as hyperhidrosis, palpitations, tremor, pallor, nausea or signs such as low body mass index may be more useful in the assessment of the clinical suspicion of a PPGL (120). A detailed medical history for the detection of clinical signs and symptoms related to catecholamine excess, is therefore important before defining a PPGL as “clinically silent”.



Non-secretory PPGLs

Although the term “clinically silent” should be used to describe the absence of signs and symptoms of catecholamine excess, the term “non-secretory” is preferably used to describe tumors that consistently show lack of catecholamine secretion as manifest by repeated samplings of blood or 24-hour urine specimens and measurements of catecholamines. Catecholamines are actively secreted from chromaffin cells or tumors, principally by a process involving exocytosis, which can occur episodically or at low rates (121). Independent of their secretion, catecholamines also leak continuously from storage vesicles into the cytoplasm of chromaffin cells. Presence of catechol-O-methyltransferase (COMT) within the cytoplasm then leads to metabolism of norepinephrine to normetanephrine and of epinephrine to metanephrine; the metabolites then diffuse passively from chromaffin cells into circulation (122, 123).

“Non-secretory” PPGLs are most often adrenergic tumors, including those due to mutations of cluster 2 genes, that despite the large amounts of tissue catecholamines (Figure 2A), show dense distributions of both epinephrine and norepinephrine vesicles, associated with low levels of secretory activity (Figure 2B). Secretion is often less than 5% of all catecholamine stores within one day (Figure 2C). Consequently, such tumors may present with consistently normal plasma concentrations or urinary outputs of norepinephrine and epinephrine.




Figure 2 | Tumor tissue contents of catecholamines (A), rates of secretion of catecholamines from tumors (B) and catecholamine secretory rate constants (C) for PPGLs from patients with hereditary (VHL, SDHx), and sporadic (SPOR) noradrenergic tumors versus hereditary (NF1, RET) and sporadic (SPOR) adrenergic tumors. Secretory rate constants illustrate that for noradrenergic tumors over a third of all catecholamines in stores are secreted within one day, whereas for adrenergic tumors less than 5% of stores are secreted within one day. (Reproduced with permission from Eisenhofer G et al. Clin Biochem Rev 2017).



Although patients with adrenergic tumors are often asymptomatic due to circulating catecholamines at entirely normal concentrations, it is important to appreciate that such “non-secretory” PPGLs remain functional with large amounts of tissue catecholamines that continuously leak into cytoplasm. There the catecholamines are metabolized to metanephrines, providing a biochemical signal more useful than the catecholamines for diagnosis (124). Also, although such tumors may be classified as non-secretory in nature, it must be appreciated that any tumor that synthesizes, stores and metabolizes catecholamines to metanephrines also has the capacity to secrete catecholamines if provoked. Indeed, the highly differentiated nature of cluster 2 tumors means that the many components of the secretory apparatus are intact and in place to limit catecholamine secretion unless a signal is received (116). The intact secretory apparatus includes receptors and secondary messenger systems that can respond to many signals including dopamine D2 receptor antagonists and glucagon (125). Provoked secretion of catecholamines from these adrenergic tumors can thereby be more easily achieved than from noradrenergic tumors or those due to mutations of pseudohypoxia genes, which secrete catecholamines more continuously than adrenergic tumors (116, 117).

One illustrative case reported as a “non-secreting” pheochromocytoma, based on consistently negative test results for urinary and plasma catecholamines, involved a woman who presented with hypertensive crises after administration of a dopamine D2 receptor antagonist (9). The patient showed complete recovery after a 2.5 cm adrenal mass was resected. Thus, simply because catecholamines may be normal, this does not imply that there is no tumor capable of secreting catecholamines if provoked. In the above case additional tests included plasma chromogranin A, urinary VMA and total metanephrines, but these are also all insensitive tests of catecholamine excess. Measurements of urinary fractionated metanephrines, or more ideally mass spectrometric measurements of plasma free metanephrines, more appropriately establish functionality, but even the latter can be negative in patients with small tumors (86).

Of course, plasma and urine catecholamines can also be consistently normal in patients with large tumors; these can include rare tumors that lack the biosynthetic machinery required for catecholamine production and that also do not produce increases in urinary fractionated or plasma free metanephrines. Although such tumors might also be labeled as “non-secretory” there are other terms as covered later that may more accurately define the nature of their biochemical and clinical presentation.



Biochemically negative PPGLs

Review of the literature shows that patients with PPGLs and negative biochemical test results are often defined to have “biochemically silent” tumors (4, 11, 16, 18, 21, 22, 58–63). In most of the aforementioned studies, the authors define PPGLs as “biochemically silent” according to measurements of catecholamine-related biomarkers that do not exceed the upper cut-offs. Although this may be appropriate in certain circumstances, the term “biochemically silent” is often used indiscriminately. In particular, a large proportion of patients categorized with “biochemically silent” tumors simply have false-negative biochemical test results as a consequence of inappropriate choice of biochemical markers, measurement methods or even application of reference intervals. The appropriate solution is to define these tumors as “biochemically negative”. Such solutions should also clarify the particular test, analytical measurement method and associated reference intervals.

As established in the present literature review, the above information is rarely provided in manuscripts reporting on biochemically silent PPGLs. Even when some or all of the above data are supplied, there may be errors or confusion. The patient presented by Kota et al. (22) with a biochemically silent adrenal incidentaloma that resulted in an intra-operative hypertensive emergency, and was subsequently confirmed to be a pheochromocytoma, provides an illustrative example. The patient was reported to have normal pre-operative urinary fractionated and plasma metanephrines. However, review of the presented data reveals urinary metanephrines reported as a single value with reference intervals in line with spectrophotometric measurements of total metanephrines rather than contemporary measurements of the fractionated metabolites. Even more strikingly, plasma measurements were similarly reported as a single value of 34 µg/dL. Though lower than the reported cut-off of 60 µL/dL, those values are more than three orders of magnitude higher than established plasma concentrations and also well beyond the range of either normetanephrine or metanephrine for patients with pheochromocytoma. Such reports are emblematic of a general lack of clinical understanding of measurement methods and biochemical tests.

Despite recommendations of the Endocrine Society clinical practice guidelines that biochemical diagnosis of PPGLs should be based on measurements of plasma free or urinary fractionated metanephrines (2) many clinicians still rely on measurements of catecholamines, vanillylmandelic acid (VMA) and/or chromogranin A (CgA) for diagnosis of PPGLs. As covered earlier, metanephrines are produced within chromaffin cells by COMT, an enzyme absent in sympathetic nerves. This means that the O-methylated metabolites are much more specific for chromaffin cells and PPGLs than their parent catecholamines or any other catecholamine metabolites. Consequently, about 8-9% of patients with sporadic PPGLs and 21-31% with hereditary PPGLs, have normal plasma concentrations and/or urinary outputs of catecholamines but show elevations of plasma metanephrines (126). Apart from the importance of measuring metanephrines rather than catecholamines, the benefits of additional measurements of methoxytyramine in plasma should also be considered. This assists not only with confirmation of disease but also with detection of predominantly dopamine producing tumors (108, 127).

Although the superiority of metanephrines over catecholamines is clear, superiority of measurements in plasma over urine was only recently clearly established. In particular, Eisenhofer and colleagues (86), showed that urinary fractionated metanephrines and methoxytyramine have a significantly lower sensitivity (92.9%) compared to plasma free metanephrines and methoxytyramine (97.9%). The above findings can be explained by the large amounts of normetanephrine and dopamine formed in the body that are produced and metabolized within mesenteric organs (128). This confuses the diagnostic signal of urinary normetanephrine and methoxytyramine, which are commonly measured in urine after acid hydrolysis catalyzed deconjugation of sulfate conjugated metabolites to free metabolites. The sulfate-conjugated metabolites are the main species present in urine and their synthesis from the actions of a specific sulfotransferase isoenzyme, SULT1A3, localized to gastrointestinal tissues, acts to dilute the signal of the free metabolites produced elsewhere in the body including in chromaffin cell tumors. The additional substantial impact of dietary derived dopamine on sulfate conjugated metabolites of dopamine and its metabolite methoxytyramine further reduces any diagnostic signal for urinary methoxytyramine measured after acid hydrolysis (129).

Apart from the appropriate choice of biochemical markers, appropriate choice of measurement methods is also crucial for the accurate diagnosis or exclusion of PPGLs. Among analytical methods, liquid chromatography with electrochemical detection (LC-ECD) (122), and liquid chromatography with tandem mass spectrometry (LC-MS/MS) (130) offer superior diagnostic performance compared to immunoassays (131). Although LC-ECD is well established for measurements of urinary fractionated metanephrines, many clinicians continue to rely on immunoassay measurements of plasma metanephrines, which is associated with false negative results in up to a quarter of all patients with PPGL (131). The significant drop in the diagnostic sensitivity is explained by problems with calibration, in particular lack of commercially available L-isomers, which resulted in measurements that are 60% lower than true concentrations. The problem is further compounded by use of inappropriately high upper cut-offs of reference intervals.

Inappropriately high upper cut-offs can also be a problem for other methods used for measurements of plasma free metanephrines. In particular, some laboratories have set cut-offs of reference intervals determined from blood samples obtained from patients in the seated position, which results in an activated sympathetic nervous system and increased plasma concentrations of norepinephrine and normetanephrine. The associated reference intervals are too high for reliable confirmation of PPGL, as well as exclusion of PPGL, which as recommended by Endocrine Society guidelines should be established from samples taken in the supine position.

Although most of the “biochemically silent” PPGLs described in the literature probably involve cases with false negative test results, there are occasional patients with truly “biochemically silent” PPGLs. Apart from the non-functional tumors that are described in detail below, functional PPGLs of small size (usually <1 cm) at an early stage of development may present with negative biochemical test results. Indeed, surveillance programs and widespread use of imaging techniques have led to the increased detection of such small PPGLs, which despite their functionality are still too small to produce sufficient amounts of catecholamines and therefore meaningful increases in plasma or urinary catecholamines and their metabolites. This can be easily understood when the strong association between tumor size and the extent of increases in summed plasma concentrations of metanephrines is considered (89). As mentioned above, this association is based on the continuous production of metanephrines within the tumor cell cytoplasm, which depends on passive leakage of catecholamines from vesicular stores, the size of which relate to tumor burden (123, 124).



Non-functional PPGLs

Correct determination of functionality – in terms of whether PPGL synthesize, store and have potential to secrete catecholamines – can be important in determining need for pre-operative α-adrenoceptor blockade to avoid potential danger of catecholamine hypersecretion that might be provoked during surgical intervention. Even a small PPGL or those associated with normal biochemical test results can produce dangerous increases in blood pressure (132–134). Hypertensive crises during adrenalectomy have been reported in patients with negative biochemical test results (8) including one case involving development of pulmonary edema that required a seven day intensive care unit recovery (4). Increasingly inappropriate use of the term, “non-functional”, may be misleading to some who may incorrectly determine lack of need for α-adrenoceptor blockade.

“Non-functional” PPGLs, are tumors that neither synthesize nor secrete catecholamines, often located in the head and neck (HNPGL) or rarely the upper/anterior mediastinum (135). Only 3-4% of HNPGLs produce norepinephrine (136), though as much as 1/3 of all HNPGLs may produce some dopamine (137). In cases of total absence of catecholamine production, HNPGLs can be defined as “non-functional”. Abdominal “non-functional” PPGLs are extremely rare, but when found may be due to SDHB mutations (58). Lack of catecholamine secretion and metabolism by these tumors may result from a defect in the synthesis of catecholamines due to absence of tyrosine hydroxylase, rather than a defect in the storage or release of catecholamines.

Tyrosine hydroxylase is responsible for conversion of L-dopa to dopamine and represents the rate limiting enzyme in catecholamine synthesis (138). Thus, absence of this or other critical enzymes, such as dopamine beta-hydroxylase (139), is expected to lead to absence of tumor tissue catecholamines and a “non-functional” presentation (Table 3). Such tumors, similar to those that produce predominantly dopamine, tend to reach a large size before diagnosis, which is usually due to local mass effects and incidental discovery on imaging. Biochemically negative PPGL that are characterized by an immature biochemical phenotype and low tissue stores of catecholamines, only some of which may be truly “non-functional” (58), are associated with an aggressive phenotype in terms of higher rates of malignancy (140–144).


Table 3 | Expected biochemical test results and features in biochemically negative, non-secretory and non-functional tumors.



With the above considerations in mind, the definitive method to establish absence of functionality in a PPGL is through measurements of tumor tissue catecholamines as illustrated by Timmers et al. (58). Additional measurements of tumor tissue tyrosine hydrolase activity can also be useful, as can be immunohistochemical analyses for the presence of catecholamine-synthesizing enzymes (145, 146). However, immunohistochemical presence of enzymes involved in catecholamine synthesis does not always translate to functional synthesis and storage of catecholamines in secretory granules (121). Lack of secretory granules with electron microscopy can also point to a non-functional paraganglioma. However, presence of secretory granules may not necessarily indicate a tumor with functional capacity to synthesize and store catecholamines, since the electron dense nature of such granules reflects presence of chromogranins and it can be possible for granins to be present in secretory granules without presence of catecholamines (58). Also, as reported in two studies (147, 148), since dopamine is produced in the cytoplasm while production of norepinephrine requires translocation of dopamine into secretory granules, lack of secretory granules but presence of tyrosine hydroxylase might be responsible for some cases of exclusively dopamine-producing tumors. This may also be the situation in HNPGLs that produce methoxytyramine from dopamine (149).

Pre-operatively, lack of functionality may be suspected through considerations of tumor size and plasma metanephrines (89). Since the sum of plasma free metanephrines is positively related to tumor size it can be possible to identify which tumors are likely to be non-functional rather than simply biochemically negative (Figure 3). For instance, in the study of Gruber et al. (64), the authors defined seven patients with pheochromocytomas and biochemical negative results as biochemically “silent”. On inspection of the relationship of tumor size with the sum of plasma metanephrines (Figure 3A), it could be determined that for all seven patients the sum of plasma metanephrines falls within the expected relationship with tumor size, indicating that the negative biochemical signal for the tumors in those patients most likely reflected their small size rather than any lack of functional production of catecholamines. In other words, tumor size was small and the associated total catecholamine contents were unlikely sufficient to produce a positive biochemical signal.




Figure 3 | (A) Correlation of original tumor size with the sum of plasma normetanephrine and metanephrine (nmol/l) in seven patients (*) with biochemically negative PPGLs from the study of Gruber et al. (64). (B) Correlation of original tumor size with the sum of plasma normetanephrine and metanephrine (nmol/l) in seven patients (△) with head and neck paraganglioma (HNPGLs), one (¤) with abdominal paraganglioma (PGL) and two with pheochromocytomas (PHEO), from the study of Eisenhofer et al. (89) and Heavner et al. (90). In circle are shown two patients with questionable tumor functionality. (Reproduced with permission from Eisenhofer G et al. Clin Chem 2015).



In the report that assessed functionality according to tumor size in relation to plasma metanephrines (89), one of 207 patients (0.5%) with pheochromocytoma and another one of 45 patients (2.2%) with paragangliomas were defined as having non-functional tumors based on negative biochemical test results and a mean tumor diameter of larger than 2 cm. This compared to 12 of 43 patients (28%) with HNPGL defined to have non-functional tumors by the same criteria. Other patients with negative biochemical test results and mean diameters less than 2 cm, including 11 of the 43 patients with HNPGL (26%), were defined as having indeterminate catecholamine biochemical phenotypes. Thus, in those patients as well as 3 of 207 patients with pheochromocytoma who had negative biochemistry, functionality could not be excluded. In another report by Heavner et al. (90) in which seven pheochromocytomas were appropriately defined as biomarker negative, there were two patients reported with biochemically negative results for plasma metanephrines, one with a 1.7 cm tumor and the other with a 15 cm tumor. The latter large tumor could therefore be defined as non-functional, while for the former 1.5 cm tumor lack of function could not be determined. There was another patient with a 6.3 cm tumor in whom tests of plasma free metanephrines were indicated as normal, though not reported. That patient most likely also had a non-functional tumor. For the other four cases, either biochemical tests were inadequate or tumors were too small to determine functionality.

As illustrated in Figure 3B, a selection of cases from the above two reports (89, 90) serves to clarify situations, other than those that verify absence of tyrosine hydroxylase and tumor tissue catecholamines, where the term “non-functional” might be applied to patients with PPGL who present with negative biochemical test results for plasma free metanephrines.

Relationships of tumor size with urinary metanephrines have yet to be adequately determined. Therefore, determinations of non-functional versus functional status are more difficult for urinary than plasma measurements. Also, among 236 patients with PPGLs in a previous report (86), 16 patients had negative test results for urinary fractionated metanephrines compared to 5 with negative results for plasma free metanephrines. Thus, negative test results for measurements of urinary metanephrines more usually do not indicate a non-functional tumor, but rather reflect relative lack of diagnostic sensitivity. Moreover, in that study two of the five patients with previously negative results for plasma free metanephrines showed positive test results after three to six years of further testing when tumors enlarged.

For plasma or urinary catecholamines such determinations of functionality from relationships with tumor size are not possible. Thus, for these and most other situations involving biochemical test results that fall below upper cut-offs of reference intervals, rather than defining the tumors as non-functional or non-secretory, it is more appropriate to indicate the tumors as biochemically negative.




Summary of proposed nomenclature

To facilitate scientific communication and consistent interpretation, we propose definitions for the various types of “silent” PPGLs as illustrated in Figure 4 and outlined below.

	“Clinically silent” PPGLs are those characterized by the absence of signs and symptoms associated with catecholamine excess.

	“Non-secretory” tumors are those with absence of clear catecholamine secretory activity, often adrenergic and presenting with normal plasma and/or urinary catecholamines over multiple sampling time points.

	“Biochemically negative PPGLs are those characterized by plasma or urinary metanephrines below the upper cut-offs of reference intervals. If only catecholamines are measured the same term may be used with clarification

	“Non-functional” tumors are those with absent catecholamine synthesis as determined from measurements of catecholamines in the tumor tissue, assessments of tumor tissue tyrosine hydroxylase or large size in association with negative results for plasma or urinary metanephrines.






Figure 4 | Chart flow with proposed standardized terminology for various types of “silent” PPGLs.



The above aspects are important to consider in daily clinical practice for individualized management and treatment of patients with PPGLs. In particular, “clinically silent” and “non-secretory” tumors are usually functional, and pre-surgical treatment with α-adrenoceptor blockade is essential to minimize intraoperative hemodynamic instability. In patients presenting with negative biochemical test result, the reliability of measurements should be verified. A negative biochemical test result cannot alone exclude functionality, especially for smaller PPGLs (<2 cm). Unless, functionality is correctly excluded, pre-operative blockade of adrenoreceptors remains important.
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Background

Diagnosing endogenous hypercortisolism remains a challenge, partly due to a lack of biochemical tests with good diagnostic accuracy.



Objectives

To evaluate the diagnostic value of salivary cortisol and cortisone in patients with suspected hypercortisolism.



Methods

Retrospective study including 155 patients with adrenal incidentaloma, and 54 patients with suspected Cushing´s syndrome (CS). Salivary samples were collected at home, at 11 p.m., and at 8 a.m. following an over-night dexamethasone suppression test (DST). Salivary cortisol and cortisone were measured with liquid chromatography-tandem mass spectrometry.



Results

Ten of 155 patients with adrenal incidentaloma were considered to have autonomous cortisol secretion (ACS). Using previously established cut-offs, all patients with ACS had elevated plasma-cortisol (>50 nmol/L) following DST, 9/10 had elevated late-night salivary cortisone (>15 nmol/L) whereas only 4/10 had elevated late-night salivary cortisol (LNSC; >3 nmol/L) compared to 35%, 9% and 8%, respectively, of the 145 patients with non-functioning adrenal incidentaloma. Six (60%) patents with ACS had elevated salivary cortisol and cortisone at 8 a.m. following DST compared to 9% and 8%, respectively, of patients with non-functioning adrenal incidentaloma. One of 6 patients with overt CS had a normal LNSC and one had normal late-night salivary cortisone, while all had increased salivary cortisol and cortisone following DST.



Conclusion

LNSC is not sufficiently sensitive or specific to be used for screening patients with suspected hypercortisolism. Instead, late-night salivary cortisone seems to be a promising alternative in patients with adrenal incidentaloma and salivary cortisone at 8 a.m. following DST in patients with suspected CS. Larger studies are needed to confirm these findings.
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Introduction

Diagnosing Cushing’s syndrome (CS) and autonomous cortisol secretion (ACS) in patients with adrenal incidentaloma remains a challenge, partly due to a lack of biochemical tests with high diagnostic accuracy (1, 2). Upon clinical suspicion of CS, current guidelines recommend biochemical screening with either a 1 mg overnight dexamethasone suppression test (DST), 24-hour urinary free-cortisol or late-night salivary cortisol (LNSC) (2). For patients with adrenal incidentaloma, DST is the most commonly recommended first-line screening test for ACS (1–5). However, the low specificity of DST for diagnosing CS and ACS is problematic (6).

LNSC is well-established as a first-line screening test for patients with CS (7–10). The diagnostic value of LNSC for detecting ACS in patients with adrenal incidentaloma is, however, less well established (6). The limited number of studies published to date have shown that LNSC has a relatively low sensitivity for predicting ACS, and subsequently conclude that the test is not suitable for screening of this disorder (11–16).

We have recently demonstrated that salivary cortisone at 11 p.m., as well as salivary cortisol and cortisone at 8 a.m. following 1-mg overnight DST, all have high diagnostic accuracy for CS (17). Also, in a recent study from Norway, salivary cortisone at 8 a.m. following 1-mg overnight DST was found to be useful in patients with hypercortisolism, both CS and ACS (18).

The aim of this study was to evaluate the diagnostic value of LNSC, and late-night salivary cortisone, as well as salivary cortisol and salivary cortisone following DST, both in patients with adrenal incidentaloma and in patients with suspected CS.



Methods


Study design

This was a retrospective study performed at the Department of Endocrinology at the Sahlgrenska University hospital. All patients who provided at least one saliva sample for measurement of cortisol and cortisone between April 2018 and November 2020 were identified by a search in an administrative program at the Department of Clinical Chemistry at the hospital. Medical records were reviewed to gather information on clinical characteristics, including information on factors known to affect cortisol concentrations, the indication for testing, and biochemical test results.



Patients

pt?>In total, 398 sets of saliva samples from to 319 patients were analyzed during the study period. In patients that collected more than one set of salivary samples, the first set of samples was used in the final analysis. However, if the earliest set of samples was incomplete, the first complete set was included instead.

The indication for sampling was adrenal incidentaloma in 184 (58%) patients and suspected CS in 69 (22%) (Figure 1). Patients with other or unknown indication for sampling were excluded [n=66 (21%)]. Of 253 patients with either adrenal incidentaloma or suspected CS, 10 were excluded due to suspected contamination of the saliva samples (see below), nine due to use of medications known to affect cortisol concentrations, and 15 due to other reasons (Figure 1). Furthermore, 10 patients with adrenal incidentaloma were also excluded due to unavailable results from DST. Thus, 209 patients were included for the final analysis (Figure 1).




Figure 1 | Summary of the study population, 319 patients who provided salivary samples for measurement of cortisol and cortisone between April 2018 and November 2020. *Including one patient with pheochromocytoma, one with primary aldosteronism, one with iatrogenic CS, **Two patients with adrenal incidentaloma had clinically overt CS and were included in the analysis of patients with suspected CS.



Currently, there is no consensus regarding diagnostic criteria for ACS (6). Therefore, in this study, no predefined diagnostic criteria were used. Instead, the diagnosis was provided through a real-life clinical assessment made by the treating endocrinologist. In general, ACS was diagnosed in patients with adrenal incidentalomas, without overt clinical signs of CS, who had at least two positive diagnostic tests (DST, LNSC, urinary free cortisol and/or plasma-ACTH) indicating abnormal HPA-axis function. Similarly, in patients considered to have non-functioning adrenal incidentaloma, ACS was ruled out based on clinical evaluation showing absence of hypercortisolism-related clinical features and comorbidities, and/or normal biochemical testing (DST, LNSC, urinary free cortisol and/or plasma-ACTH).

The diagnosis of CS was based on clinical symptoms compatible with the syndrome, in combination with at least two biochemical screening tests showing hypercortisolism (2).



Collection of salivary samples

The saliva samples were collected at home using Salivette® Cortisol tubes (Sarstedt, Nümbrecht, Germany) after oral and written instructions on how to properly collect the saliva had been provided (17). The patients were instructed to collect the first salivary sample between 10 and 11 p.m. by chewing on the foam stick until it was completely saturated with saliva. Thereafter, the patients ingested 1 mg dexamethasone. The following day, the second salivary sample was collected between 6 and 8 a.m. The patients were instructed to avoid intense physical exercise during the day of saliva collection, to avoid smoking and use chewing tobacco, eat, or brush their teeth for one hour before saliva collection. Drinking fluids was allowed 30 minutes before the sampling. Minutes before the sampling, the patients were instructed to rinse their mouths with water.



Analytical methods and reference ranges

The cortisol and cortisone concentrations in saliva were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The system used was an Acquity UPLC with a Xevo TQS, equipped with a BEH C18 1.7 μm 2.1 × 100 mm analytical column, all from Waters. As buffer A, 20% methanol and 0.1% formic acid in water was used, buffer B was 20% acetonitrile in methanol. Prior to the analysis, the samples were extracted by using Methyl tert-butyl ether and ISOLUTE SLE+ 200 μL Supported Liquid Extraction plates. The coefficients of variation were 6% for cortisol at concentrations between 2.2 and 18.4 nmol/L and 7% for cortisone at concentrations between 4.7 and 26.8 nmol/L. The same LC-MS/MS assay was used to measure UFC. P-cortisol was measured by using a radioimmunoassay (Roche Cobas, Cortisol-II) with a coefficient of variation of 2-3%.

Based on our previous study (17), the upper limit of normal for salivary cortisol and cortisone concentrations, were as follows:

	LNSC <3 nmol/L

	Sa-cortisone at 11 p.m. <15 nmol/L

	Sa-cortisol at 8 a.m. following DST <1 nmol/L

	Sa-cortisone at 8 a.m. following DST <5 nmol/L



In general, p-cortisol following DST <50 nmol/L was considered to exclude hypercortisolism, while values >138 nmol/L were considered to be highly suggestive for hypercortisolism (1, 2).

The upper limit of normal for UFC was 136 nmol/L. In a small minority of patients, another method was used for measuring UFC with a upper limit of normal of 191 nmol/L. The lower limit of normal for p-ACTH was 2.0 pmol/L.

Contamination with exogenous hydrocortisone, or blood, in the salivary samples was determined by calculating the salivary-cortisol:cortisone ratio as previously described (17). Samples with a ratio over the 97.5 percentile for the whole cohort (1.0) were considered to be contaminated.



Statistics

IBM Statistics SPSS version 26 and R were used for statistical analyses.

For comparison of categorical variables, presented as n (%), chi-square test or the Fisher´s exact test were used. Normally distributed numerical variables are described as mean ± standard deviation and non-normally distributed variables as median (interquartile range). Independent t-test was used for comparison between normally distributed variables and the Mann-Whitney U-test for non-normally distributed variables. The level of statistical significance was set at p <0.05.

Receiver-operating characteristic (ROC) analyses were created for each test and presented as area under the curve (AUC) together with 95% confidence intervals (95% CI). DeLong test was used to compare the AUC between the tests, using DST as a reference.



Ethics

This study was approved by the ethical committee of the University of Gothenburg, (Dnr 814-18), and conducted according to the Declaration of Helsinki.




Results

In total, 209 patients were included in the study, 157 patients with adrenal incidentaloma and 52 patients with suspected CS. Two patients with adrenal incidentaloma had clinically overt CS, one finally diagnosed with Cushing’s disease and one with cortisol-producing adrenal adenoma, and were therefore included in the analysis of patients with suspected CS. Thus, in the final analysis, data from 155 patients with adrenal incidentaloma, and 54 patients with suspected CS, were included (Figure 1).


Patients with adrenal incidentalomas

Among the 155 patients with adrenal incidentaloma, 145 (94%) were considered to have non-functioning adrenal adenoma and 10 (6%) to have ACS. Age, gender distribution, BMI, and the prevalence of hypertension, diabetes and tobacco use didn’t differ between these groups (Table 1).


Table 1 | Characteristics of patients with non-functioning adrenal incidentaloma and autonomous cortisol secretion who provided salivary samples for analysis of cortisol and cortisone during the study period (April 2018 – November 2020).



Of 145 patients with non-functioning adrenal adenoma, 51 (35%) had P-cortisol >50 nmol/L and 9 (6%) had P-cortisol >138 nmol/L after DST, compared to 10 out of 10 and 6 out of 10 patients with ACS, respectively (Table 1). Eleven of 143 (8%) patients with non-functioning adrenal adenoma had LNSC >3 nmol/L and 13 (9%) had late-night Sa-cortisone >15 nmol/L, compared to 4 out of 10 (40%) and 9 out of 10 (90%) patients with ACS, respectively (Table 1). Six (60%) patents with ACS had elevated salivary cortisol and cortisone at 8 a.m. following DST compared to 9% and 8%, respectively, of patients with non-functioning adrenal incidentalomas. Thus, in patients with adrenal incidentaloma the best diagnostic performance in terms of high sensitivity (90%) in combination with high specificity (91%) for diagnosing ACS was achieved by using late-night Sa-cortisone (Table 1).

In a ROC analysis, the greatest AUC was found for P-cortisol following DST and late-night Sa-cortisone (Figure 2). However, no significant differences were found between the AUCs for the salivary tests and the AUC for P-cortisol following DST. P-cortisol following DST at 107 nmol/L gave the best combination of high sensitivity (90%) and specificity (92%).




Figure 2 | Receiver-operating characteristic (ROC) curves presented as area under the curve (AUC) together with 95% confidence intervals (95% CI), in patients with adrenal incidentaloma (n=155) for (A) P-cortisol following dexamethasone suppression test (DST), (B) late-night Sa-cortisol (LNSC), (C) late-night Sa-cortisone, (D) Sa-cortisol at 8 a.m. following DST, and (E) Sa-cortisone at 8 a.m. following DST.



One patient with ACS (case 1, Table 2) was treated surgically with unilateral adrenalectomy and one patient, (case 3, Table 2) received pharmacological treatment with Metyrapone. One of these patients had normal LNSC. The remaining 8 patients were treated conservatively.


Table 2 | Individual data on patients with adrenal incidentalomas diagnosed with autonomous cortisol secretion.



In a separate analysis, patients with adrenal incidentaloma were instead categorized according to whether P-cortisol following DST was above or below 138 nmol/L. Among the patients with P-cortisol < 138 nmol/L after DST (n=140), LNSC was >3 nmol/L in 11 (8%), late-night Sa-cortisone >15 nmol/L in 14 (10%), salivary cortisol at 8 a.m. following DST >1 nmol/L in 9 (6%) and salivary cortisone at 8 a.m. following DST >3 nmol/L in 32 (23%). In comparison, of patients with P-cortisol >138 nmol/L after DST (n=15), two (13%) had LNSC >3 nmol/L (P=0.5 vs patients with P-cortisol < 138 nmol/L after DST), 7 (47%) had late-night Sa-cortisone >15 nmol/L (P<0.001), 6 (40%) had salivary cortisol at 8 a.m. following DST >1 nmol/L (P<0.001) and 10 (67%) had salivary cortisone at 8 a.m. following DST >3 nmol/L (P<0.001).



Patients with suspected Cushing´s syndrome

In total, 54 patients, 45 women (87%) and 9 men (13%), with suspected CS were included in the analysis. CS was ruled out in 47 (87%) patients and confirmed in 7 (13%) patients, 4 with Cushing’s disease, two with cortisol-producing adrenal adenoma and one with ectopic CS (Table 3).


Table 3 | Characteristics of patients with suspected Cushing’s syndrome.



One patient with CS had P-cortisol <138 nmol/L following DST, one had normal LNSC and one had normal late-night salivary cortisone (Table 4). Moreover, UFC was normal in three out of six patients (Table 4, cases 1-3). Following DST, all seven patients with CS had Sa-cortisol and cortisone above the normal range. The best diagnostic performance in terms of high sensitivity (100%) in combination with high specificity (91%) for diagnosing CS was achieved by using Sa-cortisone following DST (Table 3).


Table 4 | Individual data on patients diagnosed with Cushing’s syndrome.



The greatest AUC in a ROC analysis was found for LNSC and Sa-cortisone following DST (Figure 3), although not significantly different compared to the AUC for P-cortisol following DST.




Figure 3 | Receiver-operating characteristic (ROC) curves presented as area under the curve (AUC) together with 95% confidence intervals (95% CI), in patients with suspected Cushing’s syndrome (n=54) for (A) P-cortisol following dexamethasone suppression test (DST), (B) late-night Sa-cortisol (LNSC), (C) late-night Sa-cortisone, (D) Sa-cortisol at 8 a.m. following DST, and (E) Sa-cortisone at 8 a.m. following DST.






Discussion

In this study, we have evaluated the diagnostic value of measuring cortisol and cortisone in saliva in patients with adrenal incidentaloma, and patients with suspected CS. Our findings suggest that LNSC has a low sensitivity for diagnosing ACS in patients with adrenal incidentaloma whereas Sa-cortisone at 11 p.m. had a high sensitivity and specificity for diagnosing the disorder. Furthermore, in patients with suspected CS, Sa-cortisone following DST seem to be a promising diagnostic alternative.

The diagnostic value of measuring LNSC in patients with adrenal incidentaloma has been studied in a limited number of studies (Table 5) (11–16). In most of these studies LNSC was analyzed with immunochemical methods, i.e. methods with lower analytical specificity than LC-MS/MS due to a risk of cross-reactions between cortisol and other steroid metabolites (19, 20). To our knowledge, LC-MS/MS has only been used three times before for measuring LNSC in patients with adrenal incidentaloma (12, 15, 16). In one of these studies, the sensitivity of Sa-cortisol <2.8 nmol/L at 11 p.m. was 31%, and the specificity was 83%, for diagnosing ACS in 70 patients with adrenal incidentaloma (12), i.e. in line with the current study. Similar results were found in a study from Norway on 165 patients with adrenal incidentaloma (15), and a study from Italy on 106 patients (16). In fact, due to the low sensitivity, all previous studies, regardless of analytical assay, have concluded that LNSC cannot be recommended as an exclusive screening method for ACS (11–16). Instead, LNSC may be used in combination with other tests to confirm the disorder (11).


Table 5 | Summary of studies that have evaluated the diagnostic value of salivary cortisol in patients with adrenal incidentaloma.



Bäcklund et al. recently found that Sa-cortisone at 11 p.m. had a higher sensitivity than LNSC for diagnosing CS (17). Our study, showing that 9 of 10 patients with ACS had elevated Sa-cortisone at 11 p.m., suggest that Sa-cortisone may be of greater diagnostic value than LNSC also in patients with adrenal incidentaloma. Similarly, simultaneous measurement of LNSC and Sa-cortisone was recently recommended by Mohamed and colleagues (8). In addition, measuring Sa-cortisol and Sa-cortisone simultaneously enables detection of contamination by exogenous hydrocortisone in the samples. Further studies investigating the value of Sa-cortisone as a part of the diagnostic work-up for adrenal incidentaloma are needed, including efforts to identify biomarkers of clinically relevant ACS that warrants adrenalectomy.

Sa-cortisol and Sa-cortisone were inadequately suppressed following DST in 6 of 10 patients with ACS, whereas inadequate suppression of Sa-cortisol and Sa-cortisone was found only in 9 and 8%, respectively, of patients with non-functioning adrenal incidentalomas, giving a specificity of 91/92%. Sa-cortisol and Sa-cortisone at 8 a.m. following DST has to our knowledge only been studied once before in the context of screening for ACS (18). In that study, 13 of 25 patients with ACS had elevated post-DST Sa-cortisol and 23 of 25 had elevated Sa-cortisone, with 90% and 82% specificity, respectively. Analysis of Sa-cortisol and Sa-cortisone following DST has also been used in two previous studies to screen patients with suspected CS, both showing a high sensitivity (95-100%) and specificity (80-95%) (17, 18), in agreement with our findings. Thus, Sa-cortisol and/or Sa-cortisone following DST are promising diagnostic tools in patients with adrenal incidentaloma as well as patients with suspected CS.

Currently, there is no international consensus on how ACS in patients with adrenal incidentalomas should be diagnosed, and different recommendations have been provided (1–5, 21–23). However, due to the high sensitivity, DST is the most frequently recommended first-line screening method. Indeed, all patients in our study diagnosed with ACS had P-cortisol >50 nmol/L on the DST, supporting a high negative predictive value of P-cortisol <50 nmol/L. The downside of this test is, however, the low specificity. In our study, 35% of patients with non-functioning adrenal incidentaloma had P-cortisol >50 nmol/L following DST, i.e., a “false positive test”, in agreement with previous rapports (6). P-cortisol >138 nmol/L following DST has been suggested for diagnosis of ACS by the National Institute of Health (21). In our study, 10% of all patients with adrenal incidentalomas had P-cortisol >138 nmol/L, providing a more reasonable prevalence of ACS in comparison to a cut-off of 50 nmol/L. However, 40% of the patients diagnosed with ACS in our cohort had P-cortisol <138 nmol/L following DST, illustrating a relatively poor ability to confirm the diagnosis by using this cut-off. Our results, therefore, indicate that DST should not be the only biochemical test used to diagnose mild autonomous hypercortisolism, regardless of the cut-off value used.

In a recent meta-analysis including 139 studies, the accuracy of laboratory tests for CS was investigated (24). The sensitivity was high for all tests, lowest for UFC (94%) and highest for DST (99%). In the current study, one patient with overt CS had normal LNSC, another had P-cortisol <138 nmol/L following DST and half of the patients had normal UFC. Interestingly, however, all patients with overt CS had elevated Sa-cortisol as well as Sa-cortisone at 8 a.m. following DST. Also, in agreement with Bäcklund et al. (17), LNSC and Sa-cortisone at 11 p.m. had a slightly lower sensitivity than salivary samples collected after DST.

The limitations of this study include the limited number of patients, especially the group of patients finally diagnosed with CS, and that two or more saliva samples were not consequently sampled in all patients with suspected CS, emphasizing the need for caution when interpreting the results. Also, due to the retrospective design, the diagnostic criteria for ACS was not predefined. Instead, the diagnosis was based on clinical findings and results from the different cortisol measurement, i.e., a real-life assessment made by several physicians responsible for each patient. Due to the lack of predefined specific criteria, the risk of diagnostic inconsistency cannot be ruled out. Moreover, since the treating clinicians were not blinded to the results of the salivary samples when diagnosing ACS and CS, it is difficult to evaluate independently the diagnostic value of each biochemical test, including salivary cortisol and cortisone. In addition, elevated P-cortisol following DST is often required for diagnosing ACS, which inevitably may have contributed to the high sensitivity of this test. Finally, P-dexamethasone, analysed together with P-cortisol in association with DST, in order to decrease the number of false positive results (18), was not measured in our study. The study has also several strengths, including that all patients who provided salivary samples followed a standardized protocol for collection and a relatively large number of patients with adrenal incidentalomas were included. Furthermore, both salivary cortisol and cortisone were measured, enabling calculation of the cortisol:cortisone ratio and evaluation if the samples were contaminated with exogenous cortisol (hydrocortisone). Another strength is that the salivary samples were analyzed using LC-MS/MS, which is more accurate than other analytical methods used to analyze steroids.

In conclusion, LNSC does not by itself seem to be sufficiently sensitive to screen patients with suspected hypercortisolism, neither in patients with adrenal incidentalomas, nor in patients with suspected CS. However, Sa-cortisone at 11 p.m. and salivary cortisol and cortisone following DST seem to be promising tests in the same context. Nevertheless, further studies on the diagnostic value of salivary cortisol and cortisone are needed. Ideally, this would be done prospectively with a sufficiently large number of patients, where the criteria for ACS would be predefined, and the investigators would be blinded to the results on salivary cortisol/cortisone when the decision on diagnosis is made.
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Background

While it is known that inaccurate evaluation for retroperitoneal laparoscopic adrenalectomy (RPLA) can affect the surgical results of patients, no stable and effective prediction model for the procedure exists. In this study, we aimed to develop a computed tomography (CT) -based radiological-clinical prediction model for evaluating the surgical difficulty of RPLA.



Method

Data from 398 patients with adrenal tumors treated by RPLA in a single center from August 2014 to December 2020 were retrospectively analyzed and divided into sets. The influencing factors were selected by least absolute shrinkage and selection operator regression model (LASSO). Additionally, the nomogram was constructed. A receiver operating characteristic curve was used to analyze the prediction efficiency of the nomogram. The C-index and bootstrap self-sampling methods were used to verify the discrimination and consistency of the nomogram.



Result

The following 11 independent influencing factors were selected by LASSO: body mass index, diabetes mellitus, scoliosis, hyperlipidemia, history of operation, tumor diameter, distance from adrenal tumor to upper pole of kidney, retro renal fat area, hyperaldosteronism, pheochromocytoma and paraganglioma, and myelolipoma. The area under the curve (AUC) of the training set was 0.787, and 0.844 in the internal validation set. Decision curve analyses indicated the model to be useful. An additional 117 patients were recruited for prospective validation, and AUC was 0.848.



Conclusion

This study developed a radiological-clinical prediction model proposed for predicting the difficulty of RPLA procedures. This model was suitable, accessible, and helpful for individualized surgical preparation and reduced operational risk. Thus, this model could contribute to more patients’ benefit in circumventing surgical difficulties because of accurate predictive abilities.





Keywords: adrenalectomy, laparoscopy, retroperitoneal space, LASSO, nomogram



Introduction

Adrenal tumors are common among urological conditions, with a median incidence rate of approximately 3.0% (1.05%–8.7%) (1). Involved pathologies include nonfunctional adrenal tumors, primary aldosteronism (PA), Cushing’s syndrome, pheochromocytoma and paraganglioma (PPGL), myelolipomas, ganglioneuromas, adrenocortical carcinomas, and adrenal metastasis (2, 3). Computed tomography (CT) is among the preferred localization and diagnostic methods, as it can typically detect adrenal tumors with a diameter of >5 mm (4). In addition, the pathology of lesions can be evaluated preliminarily by CT (5).

As the gold standard treatment for adrenal tumors, laparoscopic surgery has the advantages of accelerating postoperative recovery and shortening postoperative hospital stay (POHS) as compared with open surgery (6–8). Laparoscopic surgery is further divided into transperitoneal laparoscopic adrenalectomy (TPLA) and retroperitoneal laparoscopic adrenalectomy (RPLA), with TLPA first competed in 1992 by Gagner et al. (9) and Higashihara et al. (10) and RPLA first proposed by Gaur et al. (11), later refined by Walz et al. (12). Compared with TLPA, RPLA has less postoperative pain, fewer complications, and lower incidence of intraoperative adverse events such as hemodynamic instability and massive bleeding (13, 14). However, there is currently no effective evaluation system for the difficulties of RPLA. Therefore, exploration of new strategies to improve evaluation efficiency and optimize treatment of adrenal tumors is essential.

Machine learning is a new technique used widely in medical research in recent years. Aside from processing a large amount of data by identifying key factors, it can also capture the relationship between nonlinear variables and accurately predict clinical outcomes. As listed above, this is an indispensable approach to solving complex problems in various fields (15). For instance, current research explored the differences between adrenal pheochromocytoma and lipid-poor adenoma from machine learning (16).

LASSO was established by Tibshirani and found to be one of the most effective classifier construction algorithms to predict clinical outcomes in various classification or regression studies (17). Furthermore, a study used LASSO regression on the preoperative diagnosis of pheochromocytoma, and the model set yielded an AUC of 0.893 (18).

This study used LASSO to retrospectively analyze the influencing factors correlating to the difficulties of RPLA by developing a nomograph. Additionally, this study focused on improving preoperative preparations, reducing the operational risks and improving patients’ clinical outcomes.



Methods


Patients and selection criteria

To meet our aim of using LASSO to retrospectively analyze factors influencing the difficulty of RPLA in patients in a single hospital and developing a nomograph to individualize preoperative preparation and reduce operational risk, we retrospectively collected the data of adrenal tumor patients in Shanxi Bethune hospital from August 2014 to December 2020. The models were established based on the retrospective patient data, while adrenal tumor patients from January 2021 to December 2021 were prospectively collected for prospective validation. Inclusion criteria included: 1) confirmation of adrenal tumors by abdominal CT examination 1–15 days before operation, 2) routine laboratory examinations (serum aldosterone [supine and erect position], direct renin concentration [supine and erect position], serum cortisol [8:00, 16:00, and 24:00], plasma catecholamine, urine catecholamine, and vanillylmandelic acid) to determine the hormone activity of adrenal tumors performed before operation, and 3) treated by RPLA. Exclusion criteria included: 1) no surgery conducted, 2) multiple operations undergone concurrently, and 3) incomplete CT data. A total of 398 patients were included in the retrospective study, with an additional 117 patients recruited for prospective validation (Figure 1A).




Figure 1 | Study flowchart. (A) Inclusion and exclusion process; (B) Analysis and verification process; (C) Drawing of ROI and calculation of RFA.





Procedures

As referenced from the previous studies (13, 14, 19–21), patients who meet any of the following conditions are considered to be difficult to operate on: 1) operation time ≥ P75 (150 min), 2) blood transfusion required during operation due to injury of surrounding organs or blood vessels, 3) convert to open surgery, 4) postoperative complications with Clavien–Dindo grade ≥ 3, 5) POHS ≥ P95 (15 d). Otherwise, patients are considered to be easy to operate on.

For this study, patients were divided randomly into training and internal validation sets, with a proportion of 7:3. The data from the training set was used for influencing factor selection and model construction, whereas the data of the internal validation set was used to validate the model (Figure 1B).

Radiological features were obtained using Siemens SOMATOM definition flash or force dual-source CT, with Siemens SOMATOM Definition AS Sliver or GEOptima 660 spiral CT scanning (Siemens, Munich, Germany). CT scanning was performed with 1.0 mm slice thickness and 0.7 mm intervals. The method for measurement of features was as follows. For tumor diameter (TD), we took the larger value of the longest diameter in the largest section of the tumor and the difference between the upper and lower poles of the tumor. For distance from adrenal tumor to upper pole of kidney (DAK), we took the vertical height difference between the lower pole of adrenal tumors and the upper pole of the ipsilateral kidney. For the distance from adrenal tumor to renal pedicle (DARP), we took the vertical height difference between the lower pole of the adrenal tumor and the plane of the ipsilateral renal vein. For the distance from great vessel to the adrenal tumor, we selected the slice closest to the tumor and great vessel (left: abdominal aorta; right: inferior vena cava), and measured the shortest distance between them. For the retrorenal fat area (RFA), we used 3D slicer software to draw the region of interest (ROI) for measurement. The ROI was drawn at the slice of the renal vein in the horizontal view, encompassed by the extended line of the renal vein and its perpendicular line, as well as the visceral tectorial membrane and parietal peritoneum. The above features were measured by two doctors, respectively. If the consistency of the two measurements was >0.75, we took the average of the two values; otherwise, the measurement was re-taken by another senior doctor (Figure 1C).



Statistical analysis

R 4.1.4 (Vienna statistical computing foundation, Austria) and the glmnet (22) package were used to process data. As all continuous variables did not conform to the normal distribution, they are represented by the median [interquartile range]; categorical variables are expressed in frequency and percentage (%). The patients were randomly divided into the training and internal validation sets according to a ratio of 7:3, and the baseline characteristics between each set were compared by analysis of variance. Using the glmnet package, the univariate logistic regression and lasso logistic regression analysis were carried out to verify the independent influencing factors. The nomogram model was then established according to multivariate logistic regression, and the ROC curve and the AUC were used to verify the prediction efficiency of the model. The bootstrap resampling method and calibration curve were used to evaluate the consistency of the model, and the net benefit of patients was evaluated by clinical decision curve analysis (DCA). The prediction model was then verified again in the prospective group. When P-value <0.05, the difference was considered to be statistically significant.




Results


Baseline characteristics

This study involved 398 patients, with all baseline characteristics listed in Table 1. The median patient age is 50.50 [40.00, 58.00] years with 179 male (45.0%) and 219 female (55.0%). A total of 132 patients were considered to be challenging to operate on, with 105 having had an operation time ≥ P75, 13 having required blood transfusion due to intraoperative damage to surrounding organs or vessels, seven having undergone conversion to open surgery, 27 having had complications with a Clavien–Dindo grade ≥ 3 (Table 2), and 19 having had a postoperative hospital stay of ≥ P95. It was discovered by ANOVA that there was no significant difference in preoperative baseline characteristics among the sets.


Table 1 | Baseline characteristics of the patients.




Table 2 | Classification of complications.





Univariate logistics regression

Univariate logistics regression suggested that there were several influencing factors associated with the difficulty of RPLA, including gender (Odds ratio[OR]: 0.511, 95% Confidence interval[CI]: 0.334–0.779, P=0.002), body mass index (BMI) (OR: 1.076, 95% CI: 1.018–1.138, P=0.01), pathology (OR: 1.185, 95% CI: 1.066–1.320, P=0.002), diabetes mellitus (OR: 2.595, 95% CI: 1.558–4.336, P=0), scoliosis (OR: 2.932, 95% CI: 1.157–7.750, P=0.024), coronary disease (OR: 1.962, 95% CI: 1.008–3.799, P=0.045), hyperlipidemia (OR: 2.595, 95% CI: 1.369–4.962, P=0.004), history of operation (OR: 1.654, 95% CI: 1.048–2.603, P=0.03), TD (OR: 1.022, 95% CI: 1.010–1.035, P=0.001), DAK (OR: 0.979, 95% CI: 0.965–0.993, P=0.004), DARP (OR: 0.983, 95% CI: 0.969–0.997, P=0.015), and RFA (OR: 1.001, 95% CI: 1.000–1.001, P=0.001) (Figure 2).




Figure 2 | Forest plot of influencing factors of surgical difficulty.





Variable selection

We converted multi-categorical variables into binary-categorical variables through dummy variables; final variable assignments are shown in Table 3. Generalized cross-validation was carried out for all variables through LASSO logistics regression, with the log (lambda) value of the harmonic parameter. The AUC of the model changed along with the change of the lambda. The corresponding number of variables filtered by the model is shown in Figure 3A. We constructed an influencing factor classifier by using the lasso logistic regression model (Figure 3B). After lasso logistic analysis, eleven influencing factors were selected including BMI, diabetes mellitus, scoliosis, hyperlipidemia, history of operation, TD, DAK, RFA, PA, PPGL, and myelolipoma (Table 4).


Table 3 | Variable assignments.






Figure 3 | LASSO-Logistic regression. (A) The cross-validation results. (B) LASSO coefficient profiles of the 28 variables.




Table 4 | Risk factors selected by LASSO-logistic regression model.





Nomogram

According to the influencing factors screened by Lasso-logistic regression, multivariate logistic regression was carried out, and the results were displayed by nomogram (Figure 4A). To use the nomogram, we added up the scores corresponding to each prediction index of the patient to calculate the total score, and determined the corresponding risk value from the total score line, which was the probability that the operation would be more complicated in that patient. For example, if a patient’s pathological type of tumor were PA, with TD of 40 mm, DAK of -10 mm, RFA of 2000 mm2, BMI of 26 kg · m-2; there was no previous surgery history, scoliosis, history of hyperlipidemia; and there was a history of diabetes, the corresponding scores of each feature were approximately 20, 8, 20, 40, 29, 0, 24, 0, 29, respectively. Thus, the total score was 170, which corresponds to a probability of 80% for increased surgical difficulty and suggests that additional perioperative preparations would be required for an operation.




Figure 4 | Nomogram of prediction model of difficulty of retroperitoneal laparoscopic adrenalectomy and its performance. (A) Nomogram. (B) Calibration curves of the nomogram in the training and internal validation sets. (C) ROC curves of the nomogram in the training, internal and prospective validation sets. (D) Clinical decision curve analysis of prediction model. (E) The calculated risk scores for each patient within the combined training and external validation datasets.) (NFAT, non-function adrenal tumor; PA, primary aldosteronism; PPGL, pheochromocytoma and paraganglioma; Others, include eosinophil tumor, teratoma, schwannoma, hematoma, tuberculoma, foreign body granuloma, retroperitoneal bronchial cyst, and hemangioma; MT, Malignant tumor, include adrenocortical carcinoma and adrenal metastasis; TD, tumor diameter; DAK, distance from adrenal tumor to upper pole of kidney; RFA, retrorenal fat area; BMI, body mass index.).





Validation and performance of nomogram

The C-index of the model was 0.784 (95% CI: 0.736–0.832). After 1000 resampling internal validations, the visible calibration curve fit the ideal curve well, indicating that the probability of the predicted surgical difficulty of the model had good agreement with the actual situation (Figure 4B).

ROC curves were drawn according to the model, with an AUC of 0.787 (95% CI: 0.732–0.843) in the training set and an AUC of 0.844 (95% CI: 0.766–0.923) in the internal validation set. The AUC in the prospective validation set was 0.848 (95% CI: 0.772–0.924) and showed high predictive power for this machine learning model (Figure 4C).

The prediction model based on DCA yielded a net benefit for patients of around 15% when the intervention was performed at approximately 35% probability of difficulty (Figure 4D). The model had a sensitivity of 0.759, a specificity of 0.720, and a Youden index of 0.479, showing high prediction accuracy (Figure 4E).




Discussion

Adrenal tumors are a hot topic in the field of medicine at present. This study outlined the factors in predicting the difficulty of RPLA via nomogram regarding BMI, diabetes mellitus, scoliosis, hyperlipidemia, history of surgery, TD, DAK, RFA and pathology. We concluded that the model had a high predictive ability by internal and prospective validation.

Numerous studies have highlighted that TD is a major factor contributing to the difficulty of RPLA (13, 14, 19–21, 23, 24). In a previous analysis of 275 patients who underwent laparoscopic adrenalectomy, Natkaniec et al. posited that type of pathology was a predictor of difficulty and suggested that surgery for malignancy was much more difficult than that for other tumor types (OR, 3.67, 95% CI 1.52–8.87; P = 0.008) (19), while Vidal (21) and Pisarska (25) considered that surgery was more difficult in pheochromocytoma. The effect of DAK on the difficulty of RPLA was first suggested by Wang (23) (OR, 5.76 95% CI, 2.03–16.35; P = 0.001) and Rah (13) (OR, 3.79; 95% CI, 1.66–8.67; P = 0.002), respectively, and DARP was similarly found to affect surgical difficulty in the former study (OR, 6.23; 95% CI, 2.11–18.38; P = 0.001).

Aside from the tumor itself, the surrounding area and surgical site also have an impact on the difficulty, including adherent perirenal fat (APF) (26), peripheral fat distance (27), and posterior adiposity index (13). Previously, Davidiuk et al. proposed the Mayo adhesive probability (MAP) to predict APF (26), and Kira et al. (24) confirmed MAP to be related to difficulty of RPLA as the adrenal gland is adjacent to the kidney. At the same time, the surrounding environment, fat thickness, and adhesion degree are related. Hence, it is also effective in adrenalectomy. Rah et al. (13) measured periadrenal fat volume and named it as an independent factor affecting difficulty of RPLA. However, the adrenal gland has minimal surrounding fat and significant measurement inaccuracy. Therefore, we synthesized previous studies and concluded that RFA has a considerable impact on the difficulty of RPLA. Patients with diabetes, hyperlipidemia or previous surgery are often more likely to have APF, and thus present with more difficulty in an RPLA procedure (28). As another factor, while BMI is used to evaluate degree of obesity, it primarily reflects body fat composition, and the distribution of visceral fat, especially perirenal fat, may differ. Therefore, the prediction of BMI on difficulty of RPLA is still controversial, with a limited number of studies suggesting that BMI has a significant impact (1, 14, 21).

For patients with scoliosis, the surgical area is smaller which restricted the movement of laparoscopic instruments during the operation. The intercostal space is narrow while the tumor is adjacent to major blood vessels such as the abdominal aorta and splenic veins, which increase the surgical difficulty and make the operation challenging. However, no current relevant cohort or case-control study has been published, and this issue has only been acknowledged in some medical records or case reports (29).

Based on clinical data and CT features, this study developed a prediction model of the difficulty of RPLA by LASSO. It carried out relevant internal and prospective validation, proving that this model can improve the net benefit rate of patients by up to 15%.

At present, some scholars have worked on the prediction of the surgical difficulty of RPLA, but a lack of precise prediction models has been published. Thus, the innovation of this study is that the influencing factors of difficulty were analyzed by LASSO regression, and a prediction model was established and internally and prospectively validated. Further, this study is currently the largest cohort regarding the prediction of the difficulty of RPLA.

Limitations of this study: 1) this study set up an internal validation set and a prospective validation set, which requires further validation in future multicenter studies, 2) LASSO was used in this study, while other machine learning algorithms such as xGBoost and SVM will be used in the further research.



Conclusion

In this study, independent influencing factors for the difficulty of RPLA included BMI, diabetes mellitus, scoliosis, hyperlipidemia, history of surgery, TD, DAK, RFA, and pathology. Based on the clinical and radiological characteristics, the machine learning prediction model of the difficulty of RPLA established by LASSO regression had a good predictive performance. Using this model can effectively assist surgeons in evaluating the difficulty of RPLA, facilitating complete individualization of perioperative preparation, thereby reducing surgical risk and benefiting patients.
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Introduction

Adrenal vein sampling (AVS) is not a routine procedure in patients with primary bilateral macronodular adrenocortical hyperplasia (PBMAH), but has been used to determine lateralization of cortisol secretion in order to guide decision of unilateral adrenalectomy. Our aim was to characterize the steroid fingerprints in AVS samples of patients with PBMAH and hypercortisolism and to identify a reference hormone for AVS interpretation.



Method

Retrospectively, we included 17 patients with PBMAH from the German Cushing’s registry who underwent AVS. 15 steroids were quantified in AVS and peripheral blood samples using LC-MS/MS. We calculated lateralization indices and conversion ratios indicative of steroidogenic enzyme activity to elucidate differences between individual adrenal steroidomes and in steroidogenic pathways.



Results

Adrenal volume was negatively correlated with peripheral cortisone (r=0.62, p<0.05). 24-hour urinary free cortisol correlated positively with peripheral androgens (rDHEA=0.57, rDHEAS=0.82, rA=0.73, rT=0.54, p<0.05). DHEA was found to be a powerful reference hormone with high selectivity index, which did not correlate with serume cortisol and has a short half-life. All investigated steroids showed lateralization in single patients indicating the heterogenous steroid secretion pattern in patients with PBMAH. The ratios of corticosterone/aldosterone (catalyzed by CYP11B2), androstenedione/dehydroepiandrosterone (catalyzed by HSD3B2) and cortisone/cortisol (catalyzed by HSD11B2) in adrenal vein samples were higher in smaller adrenals (p<0.05). ARMC5 mutation carriers (n=6) showed lower androstenedione/17-hydroxyprogesterone and higher testosterone/androstenedione (p<0.05) ratios in peripheral blood, in line with lower peripheral androstenedione concentrations (p<0.05).



Conclusion

Steroid profiling by LC-MS/MS led us to select DHEA as a candidate reference hormone for cortisol secretion. Lateralization and different steroid ratios showed that each steroid and all three steroidogenic pathways may be affected in PBMAH patients. In patients with germline ARMC5 mutations, the androgen pathway was particularly dysregulated.





Keywords: cortisol, AVS, steroidome, LC-MS/MS, adenoma, DHEA, reference hormone



Introduction

Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) is a benign neoplastic disorder characterized by multiple nodules ≥ 10mm in diameter on both adrenals. The clinical presentation is variable, ranging from asymptomatic to overt symptoms of Cushing’s Syndrome (CS), and less commonly mineralocorticoid and/or androgens excess (1–3). This high heterogeneity and lack of specific symptoms renders PBMAH difficult to identify, and criteria for medical treatment or adrenalectomy still remain to be established. Given the complex pathophysiology of PBMAH, analyses of individual adrenal steroidome and comparison of interadrenal differences in steroidogenesis in patients with PBMAH may be of value to better characterize biochemical features and the steroid pathways involved. However, to the best of our knowledge, comprehensive data on steroid fingerprinting of the effluent of adrenal veins, and correlation between steroid patterns and clinical parameters have not yet been published.

Adrenal vein sampling (AVS) is the gold standard used to distinguish unilateral from bilateral forms of primary aldosteronism (PA). Patients with unilateral PA are usually referred to surgery. In selected patients with PBMAH, unilateral adrenalectomy can be a therapeutic approach despite bilateral disease (4–7). This could have the advantage over bilateral adrenalectomy of decreasing the risk for life-threatening adrenal crises and obviate the lifelong adrenocortical hormone replacement (8, 9). Previous studies addressed the application of AVS in PBMAH with CS to guide unilateral adrenalectomy (10–12). However, the variations of AVS protocols in use have been a limiting factor so far, and no consensus on a reference hormone has been achieved, which is required for diagnostic selectivity and to account for sample dilution. Therefore, a reliable reference hormone is necessary for improved interpretation of AVS results. Liquid chromatography-mass spectrometry (LC-MS/MS) for multiple steroids measurements in AVS samples enables a comprehensive appraisal of adrenal steroid output. Calculation of product/precursor ratios provides insights into adrenal steroidogenesis through analysis of the activity of different steroidogenic enzymes and thus allows investigations into alterations of steroidogenic pathways in the adrenal hyperplasia (13).

We hypothesized - based on variability of histopathologic phenotypes - that steroid secretion in PBMAH might be heterogeneous, with differences in steroid fingerprints between individual patients and even between the adrenal glands of the same patient.

To confirm our hypotheses, we followed these steps (1): correlation of steroid profiles with clinical parameters (2); identification of a reference hormone for AVS interpretation in patients with PBMAH using LC-MS/MS; (3) investigation of alterations in inter-adrenal steroidome using lateralization index (LI) and steroidogenic pathways using conversion analysis (product/precursor) in AVS samples.



Methods


Subjects

For this retrospective analysis, we included 17 patients with PBMAH from the German Cushing’s registry who underwent AVS between 2006 to 2021 (15 treated at the LMU Klinikum, Ludwig Maximilians University Munich, Germany and 2 at the University Hospital of Würzburg, Julius Maximilians University Würzburg, Germany). These patients had documented ACTH-independent Cushing’s syndrome and bilateral adrenal masses typical for PBMAH. AVS was performed to identify a hormonally dominant side of cortisol production to guide unilateral adrenalectomy. Most of these patients (patients 1 to 12, patient 17 and patient 18) were already part of our study on the clinical role of AVS in PBMAH (14). As described also in that publication, patients underwent biochemical screening for Cushing’s syndrome by the three recommended screening tests: 1-mg dexamethasone suppression test (LDDST), late-night salivary cortisol (LNSLC) and 24h urinary free cortisol (UFC), all performed using immunoassay. Germline ARMC5 (armadillo repeat containing 5) sequencing was performed in 15 patients. Inactivating mutations of ARMC5, a putative tumor-suppressor gene, are associated with a more severe hypercortisolism, bigger adrenals with a higher number of nodules (15).The assays for the screening tests, baseline ACTH and ARMC5 status were described in the online Supplementary Material (14).

The study was approved by the LMU ethics committee (Project number: 152-10) and performed in accordance with the principles of the declaration of Helsinki. All participants gave written informed consent.



Adrenal vein sampling

The decision to perform AVS for patients with bilateral adrenal masses was made independently by the treating endocrinologist before 2012 or by a multidisciplinary endocrine board since 2012. Our group described in detail the exact procedure previously (14). AVS was conducted without ACTH stimulation and peripheral blood samples were collected simultaneously with each of the selective blood samples. Samples were stored at -80°C until analysis. As no guideline is available for AVS performed in PBMAH patients, we interpreted the results in analogy to the Endocrine Society Practice Guideline on primary aldosteronism (PA) (16). Successful catheterization was confirmed in an exploratory analysis by a gradient of steroid concentrations between adrenal vein to peripheral vein (AV/PV, also called selectivity index, SI) greater than 2 (16–18). To analyze lateralization of hormone production we calculated a lateralization index, which is defined by the ratio of the high side to the low side of the corrected steroid of interestlevels (17). Following this definition, LI in our study is defined as:

	

This formula can be used for any steroid of interest, as long as the reference steroid in the denominator position is not affected by the rate of secretion of the steroid in the numerator position. In our PBMAH patient cortisol was used as steroid of interest. Recommendation for unilateral or bilateral adrenalectomy was not based on the results of LC-MS/MS presented in this study. The decision of the interdisciplinary tumour board was guided instead by the severity of CS (clinically and biochemically), the results of radiologic studies, plus AVS results measured with immunoassay as described in our previous study (14).



Steroids analysis by LC-MS/MS

A panel of 15 steroids was quantified in archival AVS and peripheral EDTA-plasma samples using the commercially available MassChrom® Steroid LC-MS/MS kit (Chromsystems, Gräfelfing, Germany) and a 1290 Infinity II ultra-high performance liquid chromatography instrument (Agilent Technologies, Santa Clara, USA) connected to a QTRAP6500+ triple quadrupole mass spectrometer (ABSciex, Framingham, USA). Sample preparation was performed via offline solid phase extraction of 500µL sample according to the instructions of the manufacturer. Before extraction, the respective stable isotope labeled steroids were added as internal standards. Twenty microliters were injected to the LC-MS/MS system, ionized with electrospray ionization (ESI) and analyzed in multiple reaction monitoring mode. Aldosterone and DHEA-S were measured in negative ESI mode. All other steroids were measured in positive ESI mode. A six-point calibration with 1/x2 weighting was used for quantification of the steroids by the SciexOS software (Version 1.6.1, ABSciex, Framingham, USA). Sample containing steroid concentrations above the highest calibration were re-assayed after dilution in 0.9% saline, and results multiplied by the dilution factor. Quality control samples provided by the manufacturer were measured within each analytical run to continuously monitor performance of the LC-MS/MS measurements. We regularly participated in the national external quality assessment scheme for steroid hormones (Reference Institute for Bioanalytics, RfB, Bonn, Germany) and passed for all included steroids. The kit includes the following steroids: progesterone (Prog), 17-hydroxyprogesterone (17OHP), cortisol (F), 11-deoxycortisol (11dF), 21-deoxycortisol(21dF), cortisone (E), corticosterone (Cort), 11-deoxycorticosterone (DOC), aldosterone (Aldo), dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulfate (DHEAS), dihydrotestosterone (DHT), testosterone (T), androstenedione (A) and estradiol (E2). The low limit of quantification (LLOQ) and up limit of quantification (ULOQ) for each steroid are summarized in Supplemental Data (Table S1). To study the alteration of adrenal steroidogenesis pathways, conversion ratios based on adrenal size and radiological asymmetry were calculated with adrenal vein metabolite/its precursor, and conversion ratios based on ARMC5 status calculated with peripheral metabolite/its precursor, accordingly (19, 20).



Adrenal size

The adrenal volume was measured in three dimensions and calculated by height x width x depth. One patient provided only axial planes. Therefore, in this patient adrenal size was assessed by the maximum diameter in cm. The definition of adrenal asymmetry was a difference > 30% between adrenal volumes or, if not available, the maximum diameter.



Statistics

We analyzed correlation using a two-tailed Spearman correlation coefficient. Mann Whitney test was used to assess the differences of peripheral steroids and clinical parameters based on ARMC5 status, and conversion ratios based on adrenal size and ARMC5 status. The differences of conversion ratios between groups based on radiological asymmetry were evaluated by Wilcoxon test. Steroid concentrations below LLOQ and without peak were calculated as 0.5*LLOQ. A value of p<0.05 was considered statistically significant. We used Microsoft Excel 365 for data calculation and GraphPad Prism 8 for the statistical analyses.




Results


Correlation of clinical parameters and peripheral steroidome

16/17 patients were females, 15 patients were older than 55 years (see Supplementary Table S1). The biochemical evaluation demonstrated the typical features of adrenal hypercortisolism. ARMC5 status was evaluated in 15 patients. 6 patients showed mutations in the ARMC5 gene, while 9 patients had the wildtype.

Correlations between adrenal volume, baseline ACTH, the three diagnostic tests for CS and the peripheral steroids were analyzed in 15 postmenopausal patients (Figure 1); the male (patient 4) and one premenopausal female (patient 6) were excluded from this analysis. The concentrations of aldosterone (7 patients), 21-deoxycortisol (4 patients), estradiol (8 patients), DHT (8 patients), 11-deoxycorticosterone (2 patients) and progesterone (8 patients) were below LLOQ or detection in >10 % of the samples (Supplementary Table S2). Therefore, we excluded these steroids from further analysis. Adrenal volume showed negative correlations with plasma cortisone concentrations (r=-0.62, p<0.05). UFC did not correlate with plasma cortisol but did correlate positively with 17-hydroxyprogesterone (r=0.64, p<0.05), DHEA (r=0.57, p<0.05), DHEAS (r=0.82, p<0.001), androstenedione (r=0.73, p<0.01) and testosterone (r=0.54, p<0.05) in peripheral plasma samples. The association of steroid concentrations with germline ARMC5 mutation status is presented in Table 1. Patients with germline ARMC5 mutations had lower plasma androstenedione concentrations than wild-type patients.




Figure 1 | Correlation between adrenal volume, the three diagnostic tests of hypercortisolism, and peripheral steroid concentrations as measured by LC-LC/MS. The values in cells are the coefficient r, the circles indicate statistical significance (p<0.05). Male and premenopausal female patients were excluded. AVol: adrenal volume; UFC, 24h urinary free cortisol; LDDST, low dose dexamethasone suppression test; LNSLC, late-night salivary cortisol; late-night salivary cortisol; ACTH, adrenocorticotropic hormone. 17OHP, 17-hydroxyprogesterone; 11dF, 11-deoxycortisol; F, cortisol; E, cortisone; DOC, 11-deoxycorticosterone; Cort, corticosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; A, androstenedione; T, testosterone.




Table 1 | Comparison of peripheral steroids (ng/ml) based on ARMC5 status.





Identification of a reference hormone

An ideal reference hormone to be used during AVS for correction of dilution effects in adrenal veins should have a rather short half-life and should be secreted independently of the underlying adrenal pathology. Therefore, the selection of the best reference hormone was based on three steps in our study (1): The candidate hormone should show a concentration gradient between adrenal and peripheral vein (selectivity index) ≥ 2 (2); The candidate hormone should not correlate with cortisol, which would indicate a co-secretion by the cortisol-producing tumor (3); The candidate hormone has a short half-time.

In order to evaluate specific steroids as reference hormones, a ratio of adrenal vein/peripheral vein called selectivity index (SI) was calculated for each steroid. SI > 2 was selected as the traditional cutoff to assess the success of AVS cannulation (16–18), in analogy to AVS for primary aldosteronism (Table 2). In the right AVS of patient 17, only aldosterone showed an SI > 2. We therefore concluded a failure of cannulation of the right adrenal vein of patient 17, and this sample was excluded from further analysis. 17-hydroxyprogesterone, 11-deoxycortisol, corticosterone, DHEA, androstenedione and 11-deoxycorticosterone indicated successful catheterization in >90% of the cases. Thus, correlation analyses between these six steroids and cortisol were performed (Figure 2). Corticosterone (r=0.71, p<0.0001), 11-deoxycortisol (r=0.57, p<0.0005), 17-hydroxyprogesterone (r=0.59, p<0.001) and 11-deoxycorticosterone (r=0.57, p<0.001) showed significant correlations with cortisol, indicating a co-secretion with the cortisol-producing tumor. Androstenedione (r=0.27, p=0.13) and DHEA (r=0.20, p=0.27) had no correlation with cortisol. Compared with androstenedione (T1/2A is about 30 min) (21), DHEA (T1/2DHEA is 15 to 30 min) (22, 23) has a shorter half-life. As a result, we concluded that DHEA could be a viable reference hormone, meeting all the criteria we defined previously.


Table 2 | Concentration gradient (selectivity index, SI) of each steroid from adrenal vein (AV) to peripheral vein (PV) in 17 patients.






Figure 2 | Correlation of cortisol vs six steroids with high gradient of concentration from adrenal vein to peripheral vein: androstendione (A), DHEA (B), corticosterone (C), 11-deoxycortisol (D), 17-hydroxyprogesteron (E), 11-deoxycorticosterone (F). F, cortisol; A, androstenedione; DHEA, dehydroepiandrosterone; Cort, corticosterone; 11dF, 11-deoxycortisol; 17OHP, 17-hydroxyprogesterone; DOC, 11-deoxycorticosterone.





Comparison of the steroidome between both adrenals of individual patient and steroidogenic pathways analysis

We calculated the lateralization index to investigate differences in steroid fingerprints between the adrenals of each patient. Figure 3 shows the lateralization indices of the nine steroids, which could be measured adequately, using DHEA as reference hormone. The results indicate that the secretion of all measured steroids could be affected in PBMAH: every measured steroid showed a lateralization (LI above 2) in at least one patient. On the other hand, not every patient with PBMAH showed a lateralization of steroid production: 3 patients (patient 6, 14 and 15) had no lateralization at all when lateralization was defined as LI above 2. If defining LI above 4 as a relevant lateralization in steroid production, only 5 patients fulfilled this criterion by at least one steroid. However, out of these, in two patients (patient 7 and patient 10) the dominant side was inconsistent: In patient 7, the secretion of cortisol was mainly left (LI=82.7), while 11-deoxycortisol (LI=2.0), corticosterone (LI=2.5) and 11-deoxycorticosterone (LI=2.7) were mainly produced by the right adrenal. In patient 10, DHEAS (LI=2.4) production lateralized to the left side, whereas 11-deoxycortisol (LI=2.4), corticosterone (LI=4.8), and 11-deoxycorticosterone (LI=11.5) lateralized to the right side.




Figure 3 | Comparison between lateralization index (LI), surgery and outcome in patients with PBMAH. Steroids below LLOQ or dectection were excluded in the figure. Pat. No. 17 was excluded because of failed adrenal vein cannulation. NA, not available; ADX, adrenalectomy; F, cortisol; E, cortisone; 11dF, 11-deoxycortisol; Cort, corticosterone; DOC, 11-deoxycorticosterone; T, testosterone; A, androstenedione; 17OHP, 17-hydroxyprogesterone.



Additionally, conversion ratios (steroid/precursor) based on adrenal size and on ARMC5 status values were calculated to identify possible differences in affected steroid pathways. All conversion ratios among the pathway of adrenal steroidogenesis were analyzed (Supplementary data, Figure S1). For conversion ratios involving sex hormones, only the values of the postmenopausal women were included. 14 adrenals had a volume ≥ 30 ml, 18 adrenals had a volume< 30 ml, 12 patients showed radiological asymmetry. Aldosterone/corticosterone and cortisone/cortisol were higher in the group of adrenals with volumes< 30 ml (Figures 4A, B) and radiologically small adrenals (Figures 4D, E). Androstenedione/dehydroepiandrosterone was higher in the group of adrenals with volumes ≥ 30 ml (Figure 4C) and radiologically large adrenals (Figure 4F).




Figure 4 | Conversion ratio analysis of adrenal vein values based on adrenal volume and radiological asymmetry. Only significant results are shown. Comparisons of Aldo/Cort between groups based on adrenal volume (A) and radiological asymmetry (D). Comparison of E/F between groups based on adrenal volume (B) and radiological asymmetry (E). Comparison of A/DHEA between groups based on adrenal volume (C) and radiological asymmetry (F). Aldo, aldosterone; Cort, corticosterone; A, androstenedione; DHEA, dehydroepiandrosterone; E, cortisone; F, cortisol. *p<0.05, **p<0.01



ARMC5 mutation carriers showed lower conversion ratios of androstenedione/17-hydroxyprogesterone and higher testosterone/androstenedione than ARMC5-wildtype patients (p<0.05, Figures 5A, B).




Figure 5 | Conversion ratio analysis of peripheral steroids based on ARMC5 status. Only significant conversion ratios are displayed. (A) Comparison of A/17OHP between wild-type ARMC5 patients and mutant ARMC5 patients. (B) Comparison of T/A between wild-type ARMC5 patients and mutant ARMC5 patients. A, androstenedione; 17OHP, 17-hydroxyprogesterone; T, testosterone. WT, wild-type ARMC5 patients; MUT, mutant ARMC5 patients. *p<0.05






Discussion

We performed an exploratory study in patients with PBMAH using LC-MS/MS measurement in peripheral blood and adrenal vein samples to investigate correlations among clinical parameters and peripheral steroid concentrations, to identify a potential reference hormone, and to compare the steroidome between both adrenals of individual patients and analyze affected steroidogenic pathways.


Correlations among clinical parameters and peripheral steroids in PBMAH

No correlation between adrenal volume and peripheral cortisol level was found. Even though UFC better reflects the 24-hour time-integrated cortisol secretion compared to random serum cortisol, still no correlation between adrenal volume and UFC was observed indicating variable steroidogenic efficiency between PBMAH cases. This is in line with the findings of Wurth et al. in a cohort of 44 patients with PBMAH, in which adrenal volume was calculated based on computed tomography scans (24). 17-hydroxyprogesterone, DHEA, DHEAS, androstenedione and testosterone showed a positive correlation with UFC. In contrary, no correlation or even negative correlation (DHEAS) with serum cortisol was seen. Also, serum cortisol was not correlated with UFC. A possible explanation could be, that cortisol secretion levels vary throughout the day and UFC reflects the daily cortisol output. As a genetic disease, PBMAH is reported to be associated with germline mutation in ARMC5 gene. Mutation carriers are found to have an more severe Cushing phenotype than patients with wild-type ARMC5 (25). In the cohort described by Espiard et al., germline ARMC5-mutation is associated with lower ACTH, and higher UFC and higher cortisol after dexamethasone suppression test compared to wild-type PBMAH patients (26). This was not observed in our cohort (Supplementary Table S3), probably due to the relatively small cohort size.



Selection of reference hormone for AVS interpretation

At the moment cortisol is commonly used as a reference hormone to correct for dilution effects during AVS for PA. According to the experience of AVS in PA, a successful adrenal vein cannulation is traditionally defined by a SI >2 when AVS is performed without ACTH stimulation (16–18). In PA, the selection of cortisol as reference hormone is based on the assumption that cortisol is entirely secreted by the normal zona fasciculata and not overproduced by the aldosterone-producing lesion, which however has limitations in case of pronounced aldosterone and cortisol co-secretion (17, 27). Metabolites with long half-life are slowly cleared from circulation, and have decreasing adrenal to peripheral gradients, thus, this will impair the interpretation of AVS results. As a result, we selected the reference hormone based on a three-step approach accounting for these factors. According to our findings, we identified DHEA as the most promising reference hormone in patients with PBMAH.



Alterations in interadrenal steroidome and steroidogenic pathways in PBMAH

AVS was firstly introduced to guide surgical decision making in ACTH-independent Cushing’s syndrome by colleagues from the Mayo Clinic (5). In the following years, AVS was performed occasionally in adrenal CS by several centers. Due to the limited sample size and outcome data, our study was not performed to evaluate the optimal LI cut off, rather, the study intended to evaluate the LI of all steroids to evaluate adrenal laterality in patients with PBMAH. Our results nicely illustrate that cortisol lateralization based on AVS is valuable in most patients with PBMAH. Interestingly, corticosterone and 11-deoxycortisol showed also pronounced lateralization effects. So taken together one can say that cortisol is one of the most dysregulated hormones in PBMAH pathology, but all other steroids could be affected, too.

Lower conversion ratios of cortisone/cortisol (catalyzed by HSD11B2) and aldosterone/corticosterone (catalyzed by aldosterone synthase, CYP11B2) were observed in larger adrenals both based on adrenal volumes and radiological asymmetry. HSD11B2 is not expressed in normal adrenals (28), but expressed in adrenal adenomas (28, 29). Therefore, this result is unexpected. However, up to our knowledge the expression status of HSD11B2 in adrenals of PBMAH patients have not been investigated yet.CYP11B2 was undetectable by immunohistochemistry in the tumor of adrenal CS in a study by Nishimoto et al. (30). Similar immunohistochemical analyses have not yet been done in PBMAH, but it could be speculated that lower synthesis of aldosterone in adrenals affected by PBMAH is possibly caused by CYP11B2 repression. Higher conversion ratio of androstenedione/dehydroepiandrosterone (catalyzed by CYP17A1 or CYB5A) in larger adrenals indicates possible dysregulation in androgenic steroids in PBMAH. Taken together, even though PBMAH is primarily associated with cortisol excess, there are co-secretion of steroids of the mineralocorticoid and androgen pathways. In addition, we observed patients with germline ARMC5 variants have lower androstenedione/17-hydroxyprogesterone and higher testosterone/androstenedione conversion ratios. In line with these findings, peripheral androstenedione concentrations in germline ARMC5 mutation carriers were decreased, indicating that the androgen steroid pathway is dysregulated in PBMAH patients carrying a germline ARMC5 mutation, possibly through decreased ACTH. In line with this notion, lower peripheral DHEAS levels measured by LC-MS/MS in germline ARMC5 mutation carriers were described in another cohort (31). We saw the same tendency in our cohort, but this finding failed to be significant (119 vs 314 ng/ml, p=0.06).




Conclusion

In summary, our study showed some distinct correlations between the adrenal volume, baseline ACTH, the three diagnostic tests for hypercortisolism (LDDST, LNSLC and UFC) and circulating steroids of PBMAH. If AVS is performed in patients with PBMAH, DHEA could be used as reference hormone. Comparative analyses of steroids by LC-MS/MS identified different steroid fingerprints among PBMAH patients and emphasize the heterogeneity of this disease. Germline mutations in the ARMC5 gene were found to affect the androgen pathway in particular.



Limitations

There are some limitations of our study. (1) The synthesis of sex hormones is affected by gender and age. Due to the limited sample size and biased sex constitution, we were unable to study the correlations between clinical parameters and peripheral steroids based on gender and age. (2) Some patients were lost to follow up after treatment. Therefore, the recurrence of hypercortisolism was not evaluated. (3) AVS is invasive so that having the AVS data from healthy people as control is impossible. (4) Our data is descriptive and further research are needed to confirm our results.
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Introduction

The percentage of patients diagnosed with pheochromocytoma and paraganglioma (altogether PPGL) carrying known germline mutations in one of the over fifteen susceptibility genes identified to date has dramatically increased during the last two decades, accounting for up to 35-40% of PPGL patients. Moreover, the application of NGS to the diagnosis of PPGL detects unexpected co-occurrences of pathogenic allelic variants in different susceptibility genes.



Methods

Herein we uncover several cases with dual mutations in NF1 and other PPGL genes by targeted sequencing. We studied the molecular characteristics of the tumours with co-occurrent mutations, using omic tools to gain insight into the role of these events in tumour development.



Results

Amongst 23 patients carrying germline NF1 mutations, targeted sequencing revealed additional pathogenic germline variants in DLST (n=1) and MDH2 (n=2), and two somatic mutations in H3-3A and PRKAR1A. Three additional patients, with somatic mutations in NF1 were found carrying germline pathogenic mutations in SDHB or DLST, and a somatic truncating mutation in ATRX. Two of the cases with dual germline mutations showed multiple pheochromocytomas or extra-adrenal paragangliomas - an extremely rare clinical finding in NF1 patients. Transcriptional and methylation profiling and metabolite assessment showed an “intermediate signature” to suggest that both variants had a pathological role in tumour development.



Discussion

In conclusion, mutations affecting genes involved in different pathways (pseudohypoxic and receptor tyrosine kinase signalling) co-occurring in the same patient could provide a selective advantage for the development of PPGL, and explain the variable expressivity and incomplete penetrance observed in some patients.





Keywords: pheochromocytoma, NF1, germline mutation, DLST, MDH2, co-occurrent mutations



Introduction

Over the last two decades, the number of genes identified as involved in the hereditary susceptibility to developing pheochromocytoma (PCC) or paraganglioma (PGL), collectively known as PPGLs, has grown to more than fifteen, increasing the percentage of patients carrying known germline predisposing mutations to 35-40% (1). Furthermore, the prevalence and penetrance of PPGL-associated mutations is highly variable and parent-of-origin effects have been identified for at least, three susceptibility genes (SDHD, SDHAF2 and MAX), making genetic diagnosis of the disease challenging. Comprehensive gene panels or exome sequencing, which allow the examination of all predisposing genes in one test, have replaced complicated algorithms employed for genetic testing of PPGL patients, and as a result of the shift from sequential gene testing to next-generation sequencing, unexpected genetic variants have been discovered. In this regard, two recent studies describe the presence of pathogenic germline variants in both NF1 and SDHD genes in patients with multiple PPGLs (2, 3), one of whom had no clinical sign of neurofibromatosis type 1 (NF1; MIM #162200). The presence of germline variants in more than one susceptibility gene co-occurring in the same patient adds a further layer of complexity to the genetic diagnosis of the disease, and suggests that a more intricate genetic condition accounts for the development of PPGL in some NF1 patients.

Development of PPGL in patients with NF1 is thought to be very rare (0.1-5.7%) (4–6). A recent study revealed that only 0.3% (1/342) of patients with NF1 developed PPGL (7), while an exhaustive study for the presence of PPGL amongst patients diagnosed with neurofibromatosis (n=156), found that up to 7.7% of patients developed PPGL (8). This percentage could be underestimated since the use of targeted NGS has led to the identification of NF1 germline mutations in PPGL patients without a clear clinical diagnosis of NF1 (3, 9–12). Nevertheless, the percentage of patients developing PPGL amongst NF1 patients contrasts with that observed for other PPGL syndromes, e.g. 20% in von Hippel-Lindau (VHL; MIM #193300) and 50% in multiple endocrine neoplasia type 2A (MEN2; MIM #171400) (13, 14). Moreover, PPGLs are multifocal or bilateral in 43-45% of VHL cases and in 50-80% of MEN2 cases, compared to 16% in NF1 patients. These differences point to still unknown mechanisms that could account for the development of PPGL in NF1 patients.

We recently identified three patients carrying NF1 germline mutations and additional variants in other PPGL susceptibility genes. Interestingly, two of the three cases showed quite uncommon clinical findings (bilateral PCC and extra-adrenal PGL). Therefore, herein we analyse, using a comprehensive gene panel, a series of NF1 patients with PPGL, enriched in cases with multiple PPGLs, to investigate the co-occurrence of NF1 mutations with causal variants in other PPGL susceptibility genes. Moreover, we study the molecular characteristics of the tumours with dual mutations, using various omic tools, to gain insight into the role of this genetic event in the development of PPGL.



Methods


Patients and samples

Twenty-three patients diagnosed with PPGL and carrying a germline NF1 mutation were included in the study (Table 1). The series was enriched with patients developing bilateral PCC or extra-adrenal PGLs. In addition, three patients carrying known germline or somatic mutations in other PPGL susceptibility genes, and a somatic NF1 alteration were also included for discussion. A summary of the clinical data of the patients included in the study is provided in Table 2. Genomic DNA was extracted from available peripheral-blood leukocytes with the Maxwell Blood DNA-purification system (Promega). Tumour DNA was obtained from all patients with the DNeasy Blood and Tissue kit (QIAGEN) for frozen tissue and the Covaris S2 System (Covaris) for formalin-fixed paraffin-embedded (FFPE) tissue according to the manufacturers’ instructions. Informed written consent was obtained for all participants in the study. Ethical approval was granted by local ethical committees with the following reference numbers: 13-004137, 06/Q0104/133, 15/024, 88/11, 2011/0020149, 14/11.06.2020, PI54_2016-v2.


Table 1 | Molecular findings identified in the patients included in the study.




Table 2 | Clinical data of the patients included in the study.





Targeted next-generation sequencing (NGS) and loss-of-heterozygosity (LOH) analysis

DNA obtained from blood or tumour samples was used for targeted sequencing. The diagnostic PPGL target panel included all susceptibility genes described so far, and some genes mutated somatically in PPGL, in total 33 genes (CSDE1, KIF1B, SDHA, SDHB, SDHC, SDHD, SDHAF1, SDHAF2, EGLN1, EGLN2, FH, MDH2, DLST, IDH2, IDH1, TMEM127, VHL, MET, RET, PTEN, HRAS, MEN1, KRAS, MAX, GOT2, NF1, PRKAR1A, ATRX, BRAF, EPAS1, SLC25A11, DNMT3A, H3F3A). TruSight (Illumina) oligo probes were designed for the genes of interest. DesignStudio software (Illumina) was used for the design of 891 amplicons. Once the library was prepared, sequencing was performed using a MiSeq sequencer (Illumina). Alignment of sequences was done by MiSeq Reporter and VariantStudio (Illumina), and variant calling was carried out by GATK software. Variants were filtered following standard quality and depth criteria and candidate regions without adequate coverage or quality were amplified by Sanger sequencing. The PredictSNP consensus classifier was used to predict the effect of the amino acid missense substitution identified (15). LOH analysis of the DLST locus was performed on tumour DNA from case 1 (see Figure 1) by high-density SNP-array analysis. Briefly, a genome-wide scan was conducted on 250 ng of tumour DNA with the Illumina Human610-Quad BeadChip (Illumina) and image data was analysed with the Chromosome Viewer tool contained in GenomeStudio 2010.2 (Illumina). The metric we used was the log-R ratio, which is the binary logarithm of the ratio of the observed to expected normalized R values for a given SNP, as previously reported (16).




Figure 1 | Mutational profile of the twenty-six samples included in the study. Each column represents a tumour, with coloured rectangles representing mutations that are germline (denoted with an asterisk) or somatic in each row. Missense variants that ClinVar does not classify as pathogenic mutations and/or that are absent in NF1 patients were categorized as variants of unknown significance. NA, not available.





Methylation arrays

Bisulfite conversion of tumour DNA from case 1 (carrying the germline DLST-p.Gly374Glu mutation) was performed using the EZ DNA Methylation Kit (Zymo Research) and genome-wide DNA methylation was assayed using the Infinium MethylationEPIC BeadChip (Illumina) at the Centro Nacional de Genotipado (CEGEN-ISCIII) (www.cegen.org), as previously described (17). This BeadChip interrogates over 850,000 methylation sites per sample at single-nucleotide resolution. M values were used for statistical analyses. Following, we profiled MethylationEPIC data obtained from the tumour with our series of 12 PPGLs carrying mutations in different susceptibility genes (including three cases with the DLST-p.Gly374Glu mutation). Hierarchical clustering of methylation data was performed using GeneCluster 2.0 (18). The methylome of the tumor carrying co-ocurrent mutations in DLST and NF1 (case 1) was deposited in the National Center for Biotechnology Information GEO database under the accession number GSE217207. Methylation data from the rest of the tumor samples used in this study were previously deposited under the accession numbers GSE111336 and GSE123185 (16).



Liquid chromatographic-tandem mass spectrometric (LC-MS/MS) determination of tricarboxylic acid (TCA) cycle -related metabolites

FFPE tumour tissue (5–10 mg) from three available individuals (cases 1 and 24 with dual NF1/DLST variants, and case 3 with dual NF1/MDH2 variants) were immersed in 500 mL LC-MS/MS-grade methanol containing isotope-labelled internal standards and processed as previously described (19). An analysis of metabolites was carried out with an AB Sciex 5500 QTRAP mass spectrometer coupled to an Acquity ultra-high-performance liquid chromatographic system (Waters) as previously described (19). We compared the data with that from a series of tumours carrying either NF1 or DLST mutations previously analysed in our laboratory.



Immunohistochemistry (IHC)

Immunohistochemical staining of DLST (11954; rabbit monoclonal 1:150, Cell Signaling Technology), and 5-hydroxymethylcytosine (5-hmC) (Active Motif; 39770) were performed with 3 mm FFPE sections from tumours 1 and 24, the two DLST/NF1-mutated tumour samples, as previously described (16, 20).



RNA sequencing

RNA libraries were built using QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen, 015), following the vendor’s protocol for FFPE RNA using 500 ng of total RNA from tumours 1 and 24, carriers of dual mutations in NF1 and DLST. We also used UMI Second Strands Synthesis Module for QuantSeq FWD (Lexogen, 081) and PCR Add-on Kit for Illumina (Lexogen, 020) to adjust the library amplification number of cycles. Libraries were applied to an Illumina flow cell for cluster generation and sequenced on NovaSeq6000. For the hierarchical clustering, performed with GeneCluster 2.0 (18), we used expression data from a list of genes differentially expressed in DLST mutated PPGLs (16) from the two NF1/DLST mutated tumours, three DLST- and seven NF1-mutated PPGLs. The transcriptomes of the tumors carrying co-ocurrent mutations in DLST and NF1 (cases 1 and 24) were deposited in GEO under the accession number GSE217206. RNA-Seq data for the rest of the tumors used in this study were previously deposited under the EGAS00001006044 accession number in the European Genome-phenome archive (Calsina et al., under review).




Results


NGS analysis

Amongst the twenty-three germline NF1 mutations included in the study, three missense variants (identified in cases 3, 15 and 23; Table 1; Figure 1) were not classified or were classified as variants of uncertain significance by ClinVar, and have not been found in NF1 patients. However, most of the predictions included in Varsome suggest a pathological effect of the substitutions, so we took these variants into account throughout the current study. Overall, NF1 clinical features (Table 2) or a family history of NF1 were reported in ~57% of the individuals carrying NF1 germline mutations.

Targeted sequencing of a panel of 33 PPGL-related genes revealed three germline variants, one in DLST and two in MDH2, and two somatic mutations in H3-3A (previously known as H3F3A) and PRKAR1A amongst the twenty-three patients carrying NF1 germline mutations analysed (Table 1; Figure 1). The DLST-p.Gly374Glu variant, previously reported as pathogenic in PPGL patients (16, 21), was found in a patient with bilateral PCC. The MDH2-p.Lys314Met variant, identified in two unrelated patients, has not been previously described in PPGL patients and it is found in 6/251092 controls from gnomAD. Several software (Polyphen/SIFT, Mutation taster, MutationAssessor, CUPSAT, Mutant v3.0) predicted the variant as deleterious. The H3-3A variant, p.Gly35Trp, is a known hotspot mutation found in giant cell tumour of bone (22) and PPGL (23).

Three additional patients carrying NF1 somatic mutations were also included in the study: one patient with PCC, and family history of NF1, carrying a known SDHB germline pathogenic mutation (ClinVar ID:29896; LOVD-SDHB ID: 000047), one patient with a DLST pathogenic mutation p.Gly374Glu (ClinVar ID:635133) identified in the germline, and one case with an ATRX somatic truncating mutation.

All variants were validated by Sanger sequencing.



SNP array

Targeted and Sanger sequencing revealed no LOH of the wild-type (WT) DLST allele in the two tumours carrying the p.Gly374Glu mutation. For one of the tumours, a genome-wide SNP array analysis confirmed the absence of LOH and discarded uniparental disomy (UPD) of chromosomal region 14q, on which DLST is located, a mechanism described in DLST-mutated PPGLs (Supplementary Figure 1) (16). This tumor showed LOH on the long arm of chromosome 17 including the NF1 locus.



Methylation profiling

It has been reported that the methylation profile observed in DLST-mutated tumours is intermediate between the CpG island methylator phenotype (CIMP) described for SDH-mutated PPGLs and the unmethylated profile exhibited by tumours belonging to the so called cluster 2 (i.e. tumours with mutations in NF1, RET, MAX or HRAS) (24). When we profiled one of the tumours carrying mutations in NF1 and DLST, it clustered together with DLST-mutated tumours and separated from cluster 2 samples (including one NF1-mutated PCC) (Figure 2A), suggesting a role of the DLST variant in the observed molecular phenotype.




Figure 2 | (A) Hierarchical clustering performed on the basis of methylation data from PPGLs as follows: one of the two DLST/NF1 (indicated with a green and black rectangle), four SDH-mutated (indicated with blue rectangles), three DLST-mutated (indicated with green rectangles) and five cluster 2-mutated (denoted in black rectangles) PPGLs. The DLST/NF1 PPGL was grouped with DLST-mutated tumours, and separated from cluster 2-mutated PPGLs. City-block and complete linkage characteristics were used for the analyses. (B) α-ketoglutarate/fumarate ratios assessed by LC-MS/MS in DLST-mutated tumours (n = 6), NF1-mutated PPGLs (n = 4), and the two tumours carrying dual NF1/DLST mutations. Black lines represent medians. A t test identified significant differences between DLST-mutated and NF1-mutated tumours. (C) Immunostaining for DLST was conducted in the two tumours carrying DLST/NF1 dual mutations (upper panel) revealing the characteristic cytoplasmic aggregates (x20). A VHL-mutated tumor was used as a negative control (lower panel) (D) Hierarchical clustering of the two NF1/DLST mutated tumours, three DLST- and seven NF1-mutated PPGLs based on gene expression data from a previously reported list of genes differentially expressed in DLST-mutated PPGLs. The two tumours carrying the NF1/DLST mutations were clustered between PPGLs carrying mutations in NF1 and DLST. Uncentered correlation and complete linkage characteristics were used for the analysis.





Metabolite analysis

LC-MS/MS analysis of the three tumours available did not reveal conclusive alterations in TCA-cycle metabolites. However, one of the tumours carrying the double mutation in NF1/DLST exhibited an accumulation of cis-aconitate and a slightly high ketoglutarate/fumarate ratio was observed in the two NF1/DLST-mutated tumours compared to tumours carrying only an NF1 mutation (Figure 2B). It is possible that a certain block in the TCA-cycle due to the DLST mutation causes this partial accumulation. Finally, a relatively high fumarate to succinate ratio was observed in the only available tumour carrying dual NF1/MDH2 variants (Supplementary Figure 2), something previously described in MDH2-mutated PPGL (19).



IHC assays

In order to investigate whether tumours carrying the NF1/DLST-p.Gly374Glu mutations showed other molecular features observed previously in DLST-mutated PPGLs, we carried out the IHC for DLST. The two tumours showed a highly positive staining (Figure 2C), something previously reported for PPGLs carrying mutations in DLST and other TCA-cycle genes (16, 21), supporting again a role of the DLST mutation in tumour development. Another molecular marker described for DLST-mutated tumours is the low level of 5-hmC nuclear staining (21), similar to the observed in SDH-mutated PPGLs (25). 5-hmC staining applied to the two DLST-mutated tumours were positive in one of the samples and heterogeneous in the second tumour, in which positive regions alternated with regions that had negative IHC (Figuress 3A, B). SDHB IHC carried out in the tumour carrying co-occurrent SDHB germline mutation and somatic NF1 mutation yielded a positive stain, which is atypical for pathogenic SDHB mutations (Figure 3C).




Figure 3 | (A) Positive 5-hmC IHC performed in case 1 (upper panel) compared to a negative control (lower panel) (x20). (B) 5-hmC IHC performed in case 24, showing patches of negative (upper panel) and positive (lower panel) staining (x20)(C) Positive SDHB IHC performed in the tumour carrying SDHB/NF1 dual germline mutations (upper panel) compared to a negative control (lower panel) (x20). Asterisks denote a somatic mutation.





Transcriptional profiling

Hierarchical clustering of the two tumours carrying dual mutations in NF1 and DLST based on expression data for genes differentially expressed in DLST-mutated PPGLs grouped them in between DLST and NF1 mutated PPGLs, suggesting that an intermediate phenotype was caused by the coexistence of the two alterations (Figure 2D).




Discussion

PPGL is the tumour with the highest degree of heritability attributable to the presence of germline mutations in known genes (up to 40% of cases) (26). Although mutations in some of the susceptibility genes are highly penetrant (e.g. germline mutations in VHL or RET), variants in other genes such as SDHB, SDHA (27) or TMEM127 (28) do not segregate with the disease in some pedigrees due to a low age-dependent penetrance. In this regard, the latest susceptibility genes identified in PPGL patients, SLC25A11 and DLST, have been found in patients with no relatives affected (16, 29), suggesting that these variants have a very low penetrance as well. Though penetrance of NF1 germline mutations is considered to be virtually complete after childhood, some studies have reported the presence of unexpected NF1 germline mutations in PPGL patients for whom a clinical diagnosis of the disease was not previously established (3, 9). The finding of 11 additional PPGL patients harbouring germline NF1 mutations without clinical manifestations of NF1 at diagnosis, underscores the importance of including NF1 testing in the genetic diagnosis of every PPGL patient, even in the absence of clinical features of the disease.

The penetrance of a given allele can be modified by the simultaneous presence of variants at other gene loci, which may also affect the clinical expressivity of the disease. In the case of NF1, modifier genes have been reported to contribute to the variable expressivity of the disease in a large series of patients (30, 31). The number of café-au-lait macules has been found to be influenced by common SNPs (32), polymorphisms in ADCY8 correlate with glioma risk in a sex-specific manner (33), and rare germline variants in various genes including ATM have been proposed as candidate modifiers of plexiform neurofibroma (34). NF1-associated PPGLs are mostly unilateral (84% of patients) and rarely extra-adrenal (6.1% of patients) (4, 5). Herein we describe two NF1 patients with multiple tumours harboring dual mutations, which, in addition to the previously reported patients carrying SDHD/NF1 mutations, suggest that the co-occurrence of NF1 mutations with variants affecting other PPGL susceptibility genes (i.e. DLST, MDH2, SDHD), or still unknown genes, could be responsible of this unusual clinical manifestation in some NF1 patients. In turn, no germline mutations affecting other PPGL susceptibility gene were found in the six exomes from patients with unilateral PCC and constitutive NF1 mutation included in The Cancer Genome Atlas program (24). Another possible explanation is that the development of PPGL in NF1 is an example of an oligogenic disease caused by the co-occurrence of mutations in two or more genes. In contrast to the thousands of reports in which mutations in single genes cause human diseases, there are only dozens of human disease phenotypes with evidence of digenic inheritance (35–37). The incidence of NF1, approximately 1:2600 to 3000 individuals, could indicate that the findings described in the present study are coincidental.

The DLST-p.Gly374Glu variant has recently been demonstrated to be pathological in PPGL patients (PGL7; MIM # 618475) (16, 21). Despite the absence of LOH affecting the wild-type allele in the two patients in our series, the highly positive IHC for DLST as a molecular marker of TCA-cycle disruption (16), supports its role in tumour development. In addition, the intermediate expression profile of the two tumours between NF1 and DLST mutated PPGLs, the DLST-like methylation profile observed for one of them, and the accumulation of cis-aconitate and the heterogeneous 5-hmC staining observed in the other tumour, reinforces a role of the DLST mutation in tumour molecular characteristics. No additional cases with PPGL were identified in the two pedigrees carrying the DLST-p.Gly374Glu mutation, and the finding of the mutation in a healthy 58-year-old relative from one of the families (data not shown) supports the previously described low penetrance of the DLST-p.Gly374Glu variant (16). Interestingly, the patient carrying the NF1/DLST variants in the germline (case 1) also developed a medullary thyroid carcinoma (MTC) with LOH for the NF1 mutation (9). Neither NF1 nor DLST are clearly related to medullary thyroid malignancies, but the co-occurrence of both alterations could account for the presence of bilateral PCC and MTC in the same patient, resembling what happens in multiple endocrine neoplasia type 2. This case is especially intriguing, as clinical features of NF1 were not recognized until the diagnosis of bilateral PCC was made at age 56 years, and in addition the patient developed primary prostate and lung cancers during his lifetime.

The MDH2 variant, p.Lys314Met, identified in two of the NF1 patients involves one of the four lysines described as playing a role in the activation of MDH2 by acetylation (38, 39). Interestingly, the same lysine was found deleted in another patient with multiple noradrenergic PGLs (40), which supports the relevance of this residue for MDH2 function. The presence of a para-aortic PGL in one of the patients carrying the p.Lys314Met (case 3), reinforces the role of the variant in the disease since a thoracic-abdominal location of PGL, very rare in NF1 patients, is the most frequently found in MDH2 mutation carriers (19, 40).

The presence of NF1 somatic mutations is one of the main genetic findings occurring in sporadic PPGLs (accounts for 20-25% of all cases) (41), being mostly tumours with adrenal location and only 4% extra-adrenal (10, 42). It has been repeatedly suggested that there is a mutual exclusivity condition affecting driver events in PPGLs, something that points to the redundancy of the affected signals (43, 44). Finding a mutation in H3-3A in a tumour carrying a germline NF1 variant suggests that perhaps some mutations in NF1 do need another alteration that confers additional selective advantages to the tumour cells (44). In the majority of NF1 cases, the mutation in NF1 is sufficient for tumour development and there is no need for accumulation of mutations in other predisposing genes, although it has been suggested that a proportion of apparently NF1-sporadic PPGLs might actually have a germline susceptibility variant in other predisposing genes (44). This is the case of the patient described in the present study carrying a germline SDHB mutation and a somatic NF1 alteration, whose tumour showed no evidence of LOH and a positive SDHB IHC. There is another similar example of co-occurrence of a germline SDHB mutation and a somatic NF1 alteration in a patient who developed a para-aortic PGL (45). Recently, dual SDHB/NF1 loss has been reported as a successful mechanism to force tumour formation in a SDHB knockout mouse model (46). SDHB loss has been shown to be insufficient for tumour development in SDH-mouse models of PPGL (47), but the concomitant alteration of NF1 finally yielded SDH-like PPGLs, reinforcing the theory for a need of additional genetic events for tumour initiation and maintenance in SDHB PPGL, resulting in a lower penetrance of the mutations (48). A similar situation could explain the low penetrance of the p.Gly374Glu DLST germline variant observed in our pedigrees. It is noteworthy that all the NF1 cases described herein, as well as those reported in the literature, carry co-occurrent alterations in an apparently unrelated pathway (e.g. pseudohypoxic signalling), suggesting that co-occurrence of alterations in different signalling cascades could provide a selective advantage for the development of PPGL.

Somatic ATRX mutations in PPGLs carrying germline mutations in one of the major susceptibility genes (especially in SDHB-mutated cases) have been reported (24, 49), and this event has been described as an independent factor of poor prognosis (50). Moreover, a recent study described the co-existence of NF1 germline mutations and ATRX somatic alterations in different tumours from NF1 patients (51). Therefore, finding a PPGL carrying somatic mutations in NF1 and ATRX may not be unexpected, and warns of the malignant potential of the tumour carrying the ATRX mutation. Finally, PRKAR1A, mapped at 17q22-24, is the gene encoding the protein kinase A regulatory subunit type 1α which can interfere with the ERK1/2 cascade of the MAPK pathway and causes inhibition of cell proliferation (52). PRKAR1A is frequently mutated in patients with Carney complex syndrome (MIM #160980) (53), a rare multiple neoplasia syndrome characterized by both endocrine and non-endocrine manifestations. This gene can be rearranged with RET to form the thyroid tumour-specific chimeric oncogene PTC2 (54), and it is worth noting that dysregulated protein kinase A has been linked to cancer by activation of mechanisms that overlap but differ from those found in neurofibromatosis tumorigenesis (55). PRKAR1A haploinsufficiency is a general tumorigenic signal which may require inactivation of other tumour suppressors to function (56). Another inactivating variant in PRKAR1A has been found in a metastatic PCC carrying additional alterations in ATRX and MAML3 (24), but the significance of this somatic event in PPGL etiology is still unknown.

Because of the low penetrance of some mutations, variable expressivity, and parent-of-origin effects associated with some susceptibility genes, a large number of PPGL patients have no family history, masking the hereditary condition and making proper follow-up of individuals at risk for hereditary PPGL difficult. Herein, we propose a new layer of complexity in which mutations affecting genes involved in different pathways (e.g. pseudohypoxic and receptor tyrosine kinase signalling) (Supplementary Figure 3) co-occurring in the same patient, either in the germline or in the tumour, could provide a selective advantage for the development of PPGL. The widespread application of NGS to the diagnosis of PPGL will continue to identify unexpected co-occurrences of pathological mutations, which may provide new insights into the development of these tumors, as well as explain differences in their expressivity and incomplete penetrance.
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Supplementary Figure 1 | SNP-array study of chromosomes 14 and 17 using tumour DNA from case 1 who carries the DLST-p.Gly374Glu/NF1-p.His2423GlnfsTer4 dual mutation showed no LOH. The lower panel shows the genomic plots of the log R ratio [log 2 (Rpatient/Rreference)], and the upper panel gives the allele frequency parameters along the chromosomes.

Supplementary Figure 2 | Fumarate/succinate ratios assessed by LC-MS/MS in MDH2-mutated PPGLs (n=5), NF1-mutated PPGLs (n=5), SDHx-mutated PPGLs (n=11), and one PPGL carrying dual NF1/MDH2 mutation. Black lines represent means. A t test identified differences between means.

Supplementary Figure 3 | Schematic representation of the three molecular processes involved in the development of PPGL in which we have found co-occurring mutations: pseudohypoxic signalling (shown in purple), receptor tyrosine kinase cascades (shown in green), and epigenetic modifications and chromatin remodelling (shown in blue). The proteins found mutated in PPGL are indicated with dark coloured ovals and white letters, and the proteins whose genes have been found mutated in the present study are indicated with a yellow asterisk.



References

1. Buffet, A, Burnichon, N, Favier, J, and Gimenez-Roqueplo, AP. An overview of 20 years of genetic studies in pheochromocytoma and paraganglioma. Best Pract Res Clin Endocrinol Metab (2020) 34(2):101416. doi: 10.1016/j.beem.2020.101416

2. Chatzikyriakou, P, Touska, P, Moonim, MT, Obholzer, R, Afridi, S, Sandison, A, et al. Case report of a man with multiple paragangliomas and pathogenic germline variants in both NF1 and SDHD. Cancer Genet (2021) 256-257:110–4. doi: 10.1016/j.cancergen.2021.05.008

3. Ben Aim, L, Pigny, P, Castro-Vega, LJ, Buffet, A, Amar, L, Bertherat, J, et al. Targeted next-generation sequencing detects rare genetic events in pheochromocytoma and paraganglioma. J Med Genet (2019) 56(8):513–20. doi: 10.1136/jmedgenet-2018-105714

4. Jackson, BS, De Villiers, M, and Montwedi, D. Association between pheochromocytoma and neurofibromatosis type I: A rare entity in the African population. BMJ Case Rep (2021) 14(5):e238380. doi: 10.1136/bcr-2020-238380

5. Gruber, LM, Erickson, D, Babovic-Vuksanovic, D, Thompson, GB, Young, WF Jr., and Bancos, I. Pheochromocytoma and paraganglioma in patients with neurofibromatosis type 1. Clin Endocrinol (Oxf). (2017) 86(1):141–9. doi: 10.1111/cen.13163

6. Walther, MM, Herring, J, Enquist, E, Keiser, HR, and Linehan, WM. Von recklinghausen’s disease and pheochromocytomas. J Urol. (1999) 162(5):1582–6. doi: 10.1016/S0022-5347(05)68171-2

7. Darrigo Junior, LG, Ferraz, VEF, Cormedi, MCV, Araujo, LHH, Magalhaes, MPS, Carneiro, RC, et al. Epidemiological profile and clinical characteristics of 491 Brazilian patients with neurofibromatosis type 1. Brain Behav (2022) 12(6):e2599. doi: 10.1002/brb3.2599

8. Kepenekian, L, Mognetti, T, Lifante, JC, Giraudet, AL, Houzard, C, Pinson, S, et al. Interest of systematic screening of pheochromocytoma in patients with neurofibromatosis type 1. Eur J Endocrinol (2016) 175(4):335–44. doi: 10.1530/EJE-16-0233

9. Gieldon, L, Masjkur, JR, Richter, S, Darr, R, Lahera, M, Aust, D, et al. Next-generation panel sequencing identifies NF1 germline mutations in three patients with pheochromocytoma but no clinical diagnosis of neurofibromatosis type 1. Eur J Endocrinol (2018) 178(2):K1–9. doi: 10.1530/EJE-17-0714

10. Burnichon, N, Buffet, A, Parfait, B, Letouze, E, Laurendeau, I, Loriot, C, et al. Somatic NF1 inactivation is a frequent event in sporadic pheochromocytoma. Hum Mol Genet (2012) 21(26):5397–405. doi: 10.1093/hmg/dds374

11. Albattal, S, Alswailem, M, Moria, Y, Al-Hindi, H, Dasouki, M, Abouelhoda, M, et al. Mutational profile and genotype/phenotype correlation of non-familial pheochromocytoma and paraganglioma. Oncotarget (2019) 10(57):5919–31. doi: 10.18632/oncotarget.27194

12. Parisien-La Salle, S, Dumas, N, Rondeau, G, Latour, M, and Bourdeau, I. Isolated pheochromocytoma in a 73-Year-Old man with no clinical manifestations of type 1 neurofibromatosis carrying an unsuspected deletion of the entire NF1 gene. Front Endocrinol (Lausanne). (2019) 10:546. doi: 10.3389/fendo.2019.00546

13. Glasker, S, Neumann, HPH, Koch, CA, and Vortmeyer, A. Von Hippel-lindau disease.  KR Feingold, B Anawalt, A Boyce, G Chrousos, WW de Herder, and K Dhatariya, editors. South Dartmouth (MA: Endotext (2000).

14. Amodru, V, Taieb, D, Guerin, C, Romanet, P, Paladino, N, Brue, T, et al. MEN2-related pheochromocytoma: current state of knowledge, specific characteristics in MEN2B, and perspectives. Endocrine (2020) 69(3):496–503. doi: 10.1007/s12020-020-02332-2

15. Bendl, J, Stourac, J, Salanda, O, Pavelka, A, Wieben, ED, Zendulka, J, et al. PredictSNP: robust and accurate consensus classifier for prediction of disease-related mutations. PloS Comput Biol (2014) 10(1):e1003440. doi: 10.1371/journal.pcbi.1003440

16. Remacha, L, Pirman, D, Mahoney, CE, Coloma, J, Calsina, B, Curras-Freixes, M, et al. Recurrent germline DLST mutations in individuals with multiple pheochromocytomas and paragangliomas. Am J Hum Genet (2019) 104(4):651–64. doi: 10.1016/j.ajhg.2019.02.017

17. Bibikova, M, Le, J, Barnes, B, Saedinia-Melnyk, S, Zhou, L, Shen, R, et al. Genome-wide DNA methylation profiling using Infinium(R) assay. Epigenomics (2009) 1(1):177–200. doi: 10.2217/epi.09.14

18. Reich, M, Ohm, K, Angelo, M, Tamayo, P, and Mesirov, JP. GeneCluster 2.0: An advanced toolset for bioarray analysis. Bioinformatics (2004) 20(11):1797–8. doi: 10.1093/bioinformatics/bth138

19. Cascón, A, Comino-Méndez, I, Currás-Freixes, M, De Cubas, AA, Contreras, L, Richter, S, et al. Whole-exome sequencing identifies MDH2 as a new familial paraganglioma gene. J Natl Cancer Institute (2015) 107(5):djv053. doi: 10.1093/jnci/djv053

20. Remacha, L, Comino-Mendez, I, Richter, S, Contreras, L, Curras-Freixes, M, Pita, G, et al. Targeted exome sequencing of Krebs cycle genes reveals candidate cancer-predisposing mutations in pheochromocytomas and paragangliomas. Clin Cancer Res (2017) 23(20):6315–24. doi: 10.1158/1078-0432.CCR-16-2250

21. Buffet, A, Zhang, J, Rebel, H, Corssmit, EPM, Jansen, JC, Hensen, EF, et al. Germline DLST variants promote epigenetic modifications in pheochromocytoma-paraganglioma. J Clin Endocrinol Metab (2021) 106(2):459–71. doi: 10.1210/clinem/dgaa819

22. Behjati, S, Tarpey, PS, Presneau, N, Scheipl, S, Pillay, N, Van Loo, P, et al. Distinct H3F3A and H3F3B driver mutations define chondroblastoma and giant cell tumor of bone. Nat Genet (2013) 45(12):1479–82. doi: 10.1038/ng.2814

23. Toledo, RA, Qin, Y, Cheng, ZM, Gao, Q, Iwata, S, Silva, GM, et al. Recurrent mutations of chromatin-remodeling genes and kinase receptors in pheochromocytomas and paragangliomas. Clin Cancer Res (2016) 22(9):2301–10. doi: 10.1158/1078-0432.CCR-15-1841

24. Fishbein, L, Leshchiner, I, Walter, V, Danilova, L, Robertson, AG, Johnson, AR, et al. Comprehensive molecular characterization of pheochromocytoma and paraganglioma. Cancer Cell (2017) 31(2):181–93. doi: 10.1016/j.ccell.2017.01.001

25. Letouzé, E, Martinelli, C, Loriot, C, Burnichon, N, Abermil, N, Ottolenghi, C, et al. SDH mutations establish a hypermethylator phenotype in paraganglioma. Cancer Cell (2013) 23(6):739–52. doi: 10.1016/j.ccr.2013.04.018

26. Wachtel, H, and Fishbein, L. Genetics of pheochromocytoma and paraganglioma. Curr Opin Endocrinol Diabetes Obes (2021) 28(3):283–90. doi: 10.1097/MED.0000000000000634

27. Andrews, KA, Ascher, DB, Pires, DEV, Barnes, DR, Vialard, L, Casey, RT, et al. Tumour risks and genotype-phenotype correlations associated with germline variants in succinate dehydrogenase subunit genes SDHB, SDHC and SDHD. J Med Genet (2018) 55(6):384–94. doi: 10.1136/jmedgenet-2017-105127

28. Toledo, SP, Lourenco, DM Jr., Sekiya, T, Lucon, AM, Baena, ME, Castro, CC, et al. Penetrance and clinical features of pheochromocytoma in a six-generation family carrying a germline TMEM127 mutation. J Clin Endocrinol Metab (2015) 100(2):E308–18. doi: 10.1210/jc.2014-2473

29. Buffet, A, Morin, A, Castro-Vega, LJ, Habarou, F, Lussey-Lepoutre, C, Letouze, E, et al. Germline mutations in the mitochondrial 2-Oxoglutarate/Malate carrier SLC25A11 gene confer a predisposition to metastatic paragangliomas. Cancer Res (2018) 78(8):1914–22. doi: 10.1158/0008-5472.CAN-17-2463

30. Sabbagh, A, Pasmant, E, Laurendeau, I, Parfait, B, Barbarot, S, Guillot, B, et al. Unravelling the genetic basis of variable clinical expression in neurofibromatosis 1. Hum Mol Genet (2009) 18(15):2768–78. doi: 10.1093/hmg/ddp212

31. Pasmant, E, Vidaud, M, Vidaud, D, and Wolkenstein, P. Neurofibromatosis type 1: from genotype to phenotype. J Med Genet (2012) 49(8):483–9. doi: 10.1136/jmedgenet-2012-100978

32. Pemov, A, Sung, H, Hyland, PL, Sloan, JL, Ruppert, SL, Baldwin, AM, et al. Genetic modifiers of neurofibromatosis type 1-associated cafe-au-lait macule count identified using multi-platform analysis. PloS Genet (2014) 10(10):e1004575. doi: 10.1371/journal.pgen.1004575

33. Warrington, NM, Sun, T, Luo, J, McKinstry, RC, Parkin, PC, Ganzhorn, S, et al. The cyclic AMP pathway is a sex-specific modifier of glioma risk in type I neurofibromatosis patients. Cancer Res (2015) 75(1):16–21. doi: 10.1158/0008-5472.CAN-14-1891

34. Yu, Y, Choi, K, Wu, J, Andreassen, PR, Dexheimer, PJ, Keddache, M, et al. NF1 patient missense variants predict a role for ATM in modifying neurofibroma initiation. Acta Neuropathol. (2020) 139(1):157–74. doi: 10.1007/s00401-019-02086-w

35. Kajiwara, K, Berson, EL, and Dryja, TP. Digenic retinitis pigmentosa due to mutations at the unlinked peripherin/RDS and ROM1 loci. Science (1994) 264(5165):1604–8. doi: 10.1126/science.8202715

36. Katsanis, N, Ansley, SJ, Badano, JL, Eichers, ER, Lewis, RA, Hoskins, BE, et al. Triallelic inheritance in bardet-biedl syndrome, a mendelian recessive disorder. Science (2001) 293(5538):2256–9. doi: 10.1126/science.1063525

37. Mukherjee, S, Cogan, JD, Newman, JH, Phillips, JA 3rd, Hamid, R, Undiagnosed Diseases N, et al. Identifying digenic disease genes via machine learning in the undiagnosed diseases network. Am J Hum Genet (2021) 108(10):1946–63. doi: 10.1016/j.ajhg.2021.08.010

38. Xu, W, Li, Y, Liu, C, and Zhao, S. Protein lysine acetylation guards metabolic homeostasis to fight against cancer. Oncogene (2014) 33(18):2279–85. doi: 10.1038/onc.2013.163

39. Zhao, S, Xu, W, Jiang, W, Yu, W, Lin, Y, Zhang, T, et al. Regulation of cellular metabolism by protein lysine acetylation. Science (2010) 327(5968):1000–4. doi: 10.1126/science.1179689

40. Calsina, B, Curras-Freixes, M, Buffet, A, Pons, T, Contreras, L, Leton, R, et al. Role of MDH2 pathogenic variant in pheochromocytoma and paraganglioma patients. Genet Med (2018) 20(12):1652–62. doi: 10.1038/s41436-018-0068-7

41. Group NGSiPS, Toledo, RA, Burnichon, N, Cascon, A, Benn, DE, Bayley, JP, et al. Consensus statement on next-generation-sequencing-based diagnostic testing of hereditary phaeochromocytomas and paragangliomas. Nat Rev Endocrinol (2017) 13(4):233–47. doi: 10.1038/nrendo.2016.185

42. Welander, J, Larsson, C, Backdahl, M, Hareni, N, Sivler, T, Brauckhoff, M, et al. Integrative genomics reveals frequent somatic NF1 mutations in sporadic pheochromocytomas. Hum Mol Genet (2012) 21(26):5406–16. doi: 10.1093/hmg/dds402

43. Dahia, PL. The genetic landscape of pheochromocytomas and paragangliomas: Somatic mutations take center stage. J Clin Endocrinol Metab (2013) 98(7):2679–81. doi: 10.1210/jc.2013-2191

44. Dahia, PL. Pheochromocytoma and paraganglioma pathogenesis: Learning from genetic heterogeneity. Nat Rev Cancer. (2014) 14(2):108–19. doi: 10.1038/nrc3648

45. Choi, YM, Lim, J, Jeon, MJ, Lee, YM, Sung, TY, Hong, EG, et al. Mutation profile of aggressive pheochromocytoma and paraganglioma with comparison of TCGA data. Cancers (Basel) (2021) 13(10):2389. doi: 10.3390/cancers13102389

46. Armstrong, N, Storey, CM, Noll, SE, Margulis, K, Soe, MH, Xu, H, et al. SDHB knockout and succinate accumulation are insufficient for tumorigenesis but dual SDHB/NF1 loss yields SDHx-like pheochromocytomas. Cell Rep (2022) 38(9):110453. doi: 10.1016/j.celrep.2022.110453

47. Lussey-Lepoutre, C, Buffet, A, Morin, A, Goncalves, J, and Favier, J. Rodent models of pheochromocytoma, parallels in rodent and human tumorigenesis. Cell Tissue Res (2018) 372(2):379–92. doi: 10.1007/s00441-018-2797-y

48. Barbolosi, D, Crona, J, Serre, R, Pacak, K, and Taieb, D. Mathematical modeling of disease dynamics in SDHB- and SDHD-related paraganglioma: Further step in understanding hereditary tumor differences and future therapeutic strategies. PloS One (2018) 13(8):e0201303. doi: 10.1371/journal.pone.0201303

49. Fishbein, L, Khare, S, Wubbenhorst, B, DeSloover, D, D’Andrea, K, Merrill, S, et al. Whole-exome sequencing identifies somatic ATRX mutations in pheochromocytomas and paragangliomas. Nat Commun (2015) 6:6140. doi: 10.1038/ncomms7140

50. Job, S, Draskovic, I, Burnichon, N, Buffet, A, Cros, J, Lepine, C, et al. Telomerase activation and ATRX mutations are independent risk factors for metastatic pheochromocytoma and paraganglioma. Clin Cancer Res (2019) 25(2):760–70. doi: 10.1158/1078-0432.CCR-18-0139

51. Tong, S, Devine, WP, and Shieh, JT. Tumor and constitutional sequencing for neurofibromatosis type 1. JCO Precis Oncol (2022) 6:e2100540. doi: 10.1200/PO.21.00540

52. Robinson-White, A, Hundley, TR, Shiferaw, M, Bertherat, J, Sandrini, F, and Stratakis, CA. Protein kinase-a activity in PRKAR1A-mutant cells, and regulation of mitogen-activated protein kinases ERK1/2. Hum Mol Genet (2003) 12(13):1475–84. doi: 10.1093/hmg/ddg160

53. Kirschner, LS, Carney, JA, Pack, SD, Taymans, SE, Giatzakis, C, Cho, YS, et al. Mutations of the gene encoding the protein kinase a type I-alpha regulatory subunit in patients with the Carney complex. Nat Genet (2000) 26(1):89–92. doi: 10.1038/79238

54. Romei, C, and Elisei, R. RET/PTC translocations and clinico-pathological features in human papillary thyroid carcinoma. Front Endocrinol (Lausanne). (2012) 3:54. doi: 10.3389/fendo.2012.00054

55. Jones, GN, Tep, C, Towns, WH 2nd, Mihai, G, Tonks, ID, Kay, GF, et al. Tissue-specific ablation of Prkar1a causes schwannomas by suppressing neurofibromatosis protein production. Neoplasia (2008) 10(11):1213–21. doi: 10.1593/neo.08652

56. Martini, L. Encyclopedia of endocrine diseases. Amsterdam: Elsevier (2004).


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.

Copyright © 2023 Mellid, Gil, Letón, Caleiras, Honrado, Richter, Palacios, Lahera, Galofré, López-Fernández, Calatayud, Herrera-Martínez, Galvez, Matias-Guiu, Balbín, Korpershoek, Lim, Maletta, Lider, Fliedner, Bechmann, Eisenhofer, Canu, Rapizzi, Bancos, Robledo and Cascón. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 05 April 2023

doi: 10.3389/fendo.2023.1128061

[image: image2]


Androgen serum levels in male patients with adrenocortical carcinoma given mitotane therapy: A single center retrospective longitudinal study


Andrea Delbarba 1†, Deborah Cosentini 2†, Paolo Facondo 1, Marta Laganà 2, Letizia Chiara Pezzaioli 1, Valentina Cremaschi 2, Andrea Alberti 2, Salvatore Grisanti 2, Carlo Cappelli 1, Alberto Ferlin 3‡ and Alfredo Berruti 2*‡


1 Department of Experimental Sciences, Unit of Endocrinology and Metabolism, University of Brescia, Azienda Socio Sanitaria Territoriale (ASST) Spedali Civili, Brescia, Italy, 2 Department of Medical and Surgical Specialties, Radiological Sciences, and Public Health, Medical Oncology Unit, University of Brescia, ASST Spedali Civili, Brescia, Italy, 3 Unit of Andrology and Reproductive Medicine, Department of Medicine, University of Padua, Padua, Italy




Edited by: 

Marta Araujo-Castro, Ramón y Cajal University Hospital, Spain

Reviewed by: 

Stephen Joel Winters, University of Louisville, United States

Jaydira Del Rivero, National Cancer Institute (NIH), United States

Filippo Ceccato, University of Padua, Italy

*Correspondence: 

Alfredo Berruti
 alfredo.berruti@gmail.com


†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share senior authorship


Specialty section: 
 This article was submitted to Adrenal Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 20 December 2022

Accepted: 22 March 2023

Published: 05 April 2023

Citation:
Delbarba A, Cosentini D, Facondo P, Laganà M, Pezzaioli LC, Cremaschi V, Alberti A, Grisanti S, Cappelli C, Ferlin A and Berruti A (2023) Androgen serum levels in male patients with adrenocortical carcinoma given mitotane therapy: A single center retrospective longitudinal study. Front. Endocrinol. 14:1128061. doi: 10.3389/fendo.2023.1128061






Objective

Hypogonadism is common in male patients with adrenocortical carcinoma (ACC) who are under treatment with mitotane, but the phenomenon is underestimated, and its prevalence has been poorly studied. This single-center retrospective longitudinal study was undertaken to assess the frequency of testosterone deficiency before and after mitotane therapy, the possible mechanism involved, and the relationship between hypogonadism with serum mitotane levels and prognosis.





Research design and methods

Consecutive male ACC patients followed at the Medical Oncology of Spedali Civili Hospital in Brescia underwent hormonal assessment to detect testosterone deficiency at baseline and during mitotane therapy.





Results

A total of 24 patients entered the study. Of these patients, 10 (41.7%) already had testosterone deficiency at baseline. During follow-up, total testosterone (TT) showed a biphasic evolution over time with an increase in the first 6 months followed by a subsequent progressive decrease until 36 months. Sex hormone binding globulin (SHBG) progressively increased, and calculated free testosterone (cFT) progressively decreased. Based on cFT evaluation, the proportion of hypogonadic patients progressively increased with a cumulative prevalence of 87.5% over the study course. A negative correlation was observed between serum mitotane levels >14 mg/L and TT and cFT.





Conclusion

Testosterone deficiency is common in men with ACC prior to mitotane treatment. In addition, this therapy exposes these patients to further elevated risk of hypogonadism that should be promptly detected and counteracted, since it might have a negative impact on quality of life.
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Introduction

Mitotane, a derivative of the pesticide dichlorodiphenyltrichloroethane (DDT), is the only systemic therapy approved for the management of adrenocortical carcinoma (ACC) (1), an extremely rare disease with an estimated incidence in western countries ranging between 0.7 and 2 new cases per million population per year (2). The drug, either administered alone (2) or in combination with chemotherapy (3, 4), the EDP regimen (etoposide, doxorubicin, and cisplatin), still represents the only standard systemic therapy for ACC patients with locally advanced or metastatic disease who are not eligible for surgery (5, 6). Mainly thanks to the results of a retrospective study, which compared the outcome of ACC patients using or not using mitotane in adjuvant setting (7, 8), this therapy is recommended by the current international guidelines (5, 6) in patients undergoing radical surgery who are at high risk of relapse and death.

Mitotane is a drug difficult to manage, due to its long half-life, dose-limiting toxicity, and narrow therapeutic window. The strategy of mitotane administration is to achieve and maintain over time circulating drug concentrations ranging between 14 and 20 mg/L (9–11). Unfortunately, mitotane therapy leads to several adverse effects ranging from limited to severe, the most common toxicities involving the endocrine, gastrointestinal, and central nervous systems (12). The side effects are obviously increased when mitotane is administered in association with chemotherapy (13). As regard the endocrine side effects, mitotane therapy induces a deep inhibition of adrenal cortical function resulting in hypoadrenalism and the need in all patients for glucocorticoid supplementation, with individualized dosing, being tapered on the basis of a patient’s clinical symptoms and signs of hypoadrenalism (e.g. fatigue, muscle weakness) (14). Moreover, mitotane affects thyroid function, causing central hypothyroidism, burdened by asthenia and concentration deficits, which can ameliorate with the levothyroxine replacement therapy (12, 15).

Hypogonadism (low testosterone) in men is also frequently observed with a reported frequency ranging between 26% and 57% (12). This side effect is potentially relevant, since low testosterone has impacts on many organs (such as the cardiovascular, bones, adipose tissue, and skeletal muscles) and general well-being, and it may worsen asthenia, fatigue, and depression commonly reported by mitotane-treated patients. Although testosterone replacement therapy may ameliorate these symptoms (12), hypogonadism during mitotane treatment is underestimated and poorly characterized, and as a consequence, testosterone therapy is often started late or never considered (12, 13). This is an important issue particularly in ACC patients in whom the drug is administered in adjuvant setting, since they are young, disease free, and potentially cured, and receive the drug for a long period of time. Furthermore, the possible causes and onset timing of hypogonadism have not been well-defined in the literature. In fact, hypogonadism could result from primary deficiency of testosterone production, secondary deficiency from hypothalamus–pituitary dysfunction, or from increased production of sex hormone binding globulin (SHBG) from the liver that reduces the free amount of testosterone (representing the active form).

In this study, we retrospectively assessed the series of ACC male patients treated at the Medical Oncology of the Spedali Civili in Brescia, a reference center for this rare disease in Italy, with the aim of assessing the frequency of testosterone deficiency before and after mitotane therapy, the possible mechanisms involved, and the correlation between hypogonadism with serum mitotane levels and prognosis.





Methods

This is a retrospective longitudinal study. Data of the patients from the Oncology Unit of Spedali Civili in Brescia, from January 2013 to September 2021, were collected, according to the following inclusion criteria: male sex, age ≥ 18 years, histological diagnosis of ACC, availability of data regarding gonadal and adrenal androgens biochemical profiles performed prior to mitotane treatment (alone or in association with chemotherapy) and at least once during therapy, blood samples at fasting in the morning between 8:00 and 10:00 analyzed at the central laboratory of University Hospital of Brescia (chemiluminescence immunoassay).

The primary endpoint of the study was the prevalence of male hypogonadism in men with ACC under adjuvant mitotane therapy. Secondary endpoints were the correlation between serum mitotane levels and gonadal function over time of therapy (up to 36 months), the possible mechanisms involved in the onset of hypogonadism, and the impact of testosterone deficiency on prognosis.

Anthropometric data, smoke and alcohol habits, ACC, and treatment information were collected for all the included patients. ACC hormone secretion was defined as elevated biochemical values of adrenal and gonadal hormones (cortisol, adrenal androgens, aldosterone, and estrogens). In detail, cortisol hypersecretion was defined as basal blood values of cortisol > 20 μg/dl and ACTH < 10 pg/ml (not in the course of glucocorticoids therapy). The presence of high-dose glucocorticoids therapy was defined as treatment with cortone acetate ≥50 mg daily or equivalent (due to clinical indication for the management of hypoadrenalism in course of adjuvant treatment).

At baseline (in detail, after adrenal surgery and prior to mitotane therapy) and after 3, 6, 12, 24, and 36 months of this adjuvant treatment, the following were analyzed: serum mitotane levels, total testosterone (TT), SHBG, calculated free testosterone (cFT) using Vermeulen formula (available at http://www.issam.ch/freetesto.htm), estradiol (E2), hemoglobin, hematocrit, creatinine, androstenedione, dehydroepiandrosterone sulfate (DHEAS), and 17-hydroxy progesterone (17OH-P).

To detect hypogonadism, testosterone deficiency was defined based on the biochemical finding of low TT and/or cFT. In details, cut-off values for defined low TT and cFT were <3.5 ng/ml and <63 pg/ml, respectively (16, 17). Eugonadal patients were defined for values of TT ≥3.5 ng/ml and cFT ≥63 pg/ml. In patients receiving testosterone therapy, its possible benefits were evaluated in terms of patient-reported clinical improvement in asthenia, muscle strength, and perceived well-being.




Statistical analysis

Statistical Package for the Social Sciences software IBM SPSS Statistics, Version 25.0, Armonk, (NY) was used for statistical analysis. Since the variables were not normally distributed (Kolmogorov–Smirnov test was used), the comparison between quantitative variables was performed with Wilcoxon test, whereas the comparison between categorial variables was performed with chi-square test. During follow-up, the comparison between quantitative variables over time was performed with ANOVA test. Correlation between serum mitotane levels and biochemical data was performed with Spearman correlation. Kaplan–Meier curves were designed to assess the impact of testosterone deficiency on progression-free survival (PFS, defined as months without metastasis) and overall survival (OS). p-values<0.05 were considered statistically significant.






Results

Of the 61 men evaluated for inclusion, 24 patients met eligibility inclusion criteria (Supplementary Figure S1). Data at baseline (after adrenal surgery and prior to the start of mitotane treatment) are shown in Table 1. At diagnosis, 10 patients (41.7%) were already hypogonadal (nine with low TT and one with low cFT). Of the latter, none had other known testicular–pituitary disease or a recent significant change in body weight or were taking high-dose glucocorticoid therapy or drugs interfering with gonadal function. No differences were observed regarding hypogonadism prevalence in men with secreting (cortisol and/or other adrenal–gonadal hormones) vs. non-secreting ACC and in patients with metastatic vs. non-metastatic tumor.


Table 1 | Baseline characteristics of the included patients (n=24) prior to the start of mitotane.



The comparison between hypogonadal and eugonadal patients at baseline (prior to adjuvant treatment) is shown in Table 2. No significant differences were found in terms of age at diagnosis of ACC, Body Mass Index (BMI), smoke or alcohol habits, and ACC characteristics. At baseline, apart from TT levels, only DHEAS was significantly different between patients with hypogonadism and eugonadism (3.7 vs. 0.3 µg/ml; p=0.001); the two patients affected by secreting adrenal androgens ACC with high DHEAS levels (>6 µg/ml) were present in the hypogonadal group.


Table 2 | Comparison between hypogonadal and eugonadal patients prior to the start of mitotane.



Median age at start of mitotane therapy was 52.5 years (43.5–58.8), and median duration of treatment was 23.5 months (11.75–33.75). The median time to attain serum mitotane levels within the therapeutic range (defined as mitotanemia > 14 mg/l) was 4 months (3.5–10.5). In 14 cases (58.3%), mitotane was given alone, whereas in 10 patients (41.6%), it was combined with chemotherapy.

Table 3 shows the variation in biochemical and clinical parameters during treatment with mitotane. TT showed a biphasic evolution with the progressive increase in serum mitotane levels over time: it significantly increased in the first 6 months and then decreased progressively until 36 months. On the contrary, SHBG progressively and significantly increased over the entire follow-up period, and as a consequence, cFT progressively and significantly decreased over time. Therefore, the prevalence of hypogonadism during the follow-up was unchanged when considering TT but significantly increased when considering cFT. Besides the 10 patients with testosterone deficiency before mitotane therapy (considering TT and/or cFT), 11/14 men (78.6%) developed hypogonadism during the treatment, with seven of them showing low cFT with normal TT levels. The cumulative prevalence of testosterone deficiency over the course of the study was therefore 87.5% (21/24 patients).


Table 3 | Variation in biochemical and clinical parameters and serum mitotane levels during follow-up.



During mitotane treatment, 91.7% (22/24) of patients required high-dose glucocorticoid therapy. There were no significant differences in hypogonadism prevalence with respect to the presence or absence of high-dose glucocorticoid therapy (20/22 vs. 1/2, p=0.094). At all times of evaluation, there was no significant difference in testosterone deficiency prevalence between men treated with mitotane alone with respect to those with also chemotherapy.

Figure 1 shows the median trend of TT, SHBG, and cFT levels during mitotane treatment. A significant reduction in hemoglobin and hematocrit was found in the first 6 months of treatment. Androstenedione increased in the first 3 months and then progressively decreased, whereas a progressive decrease in DHEAS was observed without statistical significance.




Figure 1 | Trend of TT (A), SHBG (B) and cFT (C) levels, during mitotane treatment. Friedman test was used to develop the trend lines. TT, total testosterone; SHBG, sex hormone binding globulin; cFT, calculated free testosterone. Trend lines in dotted.



The correlation between serum mitotane levels over time, and gonadal axis variations is shown in Table 4. Within the first 6 months of mitotane treatment, a positive correlation was shown between serum mitotane levels and testosterone deficiency and between serum mitotane levels and SHBG levels, especially when mitotane levels were >14 mg/L. Similarly, a negative correlation was observed between serum mitotane levels >14 mg/L and TT and cFT. The positive correlation between mitotane levels and testosterone deficiency was confirmed at 36 months. No correlations were found between mitotane levels and the other hormones, and between BMI with respect to mitotane levels and gonadal axis (TT, SHBG, and cFT).


Table 4 | Correlations between serum mitotane levels and gonadal function over time.



By the end of the whole study period (36 months), 21 patients (87.5%) had metastatic ACC and eight (33.3%) died, of which three were hypogonadal prior to the start of mitotane treatment and five had developed testosterone deficiency during follow-up. However, testosterone deficiency (both at baseline and developed during the treatment) had no impact on PFS and OS (Figure 2).




Figure 2 | Impact of testosterone deficiency on PFS and OS. (A) Baseline testosterone deficiency and PFS: cases of metastasis in men with baseline testosterone deficiency (10/10) vs. baseline eugonadal men (11/14); (B) testosterone deficiency developed during treatment and PFS: cases of metastasis in men with developed testosterone deficiency (9/11) vs. eugonadal men also during treatment (2/3); (C) baseline testosterone deficiency and OS: cases of death in men with baseline testosterone deficiency (3/10) vs. baseline eugonadal men (5/14); (D) testosterone deficiency developed during treatment and OS: cases of death in men with developed testosterone deficiency (5/11) vs. eugonadal men also during treatment (0/3). Comparison was performed with chi-square test. Continuous line: testosterone deficiency patients; dotted line: eugonadal men. On the horizontal axis, the months passed. PFS, progression-free survival (as months without metastasis); OS, overall survival (as months without death).



During the study (after 12 or 24 months of mitotane treatment), four men received testosterone replacement therapy (in these four patients, the subsequent serum gonadal hormonal measurements—modified by testosterone therapy—were not considered to calculate the prevalence of hypogonadism). Of them, two were treated with injective undecanoate testosterone 1 g every 3 months and two with transdermal testosterone 20 mg daily. Substitution therapy was started based on the presence of sexual symptoms, severe asthenia, and reduced muscle strength. A slight clinical improvement was reported by these patients after 6 months of testosterone treatment.





Discussion

In this single-center retrospective study involving male ACC patients undergoing treatment with mitotane, we showed a relevant proportion of testosterone deficiency with a cumulative prevalence over the course of the study of 87.5%. These data expand the results of previous studies (12, 15, 18, 19); nevertheless, we found a higher proportion of hypogonadal patients (reported from 26% to 57% in the previous studies) (12). This difference could be related to two main factors: the longer follow-up period of our study and the more detailed analysis of hypogonadism based on both TT and cFT.

Noteworthy, 40% of our patients reported testosterone deficiency already before starting mitotane treatment (after adrenal surgery), and the prevalence further increased during the 36 months of follow-up. The proportion of testosterone deficiency in our series did not change in relation to the presence or absence of metastatic disease and the ACC secretory status. These data suggest that neither the tumoral extension nor the tumoral hormonal hypersecretion influenced this phenomenon. Instead, the high prevalence of testosterone deficiency at baseline could be explained by two factors. First of all is the fragility of these patients, given the tumoral condition, with a consequent detrimental effect on gonadal function and reduced production of testosterone. In addition, due to ACC, a possible subversion of adrenal steroidogenesis, with consequent reduction in the amount of testosterone produced by the adrenal glands, cannot be excluded. In particular, an arrest in the last stages of adrenal steroidogenesis (above all due to enzymatic deficiency of 17-beta hydroxysteroid dehydrogenase) can result in the accumulation of androgen precursors (DHEAS, 17-OH progesterone, and androstenedione), reducing the conversion to testosterone (20). Indeed, serum levels of androgen precursors (above all DHEAS) were higher in men with testosterone deficiency than in eugonadal patients at baseline conditions (in part, probably also because of the two patients with secreting adrenal androgens ACC were in the hypogonadal group). This observation confirms the importance of evaluating the androgenic profile also in the male ACC patients, as recommended by international guidelines (5, 6).

On the other hand, the most important factor contributing to the development of testosterone deficiency during the treatment with mitotane is the progressive increase in SHBG levels, produced by the liver through an estrogenic-like effect of mitotane already described (mediated by the induction of transcription factors for SHBG) (12, 15, 21). The increased amount of SHBG binds more testosterone resulting in an increase in TT levels and a decrease in free testosterone (which is the active form of the hormone), with a consequent alteration of testosterone production (22). In fact, during mitotane treatment, most patients were diagnosed with hypogonadism due to low cFT values, with normal, or even elevated, TT levels. Therefore, our results strongly suggest that cFT assessment is essential for the evaluation of the male gonadal status, as also recommended by recent guidelines (17, 23) in the general population. In addition, despite a not significant difference (given the small number of cases), another mechanism that contributes to the development of hypogonadism in these patients is the high-dose glucocorticoid therapy (due to its known interfering effect on male gonadal axis) (15). The latter is necessary in most patients during adjuvant treatment, given the increase in cortisol binding globulin (CBG) induced by mitotane (with a consequent need of further increased therapy) (15).

In details, our data revealed a biphasic change in TT levels with a significant increase in the first 6 months and then a progressive decrease. This initial increase in testosterone levels was also observed in a previous paper by Basile and colleagues (15). However, in that study, the increase in TT levels was maintained throughout an observation period of 24 months, and this observation is in contrast with our data. We do not have an explanation for this discrepancy. More interestingly is the evolution of cFT levels that progressively reduced over time, due to the observed strong increase in SHBG values. From a pathophysiological point of view, our hypothesis is that the reduction in free testosterone induces a pituitary compensation similarly to what has been described in other populations with elevated SHBG, as men with human immunodeficiency virus under retroviral therapy (24). In particular, as SHBG increases, the pituitary production of luteinizing hormone (LH) increases due to lower negative feedback by free testosterone, and therefore, Leydig cells are stimulated to produce higher amount of testosterone to gain a new steady state, as suggested by de Ronde et al. (22). Once this compensation mechanism is exhausted, TT also falls (22, 24). This possible mechanism to explain the observed biphasic TT trend in men treated with mitotane is suggested also by the finding of Basile et al. who observed an increase in LH levels in the first months of treatment (15). Unfortunately, LH was not available in our patients to support these data or, otherwise, to observe an eventual depressing effect of mitotane on LH levels (with consequent possible further drop in TT values).

Interestingly, we observed an inverse correlation between mitotane levels and testosterone concentrations (and a direct relationship with SHBG serum levels) mainly in patients who achieved mitotane concentrations above the lower limit of the therapeutic range (14 mg/L). This underlines that the achievement of therapeutic values is crucial to make the mitotane fully biologically active, but this raises the risk of development of hypogonadism.

The frequency of testosterone replacement therapy is relatively low (four patients) in spite of the high prevalence of testosterone deficiency. This is due to the fact that, according to guidelines, we have addressed in testosterone therapy only patients who spontaneously reported typical symptoms of low testosterone (such as sexual dysfunction) and/or aspecific symptoms as asthenia and reduced muscle strength. However, given the complexity of these patients in whom these symptoms might also be related to the general conditions, it is possible that they under-considered or not reported these symptoms. In light of the results of our study, we stress the need for a more thoughtful andrological evaluation. Although we did not observe a relationship between low testosterone and overall/progression free survival (perhaps also due to the small sample size), we cannot exclude the fact that tumoral prognosis could impair testosterone levels and/or testosterone deficiency might further worsen the outcome of these patients. Therefore, testosterone replacement therapy should be carefully evaluated and proposed in male patients with low testosterone given mitotane therapy. Such therapy could have an impact not only on the quality of life and perceived well-being but also on general symptoms, such as asthenia, muscle strength, bone health, and anemia (23). In addition, testosterone therapy might represent a support care against cancer-related fatigue, inappetence, cachexia, and depression (25).

The strengths of this study rely on the strict selection criteria of a consecutive series of ACC male patients undergoing mitotane therapy and followed for a long period in a single center. Furthermore, the hormone assessment was performed in the same laboratory and included the complete panel of testicular and adrenal steroids. Furthermore, this is the first study focused on the andrological assessment of patients treated with mitotane with hypogonadism as primary endpoint. The retrospective nature and absence of LH determination (the latter is fundamental for hypogonadism classification) are the main limitations; the use of immunoassay instruments (instead of mass spectrometry) to detect testosterone levels is another limiting point.

In conclusion, testosterone deficiency is common in men with ACC before and in the course of mitotane treatment, and this therapy exposes these patients to an elevated risk of hypogonadism, which might negatively impact the quality of life. This is a relevant issue in this patient setting, since ACC often occurs when patients are at the high of their working and social life, which are significantly affected by complex feelings and lifestyle changes due to the cancer diagnosis.

Based on the results of this study, the evaluation of testosterone deficiency (hypogonadism) should be systematically performed in male ACC patients, and the determination of free testosterone is mandatory in men treated with mitotane. Most of these patients require an andrological evaluation to assess the feasibility and potential utility of testosterone replacement therapy. Collaboration between medical oncologists and andrologists is therefore necessary for the management of these complex patients.
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Adrenocortical carcinoma (ACC) is a rare, heterogeneous, and aggressive malignancy with a generally poor prognosis. Surgical resection is the optimal treatment plan. After surgery, both mitotane treatment or the etoposide-doxorubicin-cisplatin (EDP) protocol plus mitotane chemotherapy have a certain effect, but there is still an extremely high possibility of recurrence and metastasis. The liver is one of the most common metastatic targets. Therefore, techniques such as transcatheter arterial chemoembolization (TACE) and microwave ablation (MWA) for liver tumors can be attempted in a specific group of patients. We present the case of a 44-year-old female patient with primary ACC, who was diagnosed with liver metastasis 6 years after resection. During mitotane treatment, we performed four courses of TACE and two MWA procedures in accordance with her clinical condition. The patient has maintained the partial response status and has currently returned to normal life to date. This case illustrates the value of the practical application of mitotane plus TACE and MWA treatment.
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Introduction

Adrenocortical carcinoma (ACC) is a rare, heterogeneous, and aggressive malignancy with a generally poor prognosis. At least 50% of patients are detected with metastatic tumors at initial diagnosis. The prognosis for ACC is poor, with a 5-year overall survival (OS) rate of 30% (1), depending on the stage of the disease at diagnosis—5-year survival is 60% to 80% for tumors confined to the adrenal space, 35% to 50% for locally advanced disease, and much lower for metastatic disease with percentages reported ranging from 0% to 28% (2). Although ACC is potentially curable in the early stages, only approximately 30% of malignancies are located in the adrenal gland when diagnosed (3, 4). Most tumors have distant metastases, and this aggressive behavior leads to a poor prognosis. The medical treatment options for ACC are limited and mitotane is the only drug available as its good efficacy on prolongation of RFS (HR = 0.62; 95%CI, 0.42-0.94; P < 0.05) and OS (HR = 0.69; 95%CI, 0.55-0.88, P < 0.05) in patients with ACC after radical surgery (5). For advanced or recurrent patients with poor prognostic parameters, a more aggressive treatment regimen (mitotane with chemotherapy) is recommended according to the result of FIRM-ACT, the only randomized controlled trial designed to evaluate the efficacy of mitotane combination with chemotherapy for ACC (6): patients in the etoposide-doxorubicin-cisplatin-mitotane (EDP-M) group had a significantly higher response rate than those in the streptozocin-mitotane group (23.2% vs. 9.2%, P<0.001) and longer median progression-free survival (PFS, 5.0 months vs. 2.1 months, P<0.001). But EDP-M is more toxic (6) and mitotane has a very poor aqueous solubility (7), there is still limited treatment for advanced or recurrent ACC patients and more exploration is needed.

Combination therapy of transcatheter arterial/transarterial chemoembolization (TACE) and microwave ablation (MWA) is a minimally invasive technique performed by interventional radiologists that delivers embolization chemotherapy, injected through a catheter, into the hepatic artery that directly supplies the tumor. Although TACE+WMA is used frequently to treat hepatocellular carcinoma, intrahepatic cholangiocarcinoma, and intrahepatic colorectal cancer metastases, to our knowledge, it is rarely used for the treatment of metastatic ACC (8–11).

We present a case of a 44-year-old female who was diagnosed with stage III ACC. She underwent a radical adrenalectomy of the left adrenal tumor and then received mono-mitotane chemotherapy. Five years after surgery, she was diagnosed with liver metastasis from ACC. During mitotane treatment, she continued to have persistent liver disease progression and, therefore, underwent four courses of TACE+WMA therapy. Following this treatment, the patient experienced a partial response (PR) to treatment and has remained progression-free for more than 28 months until the last follow-up. We present the following case in accordance with the CARE reporting checklist.





Case description

In 2013, a 36-year-old female Chinese patient presented to the Peking Union Medical College Hospital complaining of infertility, menelipsis for about 4 months, weight gain and facial vellus hair for more than 4 years. She was treated with Yasmin at the local hospital for symptoms of facial vellus hair and elevated testosterone in 2009, then with progesterone due to menopause and reached regular menstruation from July 2011 to 2013 July. In September 2013, she came to Peking Union Medical College Hospital for diagnosis when she developed symptom of menopause again.

Physical examination showed no obvious abnormality, and the patient also denied of family history. Computed tomography (CT) scan and ultrasound examination were preformed that day, which revealed a large mass in the left adrenal gland (Figure 1A). And 3D reconstruction of CT scans showed a significant soft tissue burden in the left adrenal area with the size of approximately 15.9 cm × 15.5 cm, the lesion showed a clear boundary and was supplied by the left adrenal artery and the branches of the left renal artery (Figure 1B). Blood tests revealed plasma ACTH, TSTO, 24-hour UFC and serum total cortisol levels of 42.7 pg/ml, 171.4 ng/dl, 1094 μg/dl, and 16.29 μg/dl, respectively. It is worth mentioning that DHEA value reached an extraordinarily high level, 6779.0 μg/dl. A fine needle aspiration biopsy (FNAB) sample was also taken, andthe pathology showed Ki67 was 3%, excluded pheochromocytoma. Given all these above, her diagnosis was made as “left adrenal gland occupied, with the possibility of ACC” at that time, and was hospitalized for detailed medical treatment.




Figure 1 | Characteristics of primary adrenal cortex tumor. (A) CT scan result of the patient revealed left adrenal gland huge mass. (B) CT-3D reconstruction of patient’s abdomen. (C) Surgical removal of adrenal cortex tumor. (D) Immunohistochemical results of tumor tissue.



The timeline of the case including the most important therapeutic procedures is shown in Figure 2. In October 2013, the patient received radical adrenalectomy for ACC. The postoperative pathology examination of the tumor tissue revealed an adrenal cortex adenoma, which invaded the periadrenal tissue, with large leomorphic cells showing high mitotic rate, atypical mitoses, extensive necrosis, and hemorrhage which was consistent with the pathology of FNAB. The tumor grew actively (the malignant potential could not be determined), and the size was 18 cm × 12.5 cm × 10 cm (Figure 1C), determined as stageIII according to the European Network for the Study of Adrenal Tumours (ENSAT) staging system. Tumor immunohistochemistry parameters were CgA (-), Melan-A (+), Syntwo (+), AE1/AE3 (+), P53 (-) (Figure 1D), and Ki-67 approximately 3%. The postoperative blood test results were as follows: plasma ACTH, TSTO, 24-hour UFC levels were 30.2 pg/ml, 15.0 ng/dl, and 36.55 μg/dl, respectively, returned to normal levels. Her menstruation returned to normal 1 month after the operation and she underwent routine follow-up at the local hospital.




Figure 2 | Timeline of this case.



In January 2019, the patient was evaluated again due to menopause. The color Doppler ultrasound results from the local hospital showed a moderately echogenic mass in the liver. The patient returned to Peking Union Medical College Hospital for further examination in March 2019. Multiple lesions in the liver were observed through abnormal enhanced CT and multiple low-density nodules and tumor shadows. Liver and kidney function examination revealed that K+ 5.2 mmol/L, GGT 329 U/L, Alb 45 g/L, ALP 194 U/L, AST 50 U/L, ALT 9 U/L; AFP 2.6 ng/ml. The results described above raised the possibility of ACC liver metastasis. She was treated with hydrocortisone (10 mg q8h) and oral mitotane (1.0 g q8h, plasma concentration 14.1 mg/l) from March 2019. The patient developed diarrhea, sweating, lethargy, and occasional chest tightness after taking mitotane, which was considered as common adverse reactions. To prevent liver damage from mitotane, ESSENTIALE 456 mg tid was used at the same time. However, her condition did not improve significantly and her liver lesions was still enlarged. On the basis of the Clinical Practice guidelines of the European Endocrine Society for the treatment of adult ACC, patients with advanced ACC with metastasis may benefit from local treatment (12), we treated her with TACE followed by MWA for the liver lesions.

On 4 March 2019, for the first treatment of TACE, a microcatheter was used to infuse a mixture of 10 ml of lipiodol and 5 ml of leroxatin through the superior mesenteric artery to the blood supply artery of the liver tumor and a good deposition effect was obtained (Figure 3A). The patient did not experience any side effects and continued to receive mitotane and hydrocortisone treatment. In the next 2 months, the patient completed another three courses of TACE on 3 April, 18 April and 9 May, respectively. All the treatment went smoothly, and the mitotane and hydrocortisone treatment was continued during this period (Figure 3B). On 30 May 2019, the patient underwent a CT-guided microwave ablation operation of the liver tumor. Due to pleural hemorrhage in the surgery, peripheral intravenous fluids and a blood transfusion were performed, and pleural effusion drainage and microcatheter super-selected right inferior phrenic artery and right hepatic artery embolization were performed again. On 1 August 2019, the patient completed the second microwave ablation procedure for the liver, and the curative effect was evaluated as partial response(PR) according to RECIST1.1. Subsequently, the patient received continuous mitotane (0.5 g tid) and hydrocortisone treatment. There were no serious adverse reactions for her.




Figure 3 | TACE perioperative imaging results. (A) CT scan picture of patient after the first TACE. (B) CT scan picture of patient after four TACE surgeries. (C) The abdomen conventional dynamic enhanced MRI image in March 2022. (D) The abdomen conventional dynamic enhanced MRI image in September 2022.



Follow-up examinations were routinely performed after treatment. In the enhanced magnetic resonance imaging (MRI) examination in March and September 2022, her liver showed multiple mass-like abnormal signals, and the lesions were slightly smaller (Figures 3C, D). During this period, the patient’s treatment was mitotane (0.5g tid) and hydrocortisone. The evaluation of her treatment outcome as TACE+MWA plus mitotane regimen remained PR, and her condition was also stable and comfortable for about 28 months so far.





Discussion and conclusion

Although our understanding of treatments has improved in recent years, patients diagnosed with ACC-metastatic disease after surgery continue to experience poor outcomes, with poor overall survival (13). The liver is one of the most common sites of metastases in ACC and contributes significantly to the mortality and morbidity of patients. The management of ACC requires consideration of oncologic and endocrine simultaneously as the special function of the adrenal gland. But it is regrettable that the level of treatment evidence is grade II to grade IV for ACC up to now, which were based on 1 trial, retrospective studies and nonrandomized trials (14). Treatments for ACC are still being explored and there is limited evidence regarding liver-directed therapy in the treatment of patients with metastatic ACC. Studies have shown that systemic antitumor therapy combined with local therapy is expected to achieve higher tumor response (15).

Mitotane is a commonly used agent preferably for patients with unresectable or recurrent ACC due to its high object response rate. A study evaluated the therapeutic effect of mitotane in the treatment of 391 advanced ACC patients, and found 26 (20.5%) patients had objective response, including 3 complete responses. The overall median PFS and OS was 4.1 and 18.5 months, respectively, demonstrating that mitotane is effective against advanced ACC (16). In recent years, local treatment has been advocated for the treatment of metastatic ACC. Liver-directed therapies have already been proven to improve treatment response in other tumors affecting the liver, such as hepatocellular carcinoma and colorectal tumors (17, 18). There are also some ACC patients with liver metastases benefited from local therapy. A study was reported to treate 29 patients with ACC with liver metastases by TACE. The median PFS was 9 months, and the median OS was 11 months after the first procedure (19). Another study published in 2009 described two patients with liver metastases after being diagnosed with ACC who underwent transcatheter arterial embolization (TAE) for liver lesion. Both patients achieved complete responses after liver-directed therapy (20) and the OS was 77 and 51 months, respectively. The characteristics and outcomes of 3 patients were listed in Table 1. The treatment for liver lesion was different in Hideo’s report and ours: we treated liver lesion with TACE with followed by MWA, which was reported could improve local control (21), prolong OS (22) and has better clinical effectiveness (23) compared with TACE monotherapy in liver cancer. And mitotane was used for systemic antitumor therapy concomitantly. Beyond that, the site, age, interval until recurrence or metastasis and DHEA are all different between these patients, which may also affect the curative effect in some degree, and more cases are needed to summarize the clinical treatment experience for ACC with liver metastasis.


Table 1 | Characteristics and Outcomes of 3 patients with ACC.



Here we reported a case that advanced ACC with liver metastases treated with systemic antitumor therapy combined with local therapy for liver lesion (motatine combined with TACE+MWA). The treatment outcome was PR and the PFS of the patient has been extended to about 28 months so far she was still alive up to now (September 2022). Based on our review of the limited literature available, liver-directed therapies such as TACE or SIRT have significant potential as part of treatment regimens in patients with metastatic liver burden in ACC. We consider this to be an emerging area and further research is needed to guide treatment decisions. With systemic antitumor therapy combined with local therapy, such as mitotane plus TACE+MWA we used in this case with less toxicity and side effects in patients with high-grade disease, traditional ACC treatment decisions may achieve better results, which we used in this case. We suggest that there is a need for further research including clinical trials on this topic to further clarify the role of TACE in these patients.
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Introduction

Paragangliomas (PGL), a type of neuroendocrine tumor, pose a significant diagnostic challenge due to their potential for unpredictable locations and asymptomatic presentation. Misdiagnosis of peripancreatic PGLs, particularly as pancreatic neuroendocrine tumors (PANNETs), is a pressing issue as it can negatively impact both pre- and post-treatment decision-making. The aim of our study was to identify microRNA markers for the reliable differential diagnosis of peripancreatic PGLs and PANNETs, addressing a crucial unmet need in the field and advancing the standard of care for these patients.





Methods

Morphing projections tool was used to analyze miRNA data from PGL and PANNET tumors present in the TCGA database. The findings were validated using two additional databases: GSE29742 and GSE73367.





Results

Our research uncovered substantial differences in the miRNA expression profiles of PGL and PANNET, leading to the identification of 6 key miRNAs (miR-10b-3p, miR-10b-5p, and the miRNA families miR-200c/141 and miR-194/192) that can effectively differentiate between the two types of tumors.





Discussion

These miRNA levels hold potential as biomarkers for improved diagnosis, offering a solution to the diagnostic challenge posed by these tumors and potentially improving the standard of care for patients.
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1 Introduction

Paragangliomas (PGLs) are neuroendocrine tumors with high genetic predisposition. They originate from catecholamine-secreting paraganglionic cells that have a widespread distribution in humans. PGL can have or not a hypersecretory phenotype. They are categorized based in their origin as either parasympathetic or sympathetic. Parasympathetic PGLs are typically found near the aortic arch, neck, and skull base, while sympathetic PGLs arise along the paravertebral axis, retroperitoneum, in the abdomen and pelvis, with the largest forming the adrenal medulla. The term “pheochromocytoma” specifically refers to intra-adrenal sympathetic PGLs according to the latest WHO guidelines (1). PGLs are highly heritable, with approximately 50% of cases associated with a germline mutation in one of at least 15 genes, making them the most heritable tumours in humans. They can occur as part of well-established hereditary syndromes, including multiple endocrine neoplasia type 2A and 2B, von Hippel–Lindau syndrome, neurofibromatosis type 1 and familial paraganglioma syndromes, caused by pathogenic variants in genes encoding Ret Proto-Oncogene (RET), Von Hippel Lindau protein (VHL), Neurofibromin 1 (NF1), or components of the succinate dehydrogenase (SDH) complex, respectively.

Given the widespread distribution of paraganglia, PGL can occur at virtually all locations in the body except the brain and bones. The emergence of PGL in atypical locations can cause confusion and result in missed diagnoses (2). The histopathologic diagnosis is straightforward for PGLs that present in an expected location with classic catecholamine excess symptoms. However, missed diagnoses can occur when the PGLs are in unusual locations, the patient is asymptomatic, or the PGLs do not secrete catecholamines.

Diagnosing peripancreatic PGLs that resemble primary pancreatic lesions can be difficult as they often lack typical PGL symptoms (3, 4). This can be further complicated by the fact that around 10% of pancreatic neuroendocrine tumors are associated with hereditary syndromes like multiple endocrine neoplasia type I (MEN1), von Hippel–Lindau syndrome, neurofibromatosis type 1, and tuberous sclerosis complex (TSC). Preoperative diagnosis can be done through fine-needle aspiration and biopsy, but PGLs and PANNET can have similar morphologic characteristics, leading to misdiagnosis (5–8). Accurate diagnosis is crucial for proper pre- and post-treatment decision-making (9). Therefore, differentiating peripancreatic PGLs from PANNETs is a crucial aspect of clinical practice. Our previous study revealed similarities in genetic profiles but differences in microRNA profiles between the two neoplasms (10). The goal of the present study was to identify microRNA markers that enable differential diagnosis of peripancreatic PGL and PANNET.




2 Materials and methods



2.1 TCGA database

The Cancer Genome Atlas (TCGA) provides gene expression measurements and other transcription data, including more than 20,000 mRNA and hundreds of miRNA expression levels for more than 10,000 tumors from 33 different cancer types. In this study we consider gene expression RNAseq data of cancer cohorts identified as primary paraganglioma (abbreviated here as PGL: pheochromocytoma and paraganglioma, n=149) and pancreatic neuroendocrine tumors (PANNET; 7 samples) (11) from the TCGA Hub. Data were downloaded from the Xenabrowser portal https://xenabrowser.net/datapages/. For every cohort we merged: (a) data containing experimental measurements using the Illumina HiSeq 2000 RNA Sequencing platform and mean-normalized per gene across all cohorts; and (b) data with miRNA mature strand expression RNAseq. The resulting table including gene and miRNA expression levels in units of log2(RPM+1) (RPM=Reads per million), was curated by dropping genes and miRNA with invalid values, and later merged with clinical metadata (downloadable from https://portal.gdc.cancer.gov). This allowed for the analysis of 294 miRNAs.




2.2 Interactive data visualization: morphing projections

We used the t-Distributed Stochastic Neighbor Embedding (t-SNE) algorithm, which is a highly effective method for dimensionality reduction, to visually depict the analyzed tissues according to their genetic signature (12). This approach organizes the samples spatially based on their similarities in gene and miRNA expression, resulting in a visual map containing clusters of samples that exhibit similar genetic characteristics, thereby providing a comprehensive understanding of the predominant genetic profiles present within the analyzed samples.

For the exploratory analysis of the TCGA data we used an in-house developed application that implements the Morphing Projections technique (10). This tool facilitates a user-controlled arrangement of the data to enhance the exploration process, which permits a swift comparison of t-SNE plots constructed with diverse gene and/or miRNA lists, thereby enabling the visual identification of varying genetic patterns based on the chosen lists. Additionally, the tool is highly effective for selecting the samples to be examined, which helps to effectively categorize the data for differential genetic analysis.




2.3 Statistical analysis

Along with the morphing projections technique, the tool features statistical functionality, including the use of logistic regression to find genes or miRNA that best explain the differentiation between two groups selected by the user: miRNAs with higher estimated coefficients, as determined by the logistic regression model, have a greater impact on differentiation. This idea was originally introduced by Clark et al. in 2014 (13), in which they aimed to obtain the “characteristic direction” vector in the multidimensional space, and then to select the main components. However, given the limited number of samples in this case, it is crucial to take additional steps to verify the results. To this end, ANOVA tests are conducted to evaluate the statistical significance of the difference in expression level of the miRNA in the two groups.





3 Results

The morphing projections tool was used to analyze the PANNET and PGL included in TCGA. Smooth animated transitions from gene expression and miRNA expression t-SNE maps revealed a remarkably different genetic behavior of 7 samples that had been originally labelled as pancreatic adenocarcinoma. In the gene expression t-SNE view, these samples were grouped with PGL; however, when weight was given to a miRNA expression t-SNE view, they were found to move away. This suggests a similar gene expression profile, but different miRNA profile, as shown in Figure 1.




Figure 1 | Smooth transition of t-SNE maps from gene expression profile (A) to miRNA expression profile (B, C). In the gene expression profile (A), PANNET samples cluster with PGL samples. However, as the weight of the t-SNE map shifts from gene expression to miRNA expression (B, C), the PANNET samples move away from the PGL samples.



To further investigate this differential expression, data was divided into five groups as shown in Figure 2. First, samples not classified as primary tumors (those with TCGA codes not ending in -01) were eliminated to form the main analysis group #1. Groups #2 and #3 were separated based on gender, with “male” and “female” samples analyzed separately to prevent bias due to unequal proportions of both genders in the PGL set (64 vs. 85). Similarly, groups #4 and #5 were created using race “white” (all 7 available PANNET samples are “white”) and ethnicity “not hispanic or latino” (6 of the 7 PANNET samples belong to this ethnicity, except one that is unclassified).




Figure 2 | Summary of the data segregation and analysis pipeline for analysis between PANNET and PGL.



A logistic regression was conducted in each group to identify the most significant miRNAs, as explained in section 2.3, and ANOVA tests were performed to determine the statistical significance. As a result, six miRNAs (-141-3p, -200c-3p, -192-5p, -194-5p, -10b-5p and -10b-3p) were repeatedly found among the top eight positions in all lists and were selected for further analysis (Table 1 and Figure 3). Although more miRNAs could be considered, the six selected adequately explain the difference between both groups.


Table 1 | Selected miRNAs of interest.






Figure 3 | Violin diagrams showing the differential expression of the indicated miRNAs in PANNET and PGL included in the TCGA database. **** = p ≤ 0.0001.



To validate these data, we used the following datasets: GSE29742 (14), which includes miRNA data from fresh-frozen samples of 48 PGL: 37 pheochromocytomas and 11 paragangliomas; and GSE73367 (15) consisting of miRNA data from fresh-frozen samples of PANNET (n=50). By incorporating these datasets into our analysis, we also aimed to address the limitation of having only 7 PANNET samples. However, the use of various methodologies and normalization protocols complicates direct comparisons between different datasets (16). To address this issue, we applied percentile normalization to the data. In the absence of control samples, each value’s percentile was determined based on the full expression levels across all samples in the dataset. This approach allowed us to identify miRNAs that are overexpressed (high percentile values) or underexpressed (low percentile values) relative to the rest of the data.

Results are shown in Figure 4 and clearly confirm our findings for miR-141-3p, -200c-3p, -192-5p and -194-5p, which are clearly overexpressed in PANNETs versus PGL. Additionally, miRNA-10b-5p and miR-10b-3p are overexpressed in PGL compared to PANNET, and although the magnitude of the difference is lower, it is still statistically significant.




Figure 4 | Percentile-normalized expression levels of the indicated miRNAs in PANNET, PGL from datasets GSE73367 and GSE29742 (** = p ≤ 0.01, **** = p ≤ 0.0001).






4 Discussion

Our research has uncovered a remarkable similarity at the genetic level between PANNETs and PGLs, yet a striking dissimilarity in their miRNA expression profiles. We have identified 6 key miRNAs that can effectively distinguish between the two types of tumors, addressing a crucial need for more accurate diagnosis in the medical community.

We report here that 4 of the 6 identified miRNAs are elevated in PANNETs compared to PGLs. Interestingly, these microRNAs are members of two miRNA families: miR-200c/141-3p and miR-192/194. miRNA families often share similar sequences and structures, indicating a shared function (17). The miR-200c/141-3p family, located on chromosome 11p, has a complex role in cancer, acting as either an onco-miRNA or tumor suppressor depending on the type of cancer. It regulates epithelial-mesenchymal transition through targeting ZEB1/2 (18, 19) and has been linked to pro-apoptotic and anti-proliferative effects in several cancers, yet it also promotes tumor growth, invasion, and migration in others (20). High expression of miR-200c is associated with poor overall survival in gastric and non-small cell lung carcinomas (21, 22), but with better prognosis in ovarian and bladder cancer (23, 24). In pancreatic neuroendocrine cells, the promotion of beta cell survival by miR-200c has been demonstrated to be essential (25, 26). Meanwhile, miR-141 has demonstrated tumor suppressive effects in multiple cancers, including pancreatic adenocarcinomas (27). The role of miR-192/194 family in cancer is complex and still debated, with evidence supporting both oncogenic and tumor-suppressive effects (28). miR-192 has been shown to inhibit tumor angiogenesis (29), while miR-194 suppresses proliferation, migration, and metastasis and induces apoptosis in cancer cells (30–33). The functional significance and mechanisms of action of these two families of miRNAs in neuroendocrine tumors, such as PANNET and PGL, remains unclear. Further research is needed to fully understand their impact on these tumors.

Our study also showed that PGLs express higher levels of both the -3p and -5p strands of the miR-10b duplex compared to PANNETs. Traditionally, only one strand of the miRNA duplex, known as the functional strand, was thought to target specific mRNAs, while the other strand was degraded. However, recent research has revealed that both strands of the duplex can be functional (34), which could account for the accurate detection of both miR-10b strands in both PANNET and PGL. One study has reported that miR-10b can differentiate PGL from neuroblastoma (35). Our results further support its potential as a biomarker for differentiating PANNET from PGL. miR-10b has been shown to be de-regulated in several types of cancer, but it is still unclear if it is causally related to cancer initiation or progression (36–39). To date, many studies have shown that miR-10b could be involved on metastasis in a wide range of cancer types supporting a role for this miRNA in cancer progression (36).

Retroperitoneal PGLs, although rare, can occur in the vicinity of or within the pancreas, resembling primary pancreatic lesions. To date, literature records have documented approximately 56 peripancreatic PGLs (2, 6, 40–46). Distinguishing between PANNETs and PGLs is crucial for appropriate patient management, both preoperatively and postoperatively. An accurate diagnosis of PGLs is essential for preoperative planning as previous research has shown that perioperative mortality and morbidity can be high if a PGL is diagnosed during surgery. This is because induction of anesthesia and manipulation of the tumor during surgery can trigger catecholamine release. In addition, the majority of PGLs are benign; however, the risk of developing metastatic disease is higher in abdominal PGLs, with rates ranging from 11-36%. Currently, there are no reliable markers to predict malignancy, except for the presence of metastases. This highlights the need for follow-up for patients with PGLs as metastatic disease can appear years after diagnosis. Singhi et al (6), reported that 3 of 9 (33%) of patients diagnosed with peripancreatic PGL developed metastases within 5 years of surgery, and 2 of them died because of their disease. In another report (47), 13.9% exhibited a recurrence or widespread disease and one patient died 48 months following diagnosis. Additionally, it is important to note that more than 40% of abdominal PGLs carry a germline pathogenic gene variant, which has significant clinical implications for personalized surveillance and treatment and for the patient’s family.

Peripancreatic PGLs not only confound diagnosis through their clinical presentation and imaging characteristics, but also pose a significant challenge for even the most experienced pathologists. On surgical resection, both neoplasms are usually solitary, well-demarcated lesions with a fibrous border. In contrast to the peripancreatic PGLs, PANNETs are typically located inside the pancreatic parenchyma. However, parenchymal invasion was observed in many cases of peripancreatic PGLs with loss of zellballen architecture in these areas making accurate assessment of tumor location challenging. Moreover, PANNETs may display a variety of architectural patterns, including nested and solid growth, which may resemble a zellballen architecture.

By immunohistochemistry, both PGLs and some well-differentiated PANNETs demonstrate S-100-positive sustentacular cells. PANNETs are generally positive for cytokeratins AE1/AE3 and CAM 5.2, whereas PGLs are distinctly negative. Nevertheless, a more comprehensive panel of immunohistochemical stains, including cytokeratins, Vimentin, GATA-3 and/or Pax 8, has been recommended for accurate differentiation between the two types of tumors (6, 48, 49) as a single defining feature is not sufficient. In the absence of clear clinical indications, a diagnosis of a primary pancreatic neoplasm may be more likely than PGL. Ultimately, it is the responsibility of the pathologist to arrive at a definitive diagnosis of PGL. Our findings of using miR-200c/141-3p, miR-192/194 and miR-10b levels as potential biomarkers offer a promising solution to this challenge and hold significant implications for accurate diagnosis of PANNET and PGL.



4.1 Limitations of this study

The TCGA data, while balanced in terms of gender representation, lacks diversity in terms of race and ethnicity, as most samples are from the ‘white’ or ‘non-hispanic-or-latino’ groups. This could introduce bias, especially in the case of PANNET where all samples come from these groups. Moreover, the TCGA study only included data from a small number of PANNET samples (7), further limiting its representativeness. By incorporating additional datasets into our analysis, we aimed to address the constraint of a small sample size. However, it’s important to acknowledge that these validation datasets lack clinical data, preventing us from exploring variations in the expression levels of the identified microRNAs across different stages of the disease or determining whether the tumors with different behaviours (benign or malignant) exhibit distinct miRNA expression profiles. Therefore, it is crucial to validate the findings of this study using larger sample sizes that encompass diverse racial and ethnic backgrounds and include comprehensive clinical data to facilitate a broader analysis.





5 Conclusions

This study uncovered six key microRNAs (miR-10b-3p, miR-10b-5p, and the miRNA families miR-200c/141 and miR-194/192) that can effectively differentiate peripancreatic PGLs from PANNETs. These findings suggest that measuring the levels of these miRNAs in tumor tissue samples could serve as potential biomarkers for more accurate diagnosis, potentially improving the standard of care for patients.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: https://portal.gdc.cancer.gov and in https://www.ncbi.nlm.nih.gov/ for the Gene Expression Omnibus: GSE29742 and GSE73367.





Author contributions

JE and ID designed and managed the data study. JE, ID and DG performed the data curation and analysis. The biomedical study was designed and managed by M-DC and NV. TC performed bioinformatics analysis. JE, ID, M-DC and NV wrote and reviewed the paper. All authors contributed to the article and approved the submitted version.





Funding

This research has been funded by the Spanish National Research Agency under grant number PID2020-115401GB-I00/AEI/10.13039/501100011033), the Instituto de Salud Carlos III through the project PI20/01754 co-funded by the European Union, the Network Biomedical Research Center–Cancer (CIBERONC), the Spanish Group of Orphan and Infrequent Tumors (GETHI) and the PHEiPAS Association.





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.





References

1. Mete, O, Asa, SL, Gill, AJ, Kimura, N, de Krijger, RR, and Tischler, A. Overview of the 2022 WHO classification of paragangliomas and pheochromocytomas. Endocr Pathol (2022) 33:90–114. doi: 10.1007/s12022-022-09704-6

2. Asa, SL, Ezzat, S, and Mete, O. The diagnosis and clinical significance of paragangliomas in unusual locations. J Clin Med (2018) 7(9):280. doi: 10.3390/jcm7090280

3. Lightfoot, N, Santos, P, and Nikfarjam, M. Paraganglioma mimicking a pancreatic neoplasm. J Pancreas (2011) 12:259–61.doi: 10.6092/1590-8577/3293

4. Zamir, O, Amir, G, Lernau, O, Ne’eman, Z, and Nissan, S. Nonfunctional paraganglioma of the pancreas. Am J Gastroenterol (1984) 79(10):761–3.

5. Lanke, G, Stewart, JM, and Lee, JH. Pancreatic paraganglioma diagnosed by endoscopic ultrasound-guided fine needle aspiration: a case report and review of literature. World J Gastroenterol (2021) 27(37):6322–31. doi: 10.3748/wjg.v27.i37.6322

6. Singhi, AD, Hruban, RH, Fabre, M, Imura, J, Schulick, R, Wolfgang, C, et al. Peripancreatic paraganglioma: a potential diagnostic challenge in cytopathology and surgical pathology. Am J Surg Pathol (2011) 35(10):1498–504. doi: 10.1097/PAS.0b013e3182281767

7. Nguyen, E, Nakasaki, M, Lee, TK, and Lu, D. Diagnosis of paraganglioma as a pancreatic mass: a case report. Diagn Cytopathol (2018) 46(9):804–6. doi: 10.1002/dc.23974

8. Baumrucker, C, Kalavar, M, Barkin, JA, and Franceschi, D. The case of an asymptomatic pheochromocytoma masquerading as a pancreatic neuroendocrine tumor. Pancreas (2020) 49(7):e65–6. doi: 10.1097/MPA.0000000000001618

9. Straka, M, Soumarova, R, Migrova, M, and Vojtek, C. Pancreatic paraganglioma - a rare and dangerous entity. vascular anatomy and impact on management. J Surg Case Rep (2014) 2014(7):rju074. doi: 10.1093/jscr/rju074

10. Díaz, I, Enguita, JM, González, A, García, D, Cuadrado, AA, Chiara, MD, et al. Morphing projections: a new visual technique for fast and interactive large-scale analysis of biomedical datasets. Bioinformatics (2021) 37(11):1571–80. doi: 10.1093/bioinformatics/btaa989

11. Peran, I, Madhavan, S, Byers, SW, and McCoy, MD. Curation of the pancreatic ductal adenocarcinoma subset of the cancer genome atlas is essential for accurate conclusions about survival-related molecular mechanisms. Clin Cancer Res (2018) 24(16):3813–9. doi: 10.1158/1078-0432.CCR-18-0290

12. Van Der Maaten, I, and Hinton, G. Visualizing data using t-SNE. J Mach Learn Res (2008) 9(86):2579–625.

13. Clark, NR, Hu, KS, Feldmann, AS, Kou, Y, Chen, EY, Duan, Q, et al. The characteristic direction: a geometrical approach to identify differentially expressed genes. BMC Bioinf (2014) 15:79. doi: 10.1186/1471-2105-15-79

14. de Cubas, AA, Leandro-García, LJ, Schiavi, F, Mancikova, V, Comino-Méndez, I, Inglada-Pérez, L, et al. Integrative analysis of miRNA and mRNA expression profiles in pheochromocytoma and paraganglioma identifies genotype-specific markers and potentially regulated pathways. Endocr Relat Cancer (2013) 20(4):477–93. doi: 10.1530/ERC-12-0183

15. Sadanandam, A, Grotzinger, C, Wiedenmann, B, and Hanahan, D. A cross species and multi-omics (including metabolomics) analysis in pancreatic neuroendocrine tumours (miRNA). NCBI GEO Database: Accession GSE73367 (2015).

16. Malczewska, A, Kidd, M, Matar, S, Kos-Kudla, B, and Modlin, IM. A comprehensive assessment of the role of miRNAs as biomarkers in gastroenteropancreatic neuroendocrine tumors. Neuroendocrinology (2018) 107(1):73–90. doi: 10.1159/000487326

17. Kaczkowski, B, Torarinsson, E, Reiche, K, Havgaard, JH, Stadler, PF, and Gorodkin, J. Structural profiles of human miRNA families from pairwise clustering. Bioinformatics (2009) 25(3):291–4. doi: 10.1093/bioinformatics/btn628

18. Korpal, M, Lee, ES, Hu, G, and Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell migration by direct targeting of e-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem (2008) 283:14910–4. doi: 10.1074/jbc.C800074200

19. Park, SM, Gaur, AB, Lengyel, E, and Peter, ME. The miR-200 family determines the epithelial phenotype of cancer cells by targeting the e-cadherin repressors ZEB1 and ZEB2. Genes Dev (2008) 22:894–907. doi: 10.1038/ncb1722

20. Klicka, K, Grzywa, TM, Mielniczuk, A, Klinke, A, and Włodarski, PK. The role of miR-200 family in the regulation of hallmarks of cancer. Front Oncol (2022) 8:965231(12). doi: 10.3389/fonc.2022.965231

21. Huang, ZS, Guo, XW, Zhang, G, Liang, LX, and Nong, B. The diagnostic and prognostic value of miR-200c in gastric cancer: a meta-analysis. Dis Markers (2019) 2019:8949618. doi: 10.1155/2019/8949618

22. Tejero, R, Navarro, A, Campayo, M, Viñolas, N, Marrades, RM, and Cordeiro, A. miR-141 and miR-200c as markers of overall survival in early stage non-small cell lung cancer adenocarcinoma. PloS One (2014) 9:e101899. doi: 10.1371/journal.pone.0101899

23. Shi, C, and Zhang, Z. The prognostic value of the miR-200 family in ovarian cancer: a meta-analysis. Acta Obstet Gynecol Scand (2016) 95:505–12. doi: 10.1111/aogs.12883

24. Mei, Y, Zheng, J, Xiang, P, Liu, C, and Fan, Y. Prognostic value of the miR-200 family in bladder cancer: a systematic review and meta-analysis. Med (Baltimore) (2020) 99:e22891. doi: 10.1097/MD.0000000000022891

25. Belgardt, BF, Ahmed, K, Spranger, M, Latreille, M, Denzler, R, and Kondratiuk, N. The microRNA-200 family regulates pancreatic beta cell survival in type 2 diabetes. Nat Med (2015) 21(6):619–27. doi: 10.1038/nm.3862

26. Title, AC, Silva, PN, Godbersen, S, Hasenöhrl, L, and Stoffel, M. The miR-200-Zeb1 axis regulates key aspects of β-cell function and survival in vivo. Mol Metab (2021) 53:101267. doi: 10.1016/j.molmet.2021.101267

27. Zhao, G, Wang, B, Liu, Y, Zhang, JG, Deng, SC, and Qin, Q. miRNA-141, downregulated in pancreatic cancer, inhibits cell proliferation and invasion by directly targeting MAP4K4. Mol Cancer Ther (2013) 12:2569–80. doi: 10.1158/1535-7163.MCT-13-0296

28. Mishan, MA, Tabari, MAK, Parnian, J, Fallahi, J, Mahrooz, A, and Bagheri, A. Functional mechanisms of miR-192 family in cancer. Genes Chromosomes Cancer (2020) 59:722–35. doi: 10.1002/gcc.22889

29. Wu, SY, Rupaimoole, R, Shen, F, Pradeep, S, Pecot, CV, Ivan, C, et al. A miR-192-EGR1-HOXB9 regulatory network controls the angiogenic switch in cancer. Nat Commun (2016) 7:11169. doi: 10.1038/ncomms11169

30. Meng, Z, Fu, X, Chen, X, Zeng, S, Tian, Y, Jove, R, et al. miR-194 is a marker of hepatic epithelial cells and suppresses metastasis of liver cancer cells in mice. Hepatology (2010) 52(6):2148–57. doi: 10.1002/hep.23915

31. Ran, RZ, Chen, J, Cui, LJ, Lin, XL, Fan, MM, Cong, ZZ, et al. miR-194 inhibits liver cancer stem cell expansion by regulating RAC1 pathway. Exp Cell Res (2019) 378(1):66–75. doi: 10.1016/j.yexcr.2019.03.007

32. Wang, J, Zhang, M, Hu, X, She, J, Sun, R, Qin, S, and Li, D. miRNA-194 predicts favorable prognosis in gastric cancer and inhibits gastric cancer cell growth by targeting CCND1. FEBS Open Bio (2021) 11(7):1814–1826. doi: 10.1002/2211-5463.13125

33. Wu, X, Liu, T, Fang, O, Leach, L, Hu, X, and Luo, Z. miR-194 suppresses metastasis of non-small cell lung cancer through regulating expression of BMP1 and p27 kip1. Oncogene (2014) 33(12):1506–14. doi: 10.1038/onc.2013.108

34. Mitra, R, Adams, CM, Jiang, W, Greenawalt, E, and Eischen, CM. Pan-cancer analysis reveals cooperativity of both strands of microRNA that regulate tumorigenesis and patient survival. Nat Commun (2020) 11(1):968. doi: 10.1038/s41467-020-14713-2

35. Korotaeva, A, Mansorunov, D, Apanovich, N, Kuzevanova, A, and Karpukhin, A. MiRNA expression in neuroendocrine neoplasms of frequent localization localizations. Noncoding RNA (2021) 7(3):38. doi: 10.3390/ncrna7030038

36. Huang, L, Lin, JX, Yu, YH, Zhang, MY, Wang, HY, and Zheng, M. Downregulation of six microRNAs is associated with advanced stage, lymph node metastasis and poor prognosis in small cell carcinoma of the cervix. PloS One (2012) 7:e33762. doi: 10.1371/journal.pone.0033762

37. Fritz, HK, Lindgren, D, Ljungberg, B, Axelson, H, and Dahlbäck, B. The miR(21/10b) ratio as a prognostic marker in clear cell renal cell carcinoma. Eur J Cancer (2014) 50:1758–65. doi: 10.1016/j.ejca.2014.03.281

38. Khella, HWZ, Daniel, N, Youssef, L, Scorilas, A, Nofech-Mozes, R, Mirham, L, et al. miR-10b is a prognostic marker in clear cell renal cell carcinoma. J Clin Pathol (2017) 70:854–9. doi: 10.1136/jclinpath-2017-204341

39. Sheedy, P, and Medarova, Z. The fundamental role of miR-10b in metastatic cancer. Am J Cancer Res (2018) 8(9):1674–88.

40. Sangster, G, Do, D, Previgliano, C, Li, B, LaFrance, D, and Heldmann, M. Primary retroperitoneal paraganglioma simulating a pancreatic mass: a case report and review of the literature. HPB Surg (2010) 2010:645728. doi: 10.1155/2010/645728

41. Tsukada, A, Ishizaki, Y, Nobukawa, B, and Kawasaki, S. Paraganglioma of the pancreas: a case report and review of the literature. Pancreas (2008) 36(2):214–6. doi: 10.1097/01.MPA.0000311841.35183.45

42. Zeng, J, Simsir, A, Oweity, T, Hajdu, C, Cohen, S, and Shi, Y. Peripancreatic paraganglioma mimics pancreatic/gastrointestinal neuroendocrine tumor on fine needle aspiration: report of two cases and review of the literature. Diagn Cytopathol (2017) 45:947–52. doi: 10.1002/dc.23761

43. Inzani, F, Rindi, G, Tamborrino, E, Cobelli, R, and Bordi, C. Extra-adrenal composite paraganglioma with ganglioneuroma component presenting as a pancreatic mass. Endocr Pathol (2009) 20(3):191–5. doi: 10.1007/s12022-009-9085-z

44. Zhao, Z, Guo, Y, Liu, L, Zhang, L, Li, S, and Yang, J. Primary non-functional pancreatic paraganglioma: a case report and review of the literature. J Int Med Res (2022) 50(12):3000605221143023. doi: 10.1177/03000605221143023

45. Li, T, Yi, RQ, Xie, G, Wang, DN, Ren, YT, and Li, K. Pancreatic paraganglioma with multiple lymph node metastases found by spectral computed tomography: a case report and review of the literature. World J Clin Cases (2022) 10(31):11638–45. doi: 10.12998/wjcc.v10.i31.11638

46. Jiang, CN, Cheng, X, Shan, J, Yang, M, and Xiao, YQ. Primary pancreatic paraganglioma harboring lymph node metastasis: a case report. World J Clin Cases (2021) 9(27):8071–81. doi: 10.12998/wjcc.v9.i27.8071

47. Nikas, IP, Ishak, A, AlRawashdeh, MM, Klapsinou, E, Sepsa, A, Tzimas, GN, et al. Preoperative diagnosis of abdominal extra-adrenal paragangliomas with fine-needle biopsy. Diagnostics (Basel) (2022) 12(8):1819. doi: 10.3390/diagnostics12081819

48. So, JS, and Epstein, JI. GATA3 expression in paragangliomas: a pitfall potentially leading to misdiagnosis of urothelial carcinoma. Mod Pathol (2013) 26:1365–70. doi: 10.1038/modpathol.2013.76

49. Koo J, J, Mertens, RB, Mirocha, JM, Wang, HL, and Dhall, D. Value of Islet1 and PAX8 in identifying metastatic neuroendocrine tumors of pancreatic origin. Mod Pathol (2012) 25:893–901. doi: 10.1038/modpathol.2012.34




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.

Copyright © 2023 Enguita, Díaz, García, Cubiella, Chiara and Valdés. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 13 July 2023

doi: 10.3389/fendo.2023.1204851

[image: image2]


Pheochromocytoma/paraganglioma-associated cardiomyopathy


Alicja Szatko 1,2*, Piotr Glinicki 1,2 and Małgorzata Gietka-Czernel 1*


1 Department of Endocrinology, Centre of Postgraduate Medical Education, Warsaw, Poland, 2 EndoLab Laboratory, Centre of Postgraduate Medical Education, Warsaw, Poland




Edited by: 

Valentina Morelli, Istituto Auxologico Italiano, Italy

Reviewed by: 

Bojana Popovic, University of Belgrade, Serbia

*Correspondence: 

Alicja Szatko
 alicja.szatko@gmail.com
 
Małgorzata Gietka-Czernel
 malgietka@vp.pl


Received: 12 April 2023

Accepted: 26 June 2023

Published: 13 July 2023

Citation:
Szatko A, Glinicki P and Gietka-Czernel M (2023) Pheochromocytoma/paraganglioma-associated cardiomyopathy. Front. Endocrinol. 14:1204851. doi: 10.3389/fendo.2023.1204851



Pheochromocytoma/paraganglioma (PPGL) are neuroendocrine tumors that frequently produce and release catecholamines. Catecholamine excess can manifest in several cardiovascular syndromes, including cardiomyopathy. PPGL-induced cardiomyopathies occur in up to 11% of cases and are most often associated with an adrenal pheochromocytoma (90%) and rarely with a paraganglioma derived from the sympathetic ganglia (10%). PPGL-associated cardiomyopathies can be chronic or acute, with takotsubo cardiomyopathy being the most often reported. These two types of PPGL-induced cardiomyopathy seem to have different pathophysiological backgrounds. Acute catecholaminergic stress inundates myocardial β-adrenoceptors and leads to left ventricle stunning and slight histological apoptosis. In chronic cardiomyopathy, prolonged catecholamine exposure leads to extended myocardial fibrosis, inflammation, and necrosis, and ultimately it causes dilated cardiomyopathy with a low ejection fraction. Sometimes, especially in cases associated with hypertension, hypertrophic cardiomyopathy can develop. The prognosis appears to be worse in chronic cases with a higher hospital mortality rate, higher cardiogenic shock rate at initial presentation, and lower left ventricular recovery rate after surgery. Therefore, establishing the correct diagnosis at an early stage of a PPGL is essential. This mini-review summarizes current data on pathophysiological pathways of cardiac damage caused by catecholamines, the clinical presentation of PPGL-induced cardiomyopathies, and discusses treatment options.
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1 Introduction

In recent years, we have witnessed remarkable progress in understanding the rare type of neuroendocrine tumors that produce catecholamines, which arise from chromaffin cells within the adrenal medulla (pheochromocytoma) and extra-adrenal sympathetic ganglia (paraganglioma), collectively referred to as pheochromocytoma-paraganglioma (PPGL). According to the 5th series of the World Health Organization (WHO) Classification of Endocrine and Neuroendocrine Tumors, the term paraganglioma is used for both neoplasms, while pheochromocytoma is classified as an “intra-adrenal paraganglioma” (1). The annual incidence of PPGL increased during the past two decades, reaching an annual incidence of approximately 8 cases per million, mainly due to the increase in the number of imaging studies conducted in clinical practice (2). Despite higher awareness among clinicians and widely used imaging procedures, there are still PPGL cases that remain undetected, often leading to the fatal consequences of catecholamines excess, mainly cardiovascular complications (3).

The effect of supraphysiological levels of epinephrine and norepinephrine on the heart and vessels highly depend on the secretory profile of the PPGL (adrenergic vs. noradrenergic phenotype, episodic via. continuous release) (4). The most common, yet alone nonspecific sign of PPGL: hypertension, among other factors, may lead to myocardial hypoxia with various clinical manifestations: acute (takotsubo, ischemic) and chronic (dilated, hypertrophic) cardiomyopathy (5–8). Catecholamine-induced cardiomyopathy in PPGL (CICMPP) is potentially fatal, but an uncommon complication, with a prevalence of 8–11% of patients with a PPGL (9, 10). Although CICMPP is rarely the initial manifestation of PPGL, it is obligatory to rule out PPGL in patients with heart failure and paroxysmal symptoms: profuse diaphoresis, headaches, pallor, tremor, palpitations, and episodic hypertension, but also hyperglycemia in young patients with normal body mass index (BMI) (4, 10–12).

This review summarizes the pathophysiology of CICMPP, risk factors, the clinical presentation of takotsubo, dilated and hypertrophic CICMPP, treatment options, and future perspectives regarding recent advances in PPGL.




2 Pathophysiology of catecholamine-induced cardiomyopathy in PPGL

To understand the mechanisms leading to the diverse clinical manifestations of CICMPP, it is essential to comprehend how catecholamines affect the cardiovascular system. Catecholamines (epinephrine, norepinephrine, and dopamine) are tyrosine-derived hormones, and neurotransmitters synthesized predominantly in the adrenal medulla, sympathetic nerves, and brain (13, 14). Norepinephrine and epinephrine bind to adrenoceptors, while the effect of dopamine on adrenoceptors is negligible, but in high levels, dopamine may lead to hypotension mainly due to interaction with dopamine receptors present in mesenteric and renal vascular beds (15–17).

Adrenoceptors are a family of transmembrane G protein–linked receptors. There are two main types of adrenoceptors: α and β, which are further divided into nine subtypes: α1A, α1B, α1D, α2A, α2B, α2C, β1, β2, and β3. Binding the physiological ligands (norepinephrine and epinephrine) to adrenoceptors result in G protein–mediated transduction of the signal, activation of second messengers or ion channels, evoking a response in the cell, highly dependent on the type of adrenoceptor and target tissue (18).

α1-adrenoceptors are mostly found in vascular smooth muscle but are also present in the myocardium (subtype α1A) (19, 20). α1-adrenoceptors signal transduction leads to protein kinase C (PKC) activation, 1,4,5-inositol triphosphate production, and intracellular calcium flow (6, 19). This results in smooth muscle contraction, and increased cardiac output, while persistent α1-adrenoceptors stimulation leads to the hypertrophic phenotype (6, 19). α2-adrenoceptors can be found in vascular smooth muscle distally from the sympathetic nerve (mainly α-2B subtype), leading to vasoconstriction, while presynaptic α2-adrenoceptors inhibit norepinephrine release resulting in the reduction of the sympathetic stress response (20, 21). β1-adrenoceptors are expressed in the sinoatrial node, atrioventricular node, and cardiomyocytes, resulting in calcium-mediated increased contractility, heart rate, and enhanced conduction of electrical stimulus (20). In the cardiovascular system, stimulation of β2-adrenoceptors, through inhibition of cAMP production, leads to vasodilatation and relaxation of the myocardium (20, 22).

Norepinephrine has a stronger affinity to α-adrenoceptors than β-adrenoceptors, leading to increased cardiac output and vasoconstriction, which manifests as elevated blood pressure (6). Early response to norepinephrine includes a rise in heart rate, but activation of the baroreflex by the increased blood pressure causes the heart rate to decrease (6). Considering the affinity of norepinephrine to adrenoceptors and the typically continuous pattern of catecholamine release, persistent hypertension and arrhythmias are part of the clinical presentation (22–24). Epinephrine binds to all major adrenoceptors: α1, α2, β1, and β2 (20). At low concentrations, epinephrine is selective for β2-adrenoceptors. The ability to stimulate peripheral β2-adrenoceptors manifests in patients with a PPGL secreting epinephrine as hypotension, once α1-adrenoceptors are pharmacologically blocked (20, 22, 25, 26). At higher concentrations, epinephrine stimulates α-adrenoceptors resulting in vasoconstriction (20). Epinephrine at higher concentrations also has a strong affinity for β1-adrenoceptor, which results in positive inotropic, chronotropic, and dromotropic effects (20). Typically, a PPGL secreting epinephrine in an episodic release pattern is often experienced by the patients as tachyarrhythmias (22, 25, 26). Furthermore, life-threatening, excessive amounts of catecholamines lead to vasoconstriction (including coronary arteries), myocardial ischemia, and necrosis (27). Conditions (e.g., hyperthyroidism, hypercortisolism, hypokalemia, hypocalcemia) that increase the expression and sensitivity of the adrenoceptor amplify the devastating impact of catecholamine excess (3, 28–30).

Acute, uncontrolled release of catecholamines in PPGL causes hyperstimulation of β1-adrenoceptors, increasing heart rate and contractility (31). Furthermore, it significantly raises myocardial oxygen demand, especially when combined with coronary artery spasms due to the activation of α1-adrenoceptors, exposing the myocardium to hypoxia (31). Catecholamine surge also leads to microvascular alterations combined with calcium overload, which according to Wittstein et al., may contribute to reversible coronary vasoconstriction, as observed in patients with takotsubo CICMPP (6, 32).

Myocardial cytosolic and mitochondrial calcium overload, one of the most prominent features of persistent catecholamine excess, promotes oxidative stress and mitochondrial permeability, leading to cell death (33). Mitochondrial calcium excess promotes hydrogen peroxide synthesis during oxidative deamination of catecholamines (31). The production of superoxide anion radicals is also enhanced by α1-adrenoceptor stimulation: they are products of nicotinamide adenine dinucleotide phosphate (NADPH) reactions (34). Another process that contributes to catecholamine-induced oxidative stress in cardiomyocytes is auto-oxidation of catecholamines producing highly reactive, toxic, and unstable “aminochromes” and inactive, more stable “aminolutins” which can be measured in the plasma (6, 35, 36). The reaction is accelerated by oxygen free radicals and various enzymes, e.g., myeloperoxidase, cytochrome oxidase (6). The toxicity of oxidized catecholamines was proven in the study of Yates et al., in which perfusion with oxidized isoproterenol in isolated rat hearts was found to induce ultrastructural mitochondrial damage in cardiomyocytes — the phenomenon was not observed when fresh isoproterenol was used (37). Furthermore, adrenochrome (50 mg/L) infusion of isolated rat hearts ceased contractile activity in 30 minutes, whereas epinephrine or metanephrine infusions had a positive impact on cardiac contractile activity (38). However, studies concerning the role of “aminochromes” in CICMPP are still missing.

Chronic exposure to catecholamine excess leads to desensitization of β-adrenoceptors (39). Desensitization occurs through the phosphorylation of the adrenoceptor by the G protein–coupled receptor kinase (GRK) and binding to the protein called β-arrestin2. GRK2/β-arrestin2 complexes promote β1-adrenoceptor uncoupling and internalization (40). Furthermore, high catecholamine stress causes β2-adrenoceptors to switch from the Gs to Gi signaling pathway, leading to decreased cardiac contractility (41). Interestingly, not only is the density of β2/β1-adrenoceptors higher at the apex than at the base, but also apical adrenoceptors show higher sensitivity to catecholamines than those at the base (41). The apex–base gradient of β-adrenoceptors and described switch from Gs to Gi of β2-adrenoceptors (also mainly observed in the apex) explain the impaired regional contractility and typical clinical presentation of takotsubo cardiomyopathy: apical hypokinesia and ballooning (41). The negative inotropic effect depends on β2-adrenoceptor phosphorylation by both protein kinase A (PKA) and GRKs (42). It is noteworthy that L41Q GRK5 polymorphism is associated with enhanced desensitization and impaired β-adrenoceptor response, and it is more prevalent among patients with takotsubo cardiomyopathy (43).




3 Predisposing factors and clinical presentation

Given the fact that one in ten patients with PPGL will develop CICMPP, a potentially fatal complication, it is essential to identify and closely monitor predisposed individuals. The results of the study by Wang et al. on 50 patients with CICMPP and 152 patients with PPGL without diagnosed CICMPP, identified five risk factors for CICMPP, namely maximum resting heart rate ≥ 115 per minute, maximum resting systolic blood pressure ≥ 180 mmHg, blood glucose ≥ 8.0 mmol/L, 3 or more reported symptoms (headache, sweating, hypertension, hypotension, palpitation, chest pain, dyspnea, impaired tip perfusion, syncope, nausea, and vomiting), and early onset ≤ 40 years (44). Interestingly, in the study by Zhao et al., among patients with PPGL, female sex, paroxysmal symptoms, PPGL secreting more than one catecholamine, and higher white blood cell and platelet counts were significantly more prevalent in patients developing cardiovascular complications (45). The link between the higher cardiovascular risk in patients with PPGL and increased platelet count may be explained by catecholamine-mediated modulation of platelet function and aggregation via stimulation of dopaminergic and α2-adrenoceptors expressed on platelets, since the activation of platelets is crucial in the pathogenesis of various cardiovascular diseases, e.g., hypertension and atherosclerosis (46–51). Genetic biomarkers may also help to determine the risk of CICMPP. In the recent study by Amar et al., the α2-adrenoceptor variant (alpha 2CDel322–325) was more prevalent among patients with CICMPP (52).



3.1 Takotsubo cardiomyopathy

Excess of catecholamines, apart from other stress factors, may lead to acute, reversible left ventricular wall motion abnormalities (LVWMA) with a regional or circumferential pattern extending beyond the coronary artery supply, named after the Japanese fishing pot used to catch octopus — takotsubo cardiomyopathy (53–56). LVWMA in takotsubo cardiomyopathy results in characteristic left ventricle ballooning during systole (56). LVWMA may affect the apical, mid-apical, mid-ventricular, mid-basal, and basal segments of the left ventricle (57). The clinical presentation of takotsubo CICMPP does not differ from acute coronary syndrome: patients usually report chest and/or abdominal pain, dyspnea, and the majority of patients also experience symptoms that should raise the suspicion of PPGL (e.g., palpitations, profuse sweating, headache) (53). The most common electrocardiogram (ECG) changes in takotsubo CICMPP include ST-elevation myocardial infarction (STEMI)–like changes (more than one-third of the patients), ST segment depression, T-wave inversion, and QT-prolongation (53, 58). Although elevated troponin concentrations were observed in 71–95% of patients with takotsubo cardiomyopathy, the peak values in myocardial infarction biomarkers are usually lower compared to patients with acute coronary syndrome and not proportional to left ventricle impairment (53, 58, 59).

On echocardiography, apical ballooning, hypokinesia, akinesia, dyskinesia of apical segments, and the occasional hypokinetic mid-segments, are the classic presentation of takotsubo cardiomyopathy (6, 59). However, it occurs also in reversed (inverted) form when basal segments are akinetic, while the apex is hyperkinetic (6, 59–61). The latter phenotype is rare, yet more prevalent in patients with takotsubo CICMPP than in the overall group of takotsubo cardiomyopathy patients: 28.8% vs. 2.2% in the meta-analysis presented by Y-Hassan et al. (62). Moreover, a global pattern is more frequently present in takotsubo CICMPP (62). Compared to the overall takotsubo cardiomyopathy group, takotsubo CICMPP was characterized by higher complication rates: 68.2% vs. 21.8% (i.e., heart failure, pulmonary edema, and cardiogenic shock) and recurrence rate, whereas mortality was reported in 4% of cases and did not differ between the groups (62). In the takotsubo CICMPP group, death occurred in 7% of men and 2.7% of women (p = 0.35) (62). Mortality increased significantly during the recurrence of takotsubo CICMPP (11%, 2/18) (62).




3.2 Hypertrophic cardiomyopathy

Longstanding hypertension in undetected PPGL may lead to left ventricle outflow tract obstruction: a hallmark of hypertrophic CICMPP. Patients with hypertrophic cardiomyopathy usually report exertional dyspnea and fatigue with or without chest pain or presyncope (6, 63). In advanced stages, patients may experience orthopnea and/or fluid retention with peripheral/pulmonary edema (63). The typical symptoms of patients with hypertrophic CICMPP may also be complemented with PPGL-suggestive symptoms, namely profuse sweating, and palpitations (64, 65). ECG alterations often meet the criteria of left ventricle hypertrophy (64). Echocardiography shows systolic anterior motion of the anterior mitral valve leaflet, increased left ventricle outflow tract gradient with persisted ejection fraction (EF), and septal and posterior wall hypertrophy (64, 66, 67).

Interestingly, the results of the study by Dobrowolski et al. prove that subclinical impairment of systolic function in PPGL patients was independent of the presence of left ventricle hypertrophy (LVH) (68). In the abovementioned study, the assessment included a global longitudinal strain (GLS) — a parameter derived from two-dimensional speckle-tracking echocardiography — allowing to assess the function of longitudinally-oriented subendocardial fibers, which are the most susceptible to ischemia and wall stress. GLS more accurately reflects intrinsic myocardial function and early systolic dysfunction than EF (68, 69). The patients with PPGL had lower GLS (median 17.2%) than in the control group, while EF did not differ significantly (68). Early systolic dysfunction was confirmed in the meta-analysis, including 252 patients with PPGL, speckle tracking echocardiography (STE) revealed worse GLS in the pooled PPGL group when compared to the control group (−17.3 ± 1.2 vs. −20.0 ± 0.6), differences in EF were not observed between the groups (70). In the study by Dobrowolski et al., the adrenergic biochemical phenotype was associated with worse systolic function and nonsignificantly higher left ventricle mass index compared to BP-matched controls, indicating that apart from pressure overload, epinephrine per se may contribute to LVH (68). Experimental findings suggested the role of catecholamines in the induction of protein synthesis (71). Both systolic and diastolic alterations in patients with PPGL reversed significantly after curative surgery (68).




3.3 Dilated cardiomyopathy

Patients with dilated cardiomyopathy typically experience symptoms of progressive systolic dysfunction, often after a latent period when they are clinically asymptomatic (72, 73). Interestingly, in the analysis by Zhang et al., among all CICMPP cases, PPGL associated with genetic syndromes or metastatic PPGL were found predominantly in patients with dilated PPGL (23% of cases, i.e., multiple endocrine neoplasia type 2, neurofibromatosis type 1, and von Hippel-Lindau syndrome) (72). However, the abovementioned retrospective study has several limitations, including incomplete data regarding imaging findings (e.g., missing echocardiographic parameters leading to the categorization of 14 cases under unspecified cardiomyopathy) and the results of molecular analysis (e.g., SDHB mutations were not included) (72). In dilated CICMPP, ECG may be normal, although alterations ranging from T wave changes and left bundle branch block to disturbances in atrioventricular conduction may occur (73). Echocardiography reveals increased left ventricle end-diastolic volumes or diameters (> 2 Standard Deviations (SDs) from normal) with global systolic dysfunction not attributable to ischemic or valvular disease (73). Cardiovascular magnetic resonance (CMR) shows left ventricle dilatation, and it is also of use to rule out inflammatory processes, to assess rest stress myocardial perfusion, myocardial perfusion, iron, and fat deposition, and aortic distensibility in CICMPP (73, 74). The key to the successful management of dilated CICMPP is complete PPGL resection, which leads to the improvement of EF and lower mortality rate: death occurred in 4% (2/52) of patients who underwent surgical resection of a PPGL and 22% (2/9) of patients not treated surgically (72). The importance of precise screening and prompt diagnosis is highlighted by two case reports of heart transplants undertaken before the diagnosis of PPGL was established (75, 76).

The catecholamine binding affinities to adrenoceptors and pathophysiologic mechanisms leading to different subtypes of CICMPP are presented in Figure 1.




Figure 1 | Binding affinities of epinephrine and norepinephrine to adrenoceptors and mechanisms leading to the development of subtypes of catecholamine-induced cardiomyopathy in pheochromocytoma-paraganglioma (CICMPP). Gi, inhibiting G protein; GRK, G protein–coupled receptor kinase.







4 Treatment

The early diagnosis, confirmed by biochemical tests (elevated free or fractionated plasma or urine metanephrines), followed by localization of the lesion and complete PPGL resection is the mainstay of the successful treatment of patients with CICMPP. The analysis by Zhang et al. showed that PPGL resection was associated with an improved EF in 96% of CICMPP cases (72). Prior to surgery, α-adrenoceptor blockade should be initiated for 7–14 days (77). Some studies favor α1-selective over nonselective α-adrenoceptor blockers due to lower preoperative diastolic pressure, lower intraoperative heart rate, and better postoperative outcome (77, 78). However, the results of the randomized controlled PRECIST trial showed no differences between phenoxybenzamine and doxazosin in the duration of blood pressure being outside the target range during operation, but phenoxybenzamine was more efficient in preventing intraoperative hemodynamic instability (79). The addition of metyrosine (tyrosine hydroxylase inhibitor) should be considered for patients at high risk of catecholamine surge (e.g., with symptomatic, multifocal, or metastatic disease intolerance of α-adrenoceptor blockers or when difficult surgery of PPGL encroaching neighboring vascular structures is anticipated) (80). However, the availability of metyrosine is limited (11).

Once the α-adrenoceptor blockade is assured and the target heart rate (of 60–70 bpm seated and 70–80 bpm standing) is not achieved, a β-adrenoceptor blocker should be initiated (not earlier than 3–4 days after initiation of an α-adrenoceptor blocker) (22, 77). Selective β1-adrenoceptor blockers are favored (since β2-adrenoceptor blockade may result in hypertension). In the emergency setting, intravenous fast-acting esmolol or alternatively metoprolol may allow to optimally react to hemodynamic alterations (3). Among oral β-adrenoceptor blockers, metoprolol succinate (controlled-release) or atenolol are preferred (3). The choice of β-adrenoceptor blockers in the treatment of CICMPP should also include subtype-specific recommendations: preferred non-vasodilating β-adrenoceptor blockers (atenolol, metoprolol, bisoprolol) in hypertrophic cardiomyopathy (81).

The preoperative aim is a blood pressure of less than 130/80 mm Hg while seated and greater than 90 mm Hg systolic while standing (77). If blood pressure is not optimally controlled calcium channel blockers may be added (77). If heart failure is confirmed, angiotensin-converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARBs) are a part of pharmacological therapy. There are also novel, potential therapeutic options for patients with PPGL cardiomyopathy and heart failure, namely sodium-glucose cotransporter 2 inhibitors (SGLT2i) and angiotensin receptor/neprilysin inhibitor (ARNI). Multiple trials proved their efficacy in patients with heart failure, but in PPGL data are limited and further studies are needed (82, 83). Before the resection of PPGL, a high-sodium diet and fluid intake should be assured to prevent severe hypotension after PPGL removal (77). Preoperative assessment should also include an electrocardiogram and echocardiogram, which may identify the features of CICMPP (84).

Patients with PPGL are more prone to develop acute cardiovascular complications. In case of hypertensive crisis, intravenous administration of phentolamine, sodium nitroprusside, or nicardipine should be initiated. Once the state of the patient is stable, titration of the phenoxybenzamine dosage can be initiated to reach the target blood pressure (85). Fluid status should be monitored, diuretics are to be avoided unless the patient has fluid congestion, and even then, administered judiciously (6). In the management of hemodynamic instability, vasoactive amines are often administered, but their efficacy may be limited due to sympathetic receptor down-regulation, and they may even exacerbate PPGL-induced cardiac dysfunction (6, 86–88). If hypotension persists despite pharmacological treatment, mechanical circulatory support (MCS) may be needed. In the systematic review of 62 patients with severe systolic dysfunction (median left ventricular ejection fraction (LVEF) of 16% (range 5–32%)) requiring extracorporeal life support (ECLS) due to intractable pheochromocytoma crisis, full recovery of left ventricle function (LVEF >50%) was observed in most patients and 54 (87%) of 62 reported cases survived (89). Also, there are reports of successful left ventricular assist device (LVAD) use in PPGL-induced heart failure and perioperative management (90–92). An intra-aortic balloon pump (IABP) has been used for unresponsive patients but was not effective (93).

The general pharmacological management of hypertensive crisis, hypotension/cardiac shock, and the most common tachyarrhythmias in PPGL are summarized in Figure 2.




Figure 2 | Pharmacological management of acute cardiovascular complications in patients with pheochromocytoma-paraganglioma. The order of presented drugs does not correspond to first-, second-, and third-line therapy and the choice of administered drugs should be individualized. 1With alpha-adrenoceptor blockade, otherwise, it can precipitate a hypertensive crisis. 2Antiarrhythmic agent not recommended in systolic dysfunction. 3Used to restore sinus rhythm. 4In case of hypotension and suspected beta2-adrenoceptor overstimulation. NDHPCCB, Nondihydropyridine Calcium Channel Blockers; ST, Sinus Tachycardia; AF/AFL, Atrial Fibrillation/Atrial Flutter; VT, Ventricular Tachycardia; MCS, Mechanical Circulatory Support.






5 Conclusions

CICMPP is a potentially fatal complication of PPGL, but there are still patients with CICMPP not diagnosed early enough. Thus, it is essential to broaden awareness about the clinical course and adequate management of CICMPP among clinicians and underline the importance of accurate cardiac assessment of PPGL patients.

Currently, the management of CICMPP is based on the guidelines for PPGL treatment, recommended general cardiological interventions, published case series, and few systematic reviews or meta-analyses. Dedicated guidelines of CICMPP management addressing specific features of this rare entity and integrating novel advances in pharmacotherapy and MCS could help to optimally treat patients with CICMPP.

Probably the ongoing progress in genetics and metabolomics in PPGL, completed by integration of the results using artificial intelligence, may contribute to a better understanding of the diverse effects of catecholamine excess on the cardiovascular system, identify predisposing factors (also among asymptomatic carriers of pathogenic mutations in genes predisposing to PPGL development), biomarkers, and establish the prognosis.
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Introduction

Adrenocortical cancer (ACC) is a rare malignant tumor that originates in the adrenal cortex. Despite extensive molecular-genetic, pathomorphological, and clinical research, assessing the malignant potential of adrenal neoplasms in clinical practice remains a daunting task in histological diagnosis. Although the Weiss score is the most prevalent method for diagnosing ACC, its limitations necessitate additional algorithms for specific histological variants. Unequal diagnostic value, subjectivity in evaluation, and interpretation challenges contribute to a gray zone where the reliable assessment of a tumor’s malignant potential is unattainable. In this study, we introduce a universal mathematical model for the differential diagnosis of all morphological types of ACC in adults.





Methods

This model was developed by analyzing a retrospective sample of data from 143 patients who underwent histological and immunohistochemical examinations of surgically removed adrenal neoplasms. Statistical analysis was carried out on Python 3.1 in the Google Colab environment. The cutting point was chosen according to Youden’s index. Scikit-learn 1.0.2 was used for building the multidimensional model for Python. Logistical regression analysis was executed with L1-regularization, which is an effective method for extracting the most significant features of the model.





Results

The new system we have developed is a diagnostically meaningful set of indicators that takes into account a smaller number of criteria from the currently used Weiss scale. To validate the obtained model, we divided the initial sample set into training and test sets in a 9:1 ratio, respectively. The diagnostic algorithm is highly accurate [overall accuracy 100% (95% CI: 96%-100%)].





Discussion

Our method involves determining eight diagnostically significant indicators that enable the calculation of ACC development probability using specified formulas. This approach may potentially enhance diagnostic precision and facilitate improved clinical outcomes in ACC management.
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1 Introduction

Adrenocortical cancer (ACC) is a rare malignant tumor of the adrenal cortex. The reported incidence is 0.5 - 2 cases per 1,000,000 population per year. ACC occurs at any age; however, there is a tendency of increase in the incidence rate in the first and fourth to fifth decades of life, with gender deviations towards the female sex. ACC is mainly sporadic and less often observed as part of hereditary syndromes (1, 2).

There are several histological variants of ACC based on their characteristic cytomorphological features, including conventional, oncocytic, myxoid, and sarcomatoid features (3).

In recent years, ACC has been considered as a heterogeneous group of diseases with various pathomorphological and genomic features, which causes variability in the clinical picture and prognosis for patients (4). An accurate scale for assessing the malignant potential of a tumor is extremely important for deciding on the appointment of adjuvant therapy and determining the features of follow-up of the patient, as well as for predicting immediate and long-term outcomes (5).

Despite the fact that ACC often has a clinically aggressive course, its differential diagnosis from benign adrenocortical adenoma (ACA) can cause difficulties, especially in patients at an early stage with a highly differentiated tumor (6).

In recent decades, the criteria for detecting adrenocortical neoplasms have been improved, which has somewhat simplified the differential diagnosis of ACC and ACA, but diagnostic errors occur in 10-15% of cases (7). Despite the seemingly small percentage of errors, it has a high social significance: it is associated with exhausting regular monitoring and examination, material costs, and is actually unreasonable in the case of overdiagnosis. On the other hand, underdiagnosis does not allow determination of the correct tactics of patient management and prescribing therapy in time, which threatens a fatal outcome.

Currently, there is no single histological criterion that allows the establishment of the malignant nature of an adrenocortical tumor. In the latest clinical guidelines developed jointly by the European Society of Endocrinology (ESE) and the European Network for the Study of Adrenal Tumors (ENSAT), the Weiss system is recommended as the preferred system for determining the malignant potential of ACC in adults and is by far the most widely used system (8).

The aim of this work was to develop a mathematical model with high sensitivity and specificity for determining the malignant potential of adrenocortical tumors, which can be used to diagnose all morphological variants of ACC in adults.




2 Materials and methods



2.1 Patients and samples

The study included tumor tissue samples from patients with adrenal neoplasms who were treated at the Endocrinology Research Centre. All patients underwent adrenalectomy in the period from 2005 to 2022. Patients under the age of 18 at the time of surgical treatment were not included in the study. A total of 143 cases of adrenal tumors were selected for the study.




2.2 Morphological examination

Tumor tissue samples obtained during surgical treatment of patients at the Endocrinology Research Center were fixed in 10% buffered formalin, processed in the histological wiring system of a Leica ASP200, and poured into paraffin. Further, paraffin sections with a thickness of 3 µm were made from the paraffin-embedded tumor tissue samples on a microtome, and applied to slides treated with poly(l-lysine). Then the slides were stained with hematoxylin and eosin according to the standard procedure.

All tumor tissue samples were verified in accordance with the 2022 WHO classification of adrenal cortical tumors.




2.3 Immunohistochemistry imaging

Immunohistochemical analysis of the tumor tissue sections was carried out according to the standard technique with a peroxidase detection system with DAB on an automatic Leica BOND III IHC staining system using Leica reagents. Ki-67 (ACK02, Leica) and PHH3 (PA0817, Leica) antibodies were used. All histological slides were scanned using a Leica Aperio AT2 system at 20x magnification for further analysis. The Ki-67 proliferation index was calculated according to the formula: number of stained nuclei/2,000 cells x 100%, the area of greatest Ki-67 positivity (hot spot). Mitotic count was carried out in ten fields of view with 400x magnification. The most representative fields of view were selected.




2.4 Statistical analysis

Statistical analysis was carried out on Python 3.1 in the Google Colab environment. The cutting point was chosen according to Youden’s index. Scikit-learn 1.0.2 was used for building the multidimensional model for Python. Logistical regression analysis was executed with L1-regularization, which is an effective method for extracting the most significant features of the model.

Model equation:

	

	

Z – dependent binary target,

 , …,  – independent features,

 , …,  – coefficients.

The loss function for the logistical regression model:

Loss_Function = logloss + λ1|| β ||1, where

logloss – function logloss;

β – weight of parameters;

λ1 – L1-regularization coefficient;

|| β ||1 – L1 – weight norm;

L1-norm:

	

To validate the obtained model, we divided the initial sample set into training and test sets in a 9:1 ratio, respectively. The operational characteristics used were: diagnostic sensitivity (DS), diagnostic specificity (DSp), positive predictive value of result (PPV), and negative predictive value of result (NPV). 





3 Results



3.1 Design of the system for the risk stratification of adrenocortical tumors

The sample size was 143 patients, who were divided into training (n=128) and testing (n=15) groups. The features were analyzed in terms of their informativeness in relation to the diagnosis of ACC. The first stage executed was to assess whether tumor size > 10cm and/or tumor size >200g. If the tumor corresponded to these criteria, the histological diagnosis was consistent with ACC in 100% of cases.

At the second stage, patients with negative values of this criteria were analyzed, that is, tumor size ≤10 cm and tumor weight ≤ 200 g, and Receiver Operating Characteristic (ROC) analysis of the Ki-67 index was performed (Figure 1).




Figure 1 | ROC analysis of the Ki-67 levels in relation to the diagnosis of ACC.



The Area under the ROC Curve (AUC) was 0.987 (95% CI: 0.969-1.000), which corresponds to a high diagnostic efficiency for this feature. According to the Youden’s index, a Ki-67 cut-off point was chosen equal to 5%. The confusion matrix of this point is presented in Table 1.


Table 1 | Confusion matrix for diagnostics of ACC using a Ki-67 cut-off point of 5% (n= 95).



Thus, in all patients with Ki-67<5%, the histological diagnosis is ACA. At the next stage, an ROC-analysis of the Ki-67 was also performed for patients whose Ki-67 level was greater or equal to 5% (Figure 2).




Figure 2 | ROC analysis of the Ki-67 levels for patients whose Ki-67 level was greater or equal to 5%.



The AUC was 0.830 (95% CI: 0.696-0.964), which corresponds to a satisfactory diagnostic efficiency for this feature. According to Youden’s index, a Ki-67 cut-off point was chosen equal to 11%. The classification matrix for a given point is presented in Table 2.


Table 2 | Classification matrix for diagnostics of ACC using a Ki-67 cut-off point equal to 11% (n= 42).



The final stage was to create a mathematical model for the purpose of differential diagnosis of ACC and ACA/neoplasms of undetermined malignant potential for patients with a Ki-67 value in the range of 5% to 10% inclusive. Logistic regression analysis with L1-regularization was used. The response was histological diagnosis. The set of predictors used were:

	Size of tumor (max) – numeric parameter;

	Phosphohistone H3 (PHH3) – numeric parameter;

	Ki-67 – numeric parameter;

	Mitoses – binary parameter in format (1/0, which corresponds yes/no);

	Nuclear grade – binary parameter in format (1/0, which corresponds yes/no);

	Atypical mitoses – binary parameter in format (1/0, which corresponds yes/no);

	Invasion of capsule – binary parameter in format (1/0, which corresponds yes/no);

	Diffuse architecture of tumor – binary parameter in format (1/0, which corresponds yes/no);

	Invasion of venous structures – binary parameter in format (1/0, which corresponds yes/no);

	Necroses – binary parameter in format (1/0, which corresponds yes/no);

	Eosinophilic cells – binary parameter in format (1/0, which corresponds yes/no).



As a result, the following regression model was obtained:

	

	

The weight of the remaining features of the model was equal to 0, that is, the remaining features are not taken into account when making a diagnosis. If the p-value is ≥0.5, then histological diagnosis will correspond to ACC; if the p-value is<0.5, it corresponds to ACA. The classification matrix is represented in Table 3.


Table 3 | Classification matrix for diagnostics of ACC using a logistic regression model (n= 19).






3.2 The stages of diagnostics

Thus, eight parameters are used in ACC diagnostics (Figures 3–5):

	Tumor size

	Tumor weight

	Ki-67

	Mitoses

	Nuclear grade

	Atypical mitoses

	Invasion of capsule

	Necroses






Figure 3 | ACC, the area of necrosis. Hematoxylin and eosin stain. Scale х100.






Figure 4 | ACC, invasion of capsule. Hematoxylin and eosin stain. Scale х100.






Figure 5 | ACC, immunohistochemical stain with Ki-67 antibody. Scale х100.



Diagnostics are carried out in three stages (Figure 6):

	1. Size >10 сm and/or weight >200 g → Diagnosis: ACC

	2. Ki-67<5% → Diagnosis: ACA

	Ki-67 ≥11% → Diagnosis: ACC

	3. Ki-67 = 5-10%






Figure 6 | The new histological system for the diagnosis of adrenocortical cancer of the Moscow Endocrinology Research Centre.



	

	

р ≥0.5 → Diagnosis: ACC

p<0.5 → Diagnosis: ACA

The final classification matrix is presented in Table 4.


Table 4 | Final classification matrix for diagnostics of ACC (n= 143).



The operational characteristics of the test set were:

DS = 100%

DSp= 100%

PPV =100%

NPV = 100%

There were three false-positive results. The model classified these three cases with tumor of uncertain malignant potential as ACC. However, metastases were developed in these three patients, which allowed them to be attributed to the ACC group. Thus, the model classified all patients correctly.




3.3 Examples

Example 1. Patient L., 66 years old. She complained of episodes of increased blood pressure up to 200/120 mm Hg, general weakness, and increased fatigue. Ultrasound examination revealed a mass in the region of the left adrenal gland.

Multispiral computed tomography (MSCT) revealed a solid lesion of the left adrenal gland with a maximum diameter of 37 mm and a native density of 25-35 Hounsfield Units (HU). Aldosterone – 120 pg/ml, renin – 0.22 ng/mL/hr (2.79 – 61.83), ARR – 545 (<300). In a 24-hour urine test, methylated catecholamines were normal. During the examination of dynamics, aldosterone – 218 pg/ml (<199), renin – 1.566 ng/mL/hr (2.79 – 61.83), and ARR – 545 (<100). In an overnight cortisol suppression test with 1 mg dexamethasone – 2 μg/dL, ACTH – 8.9 pg/ml (7.2 – 63.3).

18F-FDG PET/CT revealed hyperfixation of the radiopharmaceutical in the formation of the left adrenal gland, SUV max 21.33. A preliminary diagnosis was made as a tumor of uncertain malignant potential.

The patient was admitted to the surgical department, where a planned endoscopic left-sided adrenalectomy was performed. The results of the pathoanatomical study are presented in Table 5.


Table 5 | Results of a pathoanatomical study of patients with adrenal tumors.



In January 2023, the spread of the tumor process was diagnosed as locoregional recurrence. Relapse-free survival was 12 months.

Example 2. Patient P., 58 years old. She complained of episodes of increased blood pressure up to 180/120 mm Hg. According to the patient, in 2012, a formation in the left adrenal gland with dimensions of 27x15x17 mm was diagnosed for the first time.

According to MSCT from 2018, a formation with dimensions of 67x46x46 mm, ovoid in shape, and with a native density of 39-57 HU was found in the left adrenal gland.

According to the results of examination, the tumor produces hormones (hypercorticism): cortisol – 375.7 nmol/l, ACTH – 4.1 pmol/l (6 – 58), aldosterone – 130.7 pg/ml (<199), and renin – 3.9 ulU/ml (2.79 – 61.83).

Given the high malignant potential of the formation in the projection of the right adrenal gland, planned surgical treatment was performed in the volume of left-sided adrenalectomy with a tumor. The results of the pathoanatomical study are presented in Table 5.

At the moment, the patient is alive with no signs of disease progression, is disease-free, and overall survival is 15 months.

Example 3. Patient S., 53 years old. During examination in May 2015, according to ultrasound data, a mass of about 44 mm in size was found in the right adrenal gland. During a second examination in May 2016, the mass was measured to be about 41 mm in size.

MSCT revealed a lesion of the right adrenal gland of 42х33х25 mm with a native density of 38-56 HU. According to the results of the survey, no data in favor of hormonal activity was obtained.

The patient was provisionally diagnosed with a tumor with uncertain malignant potential. Surgical treatment was performed in in the volume of right-sided adrenalectomy with a tumor. The results of the pathoanatomical study are presented in Table 5.

At the time of the survey, the patient’s relapse-free and overall survival time were 13 and 37 months, respectively. However, a systemic relapse was later established, and the patient died.

Example 4. Patient Y., 49 years old. Complained of increased blood pressure to 280/160 mm Hg., against a background of constant multicomponent antihypertensive therapy, back pain with irradiation to the lower limbs, severe weakness, and a weight gain of 12 kg over the past 3 months.

According to the results of examination: aldosterone – 644 pg/ml (<199), renin – 1.67 ng/mL/hr (2.79 – 61.83), and cortisol – 1351.89 nmol/l, ACTH – 24.8 pmol/L (6 – 58).

According to MSCT, a formation with the dimensions 53x27x21mm with a native density of 32-52 HU was found in the left adrenal gland.

Performed surgical treatment in the volume of of left-sided adrenalectomy with a tumor. The results of the pathoanatomical study are presented in Table 5.





4 Discussion

In 1984, Louis Weiss proposed a histopathologic classification system for adrenocortical tumors, based on nine criteria (Table 6). The presence of more than three or more features is consistent with adrenocortical carcinoma (9, 10).


Table 6 | Systems for assessing the malignant potential of adrenocortical tumors.



In most adrenocortical adenomas, Weiss parameters are not detected, whereas in most cases of ACC (62% in a series of 201 cases in Turin, Italy), 6 or more points are noted, and their malignant nature is beyond doubt (11). However, cases of neoplasms of the adrenal cortex, in which only 1-2 points are detected according to Weiss parameters (approximately 10% of cases), are neoplasms with uncertain malignant potential. At this stage, the determination of their clinical course is an unsolved problem, and calls into question the reliability of the Weiss system and emphasizes the necessity of a more unambiguous scale for the verification of ACC.

In most of the “borderline” cases of Weiss score, the following parameters are most often identified: nuclear grade, diffuse architecture, or sinusoidal invasion. At the same time, it is these parameters that usually have the lowest specificity relative to the correlation with malignant behavior. Other parameters associated with malignant potential, such as a high mitotic rate, atypical mitoses, necrosis, and venous and capsular invasion, are most often not detected in isolation, but are combined with other parameters, thus demonstrating higher scores on the Weiss scale.

The reproducibility of the scale between different pathologists is another factor affecting the diagnostic effectiveness of the Weiss score, since the determination of some parameters, namely, diffuse architecture and sinusoidal and vascular invasion, are very subjective (12).

It is important to note that some parameters of the Weiss system (for example, the absence of diffuse architecture, nuclear atypia, or the invasion of lymphatic vessels) are difficult to assess in the case of a myxoid histological subtypes, since a large amount of myxoid substance makes it difficult to assess the stromal elements of the tumor (13). This may lead to the underestimation of the malignant potential of neoplasms.

Moreover, the use of the Weiss score for oncocytic tumors is not recommended, since oncocytic neoplasms consist of cells with eosinophilic cytoplasm, high nuclear grade, and diffuse architecture, which will inevitably lead to an erroneous diagnosis of ACC, which in turn contradicts their more frequent benign biological behavior (14). Therefore, the Lin–Weiss–Bisceglia system was developed to assess the malignancy of oncocytic variants of adrenal cortical tumors (15).

The Lin–Weiss–Bisceglia system includes “major criteria” and “minor criteria”. The diagnosis of ACC is established in the presence of at least one of the “major criteria”. In case of the presence of at least one “minor criterion” the tumour is considered as an oncocytic adrenal cortical neoplasm with uncertain malignant potential. If there are no both “major criteria” and “minor criteria”, an oncocytic tumor is regarded as benign.

At the same time, for the application of this system, it is important that oncocytic adrenal cortical neoplasms are extensively sampled to be certain that they do fit into the category of pure oncocytic tumors. This means that greater than 90% of the tumor must be oncocytic (16). If it is not a pure oncocytic adrenal cortical neoplasm, then the system applied to conventional adrenal cortical carcinomas should be used.

The updated classification of the 2022 World Health Organization (WHO) also suggests using other multiparametric diagnostic algorithms for morphological assessment of neoplasms of the adrenal cortex in adults. These include the reticulin algorithm (17) and the Helsinki score (18), which, according to the literature, can be used for conventional, oncocytic, and myxoid variants of neoplasms.

The reticulin algorithm is based on the detection of changes in the normal structure of the reticulin network (Gordon and Sweet’s silver histochemical stain) in combination with one of the following parameters: the presence of mitotic rate more than 5 per 10 mm2 (50 high-power fields), tumor necrosis, or vascular invasion. However, this method has not found wide application in pathomorphological practice due to its technical complexity.

The Helsinki Score proposes to summarize the numeric value of the Ki-67 labeling index and the scores assigned to increased mitotic rate (a score of 3 is given for a mitotic rate greater than 5 mitoses per 10 mm2) and tumor necrosis (5 points). A Helsinki score of > 8.5 is a diagnostic sign of ACC, and a score of > 17 makes it possible to regard the tumor as prognostically unfavorable.

Among all the proposed assessment systems, according to the latest data, the Helsinki score is the most reliable (19). However, it should be borne in mind that the assessment of mitoses in the cells of myxoid and oncocytic variants of ACС may be difficult, which may also lead to underestimation of the malignant potential of the tumor. At the same time, the clinical course of the myxoid variant in some cases is much more aggressive in comparison with other ACС variants. In this regard, it is necessary to be wary of the malignant nature of myxoid tumors.

Thus, the Weiss system, which is a standard of diagnosis, cannot be regarded as a universal system, which significantly complicates the diagnostic process because additional algorithms are required for specific histological variants. The system we have developed is a diagnostically meaningful set of indicators that takes into account a smaller number of criteria from the currently used Weiss scale. The diagnostic algorithm is highly accurate [overall accuracy 100% (95% CI: 96%-100%)]. Its main benefit is its universal applicability to all morphological variants of ACC in adult patients, which distinguishes this approach from the current known methods. Importantly, it is also applicable in standard conditions of medical pathomorphological laboratories, i.e., it does not require any parameters that are not assessed in routine examination of histological material.

The developed method includes evaluation of a set of eight diagnostically relevant parameters: tumor size (cm), tumor weight (g), Ki-67 index (%), presence/absence of mitoses, nuclear polymorphism, abnormal mitoses, invasion into the capsule, and necroses. Based on the data obtained, the probability of ACC development is calculated according to formulas in three steps.

It is worth noting that three false-positive results (classified as ACC) were detected, but these cases were diagnosed as tumors of uncertain malignant potential rather than a confirmed ACC. Therefore, it is incorrect to consider this a diagnostic error, as this group of patients required dynamic monitoring to determine their final diagnosis. Moreover, one of these three cases has a locoregional recurrence at the time of writing (January 2023), which confirms the presumed malignant course of the disease according to the new reclassification system.




5 Conclusions

Thus, for patients with a verified histological diagnosis, the developed mathematical model showed 100% accuracy in the training and test samples. The application of the new model could solve the problem of subjectivity and complexity in interpretation of certain criteria of the diagnostic algorithms currently used in clinical practice. Furthermore, the new model is unique in that, unlike others, it allows verification of all morphological variants of ACC. Thus, the results of our study suggest that the application of the new system will improve and standardize the differential diagnosis of adrenocortical tumors.
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Bilateral adrenal myelolipoma is rare in clinics and patients with disorders of sex development (DSDs). One case was reported in our center. A 45-year-old patient was admitted to the hospital after discovering a left abdominal mass for more than a year and worsening abdominal pain for 18 days. An imaging examination showed bilateral adrenal masses. Physical examination showed clitoris hypertrophy with patelliform changes, thick and dense pubic hair, normal development of bilateral labia majora without labia minora, and urethral opening. After the relevant preoperative examinations, bilateral adrenal mass resection was performed under general anesthesia. The postoperative pathology confirmed adrenal myelolipoma. The incision healed well without recurrence over 10 years after the operation. Her enlarged clitoris decreased in size. This case report has a detailed diagnosis and treatment process and sufficient examination results. It can provide a reference for diagnosing and treating patients with bilateral adrenal myelolipoma and DSD and reduce the risk of misdiagnosis and mistreatment.
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Background

Myelolipoma is a rare non-functional benign tumor formed by the proliferation of mature adipose tissue and hematopoietic components of bone marrow. It was first described histologically by Gierke in 1905 and named myelolipoma by Oberling in 1929 (1). The incidence rate is 0.08%–0.2% (2); clinically, most are asymptomatic, whereas large tumors will cause waist and abdominal pain or rupture and bleeding, etc. In general, there is no endocrine function, and hypertension can also occur (3). Bilateral giant adrenal myelolipoma is rare. A case of bilateral adrenal giant myelolipoma with disorders of sex development (DSDs) was treated in our center, and the following is reported.





Case report

The patient was 45 years old, and the social gender was female. The patient was admitted to the hospital after discovering a left abdominal mass for over a year and aggravation of abdominal pain for 18 days. In January 2008, the patient developed abdominal pain and discomfort without obvious causes. A left abdominal mass, about 4 cm × 3.5 cm × 3 cm in size, was found in the local hospital. In January 2009, the patient touched the left abdomen while bathing and felt that the mass was enlarged and hard, and abdominal pain recurred simultaneously. She was admitted to our hospital with a left abdominal mass of unknown etiology in February 2009. The patient had no fever, night sweats, jaundice, or emaciation. She had no menses since puberty. There was no family history.

Physical examination revealed a temperature of 37.2°C, respiration of 18 beats per minute, pulse of 72 beats per minute, and blood pressure of 120/80 mmHg. The patient had a body weight of 52 kg and a male face with visible whiskers and throat segments and a coarse, deep voice. The axillary hair was thick and dense, the chest was symmetrical without deformity, the breasts were not developed, and a physical examination of the heart and lungs showed no positive signs. The abdomen was soft with no palpable liver. However, a large mass was palpable in the left abdomen with a slightly hard texture and poor mobility, and there was no percussion pain in both renal region. The vulva showed hermaphroditism, thick and dense pubic hair, normal development of bilateral labia majora, no labia minora, hypertrophy of the clitoris like a short penis (4 cm long), no opening at the top, the urethral opening in the vestibule below the clitoris, and no vagina. On digital rectal examination, there was no palpable uterus or prostate-like tissue, no palpable mass in the pelvic cavity, and no testis-like tissue in the inguinal canal area: scoliosis deformity and free movement of limbs.

Abdominal CT examination showed a huge mixed-density lesion (18 cm × 15 cm) in the left retroperitoneal space, including many irregular fat density shadows. The upper boundary of the mass was below the diaphragm, and the lower boundary was at the level of the iliac crest. The pancreas, stomach, and spleen were all compressed and displaced anteriorly, and the left kidney was compressed into the pelvis. A mixed-density shadow of 8 cm × 4 cm with clear borders was seen above the right kidney. On enhancement, the parenchymal portion of the left retroperitoneal mass showed variable enhancement that appeared to be encapsulated (Figures 1A–E). Abdominal and pelvic ultrasound showed a mixed echogenic mass in the left adrenal gland and a solid mass in the right upper abdomen. No definite sonograms of the uterus, prostate, or testis were found. Laboratory tests showed white blood cells of 4.39 × 109/L, neutrophils of 74.7%, lymphocytes decreased by 13.9%, and monocytes increased by 10.5%. The red blood cell count was 5.30 × 1012/L, and the hemoglobin was 177 g/L. Total bilirubin, direct bilirubin, and indirect bilirubin increased to 30, 11.3, and 18.7 μmol/L, respectively. Total cholesterol decreased to 2.55 mmol/L, and high-density lipoprotein decreased to 0.95 mmol/L. Other parameters, such as blood glucose and renal function, were normal. Tumor markers such as alpha-fetoprotein, human chorionic gonadotropin, neuron-specific enolase, and carcinoembryonic antigen were negative. Karyotype analysis of the patient’s peripheral blood showed that the patient was 46, XX.




Figure 1 | CT and gross specimens of the patient. (A) The left retroperitoneal mass was huge, and the left kidney was compressed and moved down. No enhancement was found in contrast-enhanced scan. (B, C) CT plain scan showed bilateral inhomogeneous density mass. (D, E) Bilateral adrenal enhanced CT findings. (F) Intraoperative gross specimen of a huge mass in the left adrenal gland.



The patient underwent open bilateral adrenalectomy under general anesthesia. During the operation, bilateral subcostal transverse incisions were made, the liver and transverse colon were pulled away to expose the retroperitoneal space, and the left retroperitoneal space was dissected after careful mobilization. There was a solid cystic mass (about 24 cm × 16 cm in size), dark, and hard in texture. The mass was dissected carefully to avoid injury to the renal vein. The huge mass was completely removed, and the other side was about 9 cm × 5 cm removed. A part of the bilateral mass after complete resection was sent for intraoperative rapid frozen section diagnosis. Intraoperative frozen report: The tumor was derived from adipose tissue and tended to be benign. Lymph node dissection was not performed. After sufficient hemostasis of the operative field, a drainage tube was placed, and the abdominal incision was sutured layer by layer. The intraoperative blood loss was about 500 mL. The operation time was 3 h and 15 min. The operation was uneventful, and anesthesia was stable without a blood transfusion. The patient returned to the ward safely after the operation. The drainage tube was removed 7 days after the operation, and the incision healed well 14 days after the suture was removed. The patient was discharged.

Pathological examination: gross observation: The left side was a yellow-red or dark-red mass, weighing 2.3 kg, measuring 24 cm × 18 cm × 10 cm, with a complete capsule, solid cut surface, and pale yellow fat mixed with reddish-brown (Figure 1F). The right side was a yellow mass measuring 8.5 cm × 4.3 cm × 2.8 cm with an intact capsule and fatty cut surface. Microscopic examination showed that the left tumor mainly showed erythroid, granulocytic, and megakaryocytic bone marrow hematopoietic cells without atypia. The erythroid lineage was dominated by mid- and late-stage erythrocytes, whereas the granulocyte was dominated by mid- and late-young rod and lobulated nuclei. Lymphocytes were scattered or aggregated, and megakaryocytes were scattered, one to three per high-power field. Hemosiderin phagocytosed histiocytes and slight hyperplasia of fibrous tissue were seen locally. A large amount of mature adipose tissue was intermingled. At the edge of the tumor, adrenal globular zone cell clusters of different sizes were seen, and massive hemorrhage was seen in some areas. On the right side, the tumor mainly comprised mature adipose tissue mixed with bone marrow hematopoietic tissue. Under the tumor capsule, the adrenal zona glomerular cells were rarely compressed. The pathological diagnosis was bilateral adrenal myelolipoma with hemorrhage (the left tumor was huge). The adrenal myelolipoma was considered a benign tumor without secretory function, and no chemotherapy, radiotherapy, or endocrine therapy was given after the operation. The patient was followed up for 14 years and 2 months, and the general condition was good, without discomfort and tumor recurrence.





Discussion

The myelolipoma was composed of a mixture of mature fat and bone marrow in varying proportions. In this case, the multifocal dark red area on the left side was dominated by bone marrow hematopoietic tissue, and a few residual zona glomerulus cells were found under the tumor capsule (Figures 2A, B). The right side was dominated by adipose tissue, and only a little bone marrow hematopoietic tissue was scattered among adipocytes (Figures 2C, D). Myelolipoma is more common in the adrenal gland than in the thoracic cavity, retroperitoneum, presacral area (4), mediastinum, spleen, lung, testis, soft tissue, and other parts. It has been reported that (5) occurs simultaneously in the adrenal gland and the contralateral pelvic cavity, and it is extremely rare that the primary tumor occurs in the liver (6, 7). The most common age of adrenal myelolipoma was 50 to 70, and most patients were adults. The incidence of male and female patients was roughly equal. Most tumors are solitary, with a slightly higher incidence on the right side than on the left side and rare on both sides (8). There were no atypia or lip blasts in the adipocytes. Hematopoietic tissue was sparsely or widely distributed, and lymphocytes were scattered or aggregated. Immunohistochemical markers showed granulocytic, erythroid, lymphoid, and megakaryocytic hematopoietic cells at various stages of differentiation (Figures 2E–L).




Figure 2 | Postoperative pathological and immunohistochemical results. (A, B) The left tumor was composed of fat cells and various hematopoietic cells, and the lower right was the residual adrenal cortex [Immunohistochemistry (HE); (A) 200× and (B) 400×]. (C, D) The right mass was dominated by adipocytes, with scattered small foci of hematopoietic cells (HE; 200×). (E) CD3-positive T lymphocytes (200×). (F) CD15-positive granulocytes (200×). (G) CD20-positive B lymphocytes (200×). (H) CD38-positive plasma cells (200×). (I) CD63-positive monocytes and plate-producing cells (200×). (J) CD117-positive mast cells (200×). (K) CD235a-positive nucleated erythrocytes and mature erythrocytes (200×). (L) Myeloperoxidase (MPO)-positive myeloid cells (200×).



Differential diagnosis with the following tumors is required: 1. The common type of lipoma has no hematopoietic component, which differs from the location of myelolipoma. It should be noted that some myelolipomas may have fewer hematopoietic components and can be misdiagnosed as lipomas. 2. For well-differentiated liposarcoma, overlapping with myelolipoma but without hematopoietic components, a careful search for immunohistochemical markers can help. Atypical stromal cells with hyperchromatic chromatin or lip blasts can be found. 3. Myeloid neoplasms, often multiple lesions, accompanied by the liver and spleen enlargement and blood system abnormalities. The tumor showed diffuse infiltration of primitive tumor cells, which were atypical and monomorphic. Immunohistochemical staining showed the absence of normal multilineage hematopoietic components of bone marrow. 4. Extramedullary hematopoiesis, usually in the liver, spleen, and lymph nodes, is associated with lymphohematopoietic disease, and the lesions are often multifocal rather than isolated, well-defined nodules.

Endocrine dysfunction can promote the occurrence of adrenal myelolipoma. Statistics show that about 10% of myelolipoma cases are complicated by endocrine insufficiency, including Cushing syndrome, primary aldosteronism, congenital adrenal hyperplasia (CAH), and hyperparathyroidism (9). CAH is an autosomal negative genetic disease caused by defects in adrenocortical hormone synthase, such as 21-hydroxylase, 17-hydroxylase, or 11-hydroxylase (10). Because of the disorder of the glucocorticoid synthesis pathway, such diseases can lead to obvious hyperandrogenism and hyper-adrenocorticotropic hormone (11). According to statistics, the incidence of adrenal myelolipoma in patients with CAH is significantly higher than that in normal people (about 6%). Its incidence is positively correlated with the level of serum adrenocorticotropic hormone (12). Cases of adrenal myelolipoma with obvious hyperandrogenism have also been reported in the literature (13). Therefore, the pathogenesis of adrenal myelolipoma is closely related to the overexpression of androgen and adrenocorticotropic hormone. The patient was diagnosed with male pseudohermaphroditism, accompanied by amenorrhea and clitoral hypertrophy after puberty, which was considered to be related to the excessive expression of androgens caused by adrenal myelolipoma. The symptoms of clitoral hypertrophy were relieved after surgical resection.

There are many studies on the nature of myelolipomas. Bishop et al. (9) found that most myelolipomas have non-random X chromosome inactivation, suggesting that myelolipomas are of monoclonal origin and belong to genuine tumors. The etiology and pathogenesis of adrenal myelolipoma are still unclear. They may be related to adrenal cortical metaplasia induced by necrosis, infection, stress, and other factors (14–16). Cytogenetic examination of adrenal myelolipoma has been reported with chromosome (3; 21) (q25; 11) translocation, which also suggests a true tumor (17). Some authors point out that adrenal myelolipoma often occurs in endocrine diseases or chronic wasting diseases, which may stimulate the differentiation of adrenal cortical mesenchymal cells into myelocytes or adipocytes (18). At present, the presence of bone tissue in myelolipoma is controversial, and most scholars state that bone tissue is metaplasia.

Myelolipoma is generally asymptomatic, with a volume of less than 5 cm and rarely larger than 10 cm (19). The large volume can cause abdominal distension, pain, or other compression symptoms. There are reports of giant adrenal myelolipoma with a maximum diameter of 15–16 cm (20). In this case, the patient had myelolipoma in both adrenal glands, and the left tumor was huge, with a maximum diameter of 24 cm, accompanied by DSD, manifested as clitoral hypertrophy and no vagina. The principle of myelolipoma treatment is small, and asymptomatic can be conservative follow-up. Yalagachin et al. (21) considered that adrenal myelolipoma with function or diameter ≥6 cm should be treated with adrenal tumor resection, and surgical resection of huge tumors can relieve symptoms and prevent complications such as bleeding and rupture. In the past, open surgery was the main clinical operation for giant myelolipoma. However, with the development of laparoscopic technology, laparoscopic adrenalectomy has become the first choice for adults. Of note, is the transabdominal or retroperitoneal approach more advantageous? It is still controversial (22). In recent years, good results of robotic surgical treatment have also been reported (23). In addition, studies have shown that minimally invasive surgery can effectively reduce surgical site infection caused by open surgery so that patients can obtain better perioperative outcomes (24).





Conclusion

In conclusion, myelolipoma is rare in clinical practice, and it is rare to present a huge mass in both adrenal glands with DSD. Adrenal myelolipoma is a benign non-secretory tumor. The tumor was named for the presence of mature adipocytes and bone marrow cells. The disease may result from abnormal cortical reticular endothelial cell metaplasia development or aberrant embryonic residues. However, patients with adrenal myelolipoma that produce compression symptoms such as hypertension need surgical resection of the tumor to relieve the symptoms. Adrenal myelolipoma is considered a benign tumor without secretory function, and postoperative chemoradiotherapy and endocrine therapy are not needed. Patients with adrenal myelolipoma complicated with disorders of sexual development can be followed up after resection of adrenal myelolipoma before oculoplastic surgery, and some patients with disorders of sexual development can spontaneously relieve the abnormal manifestations of external genitalia.
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Objectives

The aim of this study was to investigate an integrated diagnostics approach for prediction of the source of aldosterone overproduction in primary hyperaldosteronism (PA).





Methods

269 patients from the prospective German Conn Registry with PA were included in this study. After segmentation of adrenal glands in native CT images, radiomic features were calculated. The study population consisted of a training (n = 215) and a validation (n = 54) cohort. The k = 25 best radiomic features, selected using maximum-relevance minimum-redundancy (MRMR) feature selection, were used to train a baseline random forest model to predict the result of AVS from imaging alone. In a second step, clinical parameters were integrated. Model performance was assessed via area under the receiver operating characteristic curve (ROC AUC). Permutation feature importance was used to assess the predictive value of selected features.





Results

Radiomics features alone allowed only for moderate discrimination of the location of aldosterone overproduction with a ROC AUC of 0.57 for unilateral left (UL), 0.61 for unilateral right (UR), and 0.50 for bilateral (BI) aldosterone overproduction (total 0.56, 95% CI: 0.45-0.65). Integration of clinical parameters into the model substantially improved ROC AUC values (0.61 UL, 0.68 UR, and 0.73 for BI, total 0.67, 95% CI: 0.57-0.77). According to permutation feature importance, lowest potassium value at baseline and saline infusion test (SIT) were the two most important features.





Conclusion

Integration of clinical parameters into a radiomics machine learning model improves prediction of the source of aldosterone overproduction and subtyping in patients with PA.
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1 Introduction

Arterial hypertension is the leading underlying cause of cardiovascular disease and the worldwide leading modifiable risk factor for premature death (1). Its early detection, treatment and prevention of major cardiovascular events such as stroke or myocardial infarction allows to reduce both morbidity and mortality (1, 2).

Primary hyperaldosteronism (PA), also known as Conn’s syndrome, has been recognized as the most frequent cause of endocrine hypertension, characterized by an excess of aldosterone production, autonomous of major regulators of aldosterone secretion (3). PA is often underdiagnosed because of the lack of specific, easily identifiable features (4). Compared to patients with essential hypertension as well as to the general population, patients with PA have an increased risk of cerebrovascular and cardiovascular events and target organ damage (5–8).

The diagnostic workup of PA consists of a sequence of screening, confirmatory testing and differentiation of the source of aldosterone overproduction (lateralization) (9). The distinction between unilateral and bilateral primary hyperaldosteronism is crucial, because unilateral PA, most often caused by an aldosterone-producing adenoma (APA), can be cured with laparoscopic unilateral adrenalectomy, whereas bilateral PA, most often caused by bilateral hyperplasia (BHA), is routinely treated with mineralocorticoid receptor antagonists (MRA) (9).

Adrenal venous sampling (AVS) is currently considered the gold standard to distinguish unilateral from bilateral disease in patients with PA (10). AVS is technically demanding, especially because the right adrenal vein is small and may be difficult to cannulate; the success rate highly depends on the expertise of the interventional radiologist (11). AVS comes at high cost, is associated with considerable radiation exposure and is variable across different centers due to insufficient standardization of the procedure (12). Due to these challenges, AVS is not consistently available even across high-income countries.

Non-invasive imaging via computed tomography and magnetic resonance imaging (CT/MRI) has not been proven to be a reliable alternative to AVS, as micro-APA (≤10 mm in diameter) remain often undetected by those imaging methods (13–15). Another challenge in non-invasive imaging is the proportion of patients with hormonally inactive adrenal incidentalomas increasing with age, leading to an increased rate of false-positive imaging findings and reduced specificity. A meta-analysis by Zhou et al. (14) revealed that CT/MRI interpretation by radiologists has a modest pooled sensitivity and specificity in identifying unilateral PA (68% and 57%). Functional imaging techniques with C11-metomidate and imaging-based clinical scores showed inconsistent results or were not feasible on a large scale (16). Therefore, current US Endocrine Society as well as the Japan Endocrine Society guidelines recommend performance of AVS as reference standard in all patients eligible for surgical treatment (17, 18).

Quantitative image analysis offers potential solutions by introducing novel imaging biomarkers. A recent pilot study with a small patient cohort (19) demonstrated that quantitative texture analysis might allow for PA subtyping. The combination of quantitative image analysis with machine learning leads to “radiomics”, which plays an increasingly important role in the establishment of imaging biomarkers (20–23).

The aim of this study was to investigate the value of a radiomics approach supplemented by clinical and laboratory data for the prediction of the source of aldosterone overproduction and disease subtyping in patients with primary hyperaldosteronism.




2 Materials and methods



2.1 Patients

269 patients with confirmed primary hyperaldosteronism and CT-imaging from the German Conn Registry with diagnosed PA were enrolled (Figure 1). All patients underwent clinical testing, CT imaging and selective AVS performed by experienced interventional radiologists at the university hospital at LMU Munich, Germany. Inclusion criteria were successful bilateral AVS sampling and sufficient CT image quality, including pre-contrast images; exclusion criteria were equivocal AVS results and/or no suitable CT imaging or laboratory data. Patients were included prospectively in the registry; the present study was performed retrospectively as a post-hoc analysis. All patients gave written informed consent, and the protocol of the German Conn Registry was approved by the Ethics Committee of the medical faculty of the Ludwig Maximilians University Munich. The diagnostic procedures were performed according to the Endocrine Society Practice Guidelines (17).




Figure 1 | Flowchart showing the selection of the final cohort.






2.2 Clinical and laboratory data

Laboratory data and blood pressure values used for analysis were acquired during the baseline visit. Blood samples were drawn in a fasting state in a sitting position in the morning. Plasma aldosterone and renin concentration were measured using the DiaSorin LIAISON® (DiaSorin Ltd, Wokingham, Berkshire, UK). Blood pressure measurements were performed in the sitting position with uncrossed legs, and the arm cuff was placed at the heart level. Blood pressure readings were obtained at the same site after not less than ten minutes of rest using a validated automatic oscillometric device. Lowest potassium concentration was defined as the lowest recorded potassium concentration in the patient’s history within two years before therapy. The establishment of the diagnosis PA took place after at least one positive confirmatory test (volume overload test or captopril test). Before testing, the antihypertensive medication was adapted according to guidelines (17). For the measurement of aldosterone post saline infusion test (SIT), 2 liters of 0.9% saline IV are given over a period of 4 hours (08:00-12:00 am). Blood samples for aldosterone, renin, cortisol, and electrolytes are drawn at time zero and after 4h. Patients remain in a seated position for at least 30 min during the infusion. If the aldosterone after saline infusion is ≥60 pg/ml, the diagnosis of PA is confirmed (with parallel suppressed renin). After confirmation further diagnosis (imaging) is required.




2.3 Adrenal venous sampling

In all cases, AVS was performed without adrenocorticotropic hormone stimulation in a sequential manner. During AVS, both plasma cortisol and plasma aldosterone concentration (PAC) were determined in blood collected selectively from the adrenal veins and simultaneously from the inferior vena cava (IVC). To evaluate the success of adrenal vein catheterization, selectivity index (SI) was defined as the ratio of plasma cortisol concentration for each adrenal vein and IVC (24):

	

If the selectivity index exceeded two, catheterization was considered successful. The lateralization index (LI) was defined as the aldosterone to cortisol ratio (ACR) on the dosssminant side with excess aldosterone secretion over ACR on the non-dominant side (25):

	

If the LI exceeded four, the patient was judged to have unilateral PA. Otherwise, a diagnosis of bilateral PA was made. The results of AVS then served as the standard of truth.




2.4 Image analysis

For post-hoc analyses of CT images, we performed manual whole organ segmentation of the adrenal glands in non-contrast-enhanced CT-images (slice thickness 3-5 mm) on both sides using a dedicated segmentation software (mint lesion™, Mint Medical, Heidelberg, Germany). Non-contrast enhanced CT images were used for the purpose of unifying the study protocol as the impact of contrast enhancement in different phases on density and therefore on some of the radiomic features is not known. Adrenal glands were segmented manually by one radiologist with extensive experience in abdominal CT-imaging. To assess the inter-reader variability of the segmentations, a second reader with comparable experience annotated 50 randomly selected patients within the cohort in a second round, blinded to the results of the first reader. The agreement of segmentations of both readers were assessed via the Dice coefficient.

During pre-processing, each slice was resampled to an in-plane resolution of 1x1 mm2. No resampling in the z-axis was performed. We performed thresholding on pixel intensities in the range of (-300 to 300) Hounsfield Units (HU) to exclude outliers in the segmentation. A Laplacian of Gaussian filter for edge enhancement was applied to the images with σ = 1. For gray value discretization, a fixed bin size of FBS = 25 HU was used.

We extracted 144 independent radiomic features from the segmentation of each adrenal gland using the dedicated segmentation software (mint lesion™, Mint Medical GmbH, Heidelberg, Germany), resulting in 288 features per patient (for left and right adrenal gland). The extracted features are a subset of standardized features according to the image biomarker standardization initiative (IBSI) (26). The workflow of the radiomics analysis including segmentation, filter application, feature selection and model training, and evaluation is illustrated in Figure 2.




Figure 2 | Example workflow of image segmentation and filtering (left), radiomics feature extraction (middle) and training and evaluation using a random forest (right).






2.5 Statistical analysis

Continuous variables were presented as mean (± standard deviation), categorical variables as the count in each subgroup. Kruskal-Wallis H-test and Chi-square test were used for global comparison of the patients’ characteristics, as appropriate, using the Python package scipy (version 1.9.3). Dunn’s test with Benjamini-Hochberg corrections was used for pairwise comparisons using the Python package scikit-posthocs (version 0.7.0).

The complete dataset was split into a stratified training and test set, according to an 80:20 split ratio. The features were standardized to zero mean and scaled to unit variance. To reduce the dimensionality, k = 25 features were selected using maximum-relevance minimum-redundancy feature selection (MRMR). These features were used to train a random forest classifier with n = 1000 estimators (implemented in Python 3.9.5 using scikit-learn 1.1.0) to predict the results of AVS, with the three target classes “unilateral left” (UL), “unilateral right” (UR), “bilateral” (BL) overproduction. A random forest classifier is an ensemble machine learning method that combines multiple decision trees to make predictions and classify data by aggregating the results of the individual trees. The predictive performance of the model was assessed with the one-versus-all area under the receiver operating characteristic curve (ROC AUC) evaluated on the hold-out test set. Confidence intervals (CI) were assessed using a bootstrap approach. Feature importance was determined for the test set using permutation feature importance which defines the decrease in model score after random shuffling of a single feature value.

For the baseline setting, we used radiomics features alone to train the model and predict the AVS result for the test set. Then, we included clinical and laboratory parameters into the model and repeated the training and evaluation process.





3 Results



3.1 Patients

According to AVS results, 133/269 (49%) patients were diagnosed with bilateral hyperplasia, and 136 (51%) patients with unilateral aldosterone producing adenoma (n = 76 affecting the left adrenal gland, n = 60 the right). Patients with equivocal AVS results and/or no suitable CT imaging or laboratory data (n= 71) were excluded. There were no significant differences in patients’ age, sex and body mass index (BMI) between the three groups, as summarized in Table 1. The cohort was divided by a ratio of 80:20 into training (n = 215) and test set (n = 54) with stratified distributions of subtypes of PA, as illustrated in Figure 3.


Table 1 | Patient characteristics and clinical data.






Figure 3 | Class frequency n for the whole cohort divided by classes (color) and training (n = 215, darker) and testing (n = 54, lighter) data.



The interreader variability for the segmentations of 50 randomly selected patients yielded a mean Dice coefficient of 0.919, indicating a very high agreement between readers.




3.2 Radiomics analysis

With the results of AVS as ground truth, the model trained with radiomics features alone discriminated the location of aldosterone overproduction with ROC AUC of 0.57 for unilateral producing adenoma affecting the left adrenal gland (UL), 0.61 affecting the right adrenal gland (UR) and 0.50 for bilateral hyperplasia (BL) (total 0.56, 95% CI: 0.45-0.65) as illustrated in Figure 4A. Integration of clinical and biochemical data into the machine learning model yielded better ROC AUC values regarding subtype classification for lateralization (0.61 UL, 0.68 UR, and 0.73 for BI, total 0.67, 95% CI: 0.57-0.77), displayed in Figure 4B.




Figure 4 | Receiver operating characteristic (ROC) curves for radiomics only (A) and radiomics + clinical parameters (B). The area under the ROC curve (AUC) for each of the three classes unilateral left, unilateral right and bilateral is calculated in a one-versus-rest manner. Including clinical features results in higher ROC AUC values for all classes.



Using MRMR feature selection, a mix of clinical and radiomic features were selected for model training. Permutation feature importance (Figure 5) reveals that the most important features for the model are clinical or biochemical parameters: lowest potassium level recorded, SIT after 4 hours, aldosterone/renin ratio (ARR) and mean diastolic blood pressure measured over 24 hours are the most important distinguishing factors in subtype classification. Radiomic features, including gray level co-occurrence matrix (GLCM) features and first order features were amongst the ten most important features.




Figure 5 | Permutation feature importance evaluated for the test set. Boxplots show the feature importance for the ten most important features. The vertical orange lines in the boxplots represent the median value of clinical features and the blue of radiomic features. GLCM, Gray level co-occurrence matrix; SIT, saline infusion test.







4 Discussion

In this explorative study, we have evaluated the value of a radiomics based approach for radiological analysis in patients with primary hyperaldosteronism. We found that the combination of quantitative image features together with clinical and laboratory parameters improves the prediction of the source of aldosterone overproduction as compared to prediction with image features alone. Our model thereby was not limited to the differentiation of aldosterone producing adenoma versus bilateral hyperplasia, but additionally aided in lateralization of the source of aldosterone overproduction. Specifically, the integration of clinical parameters (i.e. serological and clinical tests) into the prediction model led to a marked increase of ROC AUC values, with the best results achieved in the detection of BL hyperplasia. The difference in performance between UL and UR is within the statistical uncertainty, as the confidence intervals of the calculated ROC AUC values overlap due to the small sample size. Of the ten most important features, six were clinical and laboratory parameters, with lowest potassium level as the most important parameter. For the given three-class setting, this is reasonable, since spontaneous hypokalemia is a typical feature of PA, which has been shown to be present in 50% of patients with aldosterone-producing adenoma and in only 15% of patients with bilateral hyperplasia (27).

We computed radiomics features from manual segmentations of the adrenal glands. Our results indicate that these image features alone have only limited predictive value for the discrimination of PA subtypes, yet they are still represented in the top ten features for the integrated model. While the predictive value of image features might be improved, e.g. through optimized and standardized image acquisition or automated adrenal gland segmentation, our findings highlight the value of an integrated diagnostics approach. This observation is in line with a recent study which demonstrated that discrimination of tumor recurrence from radiation necrosis in glioma patients is improved with an integrated model approach (28).

Several prediction models have been investigated in the past to improve the diagnostics of PA. Models analyzing clinical and laboratory data have been proven to be successful in predicting the subtype of PA. Shi et al. (29) investigated 10 clinical/laboratory features and found the primary aldosterone concentration after SIT, aldosterone-to-renin-ratio and ARR after captopril challenge test, as the most important variables contributing to the model. Tamaru and colleagues (30) proposed a similar model to predict PA subtype (bilateral vs. unilateral). Both models thus successfully aided in subtype differentiation – localized adenoma versus hyperplasia - however without imaging information lateralization of a unilateral aldosterone producing adenoma is not possible.

We found that the top ten overall features for the integrated model comprise clinical, laboratory and imaging features. In particular, potassium level and aldosterone-to-renin ratio are relevant for PA subtyping (i.e. hyperplasia yes or no), whereas imaging features are relevant for prediction of disease lateralization. These results agree with findings from a recent study (31), which aimed to predict which unilateral adenomas over-produce aldosterone. Similar to our findings, age, sex, serum potassium level and aldosterone-to-renin ratio remained as independent predictors after variable selection. Furthermore, aldosterone concentration after a four-hour SIT contributed substantially to an improvement of the prediction model. This is in line with Nagano et al. (32) who found plasma aldosterone concentrations below 87.9 pg/ml after a SIT as discriminatory predictor for bilateral primary aldosteronism. When comparing several confirmatory tests, a recent meta-analysis showed that the SIT had the best sensitivity and specificity for predicting the subtype of primary aldosteronism (33). In another integrated prediction model, aldosterone levels at screening and after confirmatory testing, as well as lowest potassium level were shown to be the most important clinical parameters predicting subtype diagnosis in primary aldosteronism (34). However, dichotomization into lateralized and bilateral disease in this prediction model does not represent the complexity of the disease as it fails to define with certainty the side of aldosterone hypersecretion, which is highly relevant in lateralized cases eligible for surgical treatment. Furthermore, the presence of visible nodules in CT-imaging in approximately 86% of the lateralized cases possibly caused a preselection bias.

The SPARTACUS trial (35) compared the outcome of CT-based diagnosis combined with AVS-based management in patients with PA who were treated with either adrenalectomy or MRA and were followed one year. The study did not find significant differences in intensity of antihypertensive medication or clinical benefits. Due to multiple limitations of the study, however, the only randomized prospective trial in this field could not refute the view that AVS is the gold standard for subtyping PA. In light of the SPARTACUS trial, conducting treatment decisions in primary aldosteronism on AVS results alone is challenged without offering a suitable alternative. With a nearly 50% discordance between the diagnostic conclusions derived from the CT and AVS (35), the portion of patients with aldosterone-producing micronodules treated permanently with MRA instead of surgical treatment remains unknown. Recent data by Williams et al. (36) also displayed beneficial outcomes of adrenal surgery for selected patients with bilateral primary aldosteronism, challenging the current dogma of routine medical management of this disease subtype.

Our data indicate that aldosterone overproduction caused by micronodules still may not be detectable by a quantitative analysis of medical imaging like radiomics in a substantial number of patients. This is consistent with findings at our center that reported a prevalence of nonclassical histopathology of unilateral PA in 25% of the unilateral cases, which were mainly attributed to multiple aldosterone-producing micronodules (37).

This study is not without limitations. As a consequence of non-standardized imaging protocols, imaging data is heterogeneous and introduces noise in quantitative image features. Further studies would benefit from standardized CT imaging or even MR imaging with a superior soft-tissue contrast. Moreover, functional imaging techniques, such as Positron Emission Tomography (PET), potentially hybridized with CT or MRI would allow more advanced contrast options with the possibility of molecular imaging (38). Combing those advanced imaging technologies with functional testing such as provocative or inhibitory test may allow for non-invasive diagnostics of PA in the future. Manual segmentation of adrenal glands is tedious; Although we observed very good inter-reader agreement, reproducibility might be further increased through automated approaches, e.g. with U-net based deep learning approaches. We did not perform hyperparameter tuning or benchmarking for our prediction model, simply because the sample size did not allow for the necessary additional test dataset. However, we used a random forest model with robust default settings which has proven to be suitable for classification tasks with a large number of features (39). Our reference standard for PA subtype differentiation in this study was AVS. Although AVS is the current reference standard recommended by experts and guidelines for subtype diagnosis in PA (17), its role in the management of patients PA is currently under debate (35). Additionally, a subgroup of patients affected by non-secreting adrenal incidentalomas of various size would have been an interesting comparison, however within the German Conn registry this group was not available.




5 Conclusion

This study revealed that an integrated diagnostics approach can notably improve the non-invasive identification of the source of aldosterone overproduction and subtype differentiation in PA, when compared to a radiomics approach using CT-imaging data alone. Before such an integrated approach can replace invasive AVS, the predictive value must be further improved and needs to be validated in prospective interventional studies, where machine learning approaches guide clinical decision making.
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Background

Adrenocortical carcinoma (ACC) is a rare malignancy with a poor prognosis and limited treatment options for metastases. However, new effective regimens are emerging for specific conditions in metastatic ACC.





Case presentation

We report a case of a 36-year-old man diagnosed with metastatic ACC who had a large left adrenal mass (158 mm × 112 mm) and multiple metastases in the liver and lungs. Genetic testing revealed a microsatellite instability-high (MSI-H) tumor, a splice mutation in MLH1, and a high tumor mutational burden (TMB). After the left adrenalectomy, he received sequential treatment with a combination of mitotane, etoposide, paraplatin (EP-M), and sintilimab. His condition has been assessed as a stable disease since the sixth cycle of the combined regimen.





Conclusion

This case highlights the remarkable response of our patient’s ACC with MSI-H tumor, MLH1 spice mutation, and high TMB to treatment with a novel combination of EP-M and sintilimab. Our findings suggest a promising therapeutic option for patients with similar molecular profiles.
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Background

Adrenocortical carcinoma (ACC) is a rare malignancy with an incidence of 0.5–2 per million person-years. Although ACC is typically an aggressive tumor, its prognosis is largely dependent on tumor staging (1). The 5-year survival of ACC rapidly decreases with advancing oncology stages: stage I (66% to 82%), stage II (58% to 64%), stage III (24% to 50%), and stage IV (0% to 17%) (2).

Treatment options for advanced ACC are limited. In general, first-line therapy in patients with metastatic ACC is mitotane alone or mitotane plus chemotherapy (3). Surgery may be used to control tumor growth and hypersecretion-related symptoms and prolong survival in selected patients. Mitotane and chemotherapy have limited effectiveness in treating advanced ACC (1). However, new effective regimens are emerging, particularly in cases of ACC with specific gene mutations. Currently, immunotherapy (such as antiprogrammed cell death protein 1 (PD-1)/antiprogrammed cell death ligand-1 (PD-L1) agents) has changed the treatment paradigm for certain cancers, including melanoma, lung cancer, and renal cancer (4). Patients with malignant tumors who carry specific genetic mutations in DNA mismatch repair (MMR) enzymes or have high TMB are expected to have better outcomes with immunotherapy (5, 6).





Case presentation

We present the case of a 36-year-old man from Hunan Province, China, with severe hypertension and hypokalemia and without any history of glucocorticoid exposure. Clinically, the patient had a 7-year duration of hypertension (160–180/90–110 mmHg) with an elevated body mass index (25.6 kg/m2). Physical examination revealed no manifestations of Cushing’s syndrome, such as the moon face and the buffalo neck. No family history of hypertension, endocrine tumors, or Lynch disorder was found.

The patient’s blood, urine, stool tests, and renal and liver functions were normal. Biochemical tests showed marked autonomous adrenocorticotrophic hormone-independent hypercortisolemia. Plasma cortisol was 705.21 nmol/L at 8 a.m. and 680.50 nmol/L at 24 p.m. (reference range: 118.60–610.00 nmol/L), plasma adrenocorticotropic hormone (ACTH) was < 5 pg/mL (reference range: 0–46 pg/mL), indicating excessive cortisol and disturbed rhythm (Figure 1A). The patient’s late-night salivary cortisol was 53.84 nmol/L (reference range: 0.00–10.40 nmol/L), and his urinary free cortisol was 3,211.2 nmol/24 h (reference range: 153.2–789.4 nmol/24 h). Furthermore, plasma cortisol was not suppressed by 1 mg of dexamethasone (725.77 nmol/L) administered overnight. The patient’s serum potassium was 2.3 mmol/L, plasma renin activity was 0.78 ng/mL/h (reference range: 0.10–6.56 ng/mL/h), and plasma aldosterone concentration was 1,460.0 ng/L (reference range: 70.0–300.0 ng/L). The patient underwent a captopril challenge test; premedication plasma aldosterone concentration was 676.0 ng/L and plasma renin activity was 0.94 ng/mL/h; postmedication plasma aldosterone concentration was 799.0 ng/L and plasma renin activity was 0.61 ng/mL/h. Vanillic amygdalin assay in the urine during a 24-h period was 10.2 mg/24 h (reference range: 0–12.0 mg/24 h), metanephrine was 0.06 nmol/L (reference range: ≤ 0.60 nmol/L), and methoxynorepinephrine was 0.14 nmol/L (reference range: ≤ 0.90 nmol/L). The thyroid function test reported that the level of thyroid-stimulating hormone (TSH) was 2.047 mU/L (reference range: 0.550–4.780 mU/L), free triiodothyronine (FT3) was 5.58 pmol/L (reference range: 3.50–6.50 pmol/L), and free thyroxine (FT4) was 15.03 pmol/L (reference range: 11.50–22.70 pmol/L). His plasma testosterone was 5.67 nmol/L (reference range: 6.07–27.10 nmol/L) and dehydroepiandrosterone-sulfate was 80.88 μg/dL (reference range: 88.90–427.00 μg/dL). An analysis of the patient’s plasma steroid metabolites by liquid chromatography-tandem mass spectrometry revealed an elevated secretion of 11-deoxycorticosterone and 11-deoxycortisol.




Figure 1 | Timeline of laboratory results. (A) The cortisol and aldosterone concentrations plotted against time. Magnetic resonance imaging and computerized tomography showed multiple metastases in both the liver (B, D, F, H) and lungs (C, E, G, I) at diagnosis and following initiation of therapy.



Magnetic resonance imaging (MRI) showed a large left adrenal mass (158 mm × 112 mm) compressing the left kidney, with multiple liver and lung metastases. MRI also showed partially high density on T2-emphasizing phase images and low density on T1-emphasizing phase images (Figure 2). There were 14 metastases in the liver, and the largest metastasis was about 44 mm in diameter. Multiple metastases were visible in both lungs, with a maximum lesion of about 15 mm (Figures 1B, C). Fluorodeoxyglucose positron emission tomography showed a strong accumulation in the left adrenal mass (SUV max of 8.8, Figure 3A) and metastatic lesions in the lung (SUV max of 8.7, Figure 3B) and liver (SUV max of 17.1, Figure 3C), but no lesions were detected in the bone or lymph nodes.




Figure 2 | Red arrowheads indicate the primary tumor at diagnosis. Contrast-enhanced magnetic resonance imaging revealed a 158 mm × 112 mm heterogeneously enhanced left suprarenal mass with necrosis.






Figure 3 | Positron emission tomography-computed tomography showed primary tumor in the left adrenal gland (A) and multiple metastases in both lungs (B) and liver (C) before treatment. The red arrowheads showed the primary lesion of the left adrenal gland and the metastatic lesions of the lungs and liver.



The patient had such resistant hypertension that five antihypertensives daily were required to maintain blood pressure between 173 and 200/100 and 130 mmHg. After 26 g of potassium chloride supplementation, the serum potassium was corrected to 3.2 mmol/L. When the patient’s general condition improved, he then underwent the palliative left adrenalectomy on 22nd April 2021, and a subsequent tumor biopsy confirmed the diagnosis of ACC (Figure 4A), with a Weiss score of 7 points. The pathological results revealed vascular invasion with a Ki-67% of 75% and a mitotic count of 40/50 high-power field (Figure 4B). Immunohistochemical results indicated that α-inhibin (+), CD56 (+), Syn (partially+), Melan-A (+), CgA (−), NSE (partially+), and S-100 (−) were present. Thus, the patient was diagnosed with ACC of the left adrenal gland, with multiple metastases in the liver and both lungs (stage IV, T4N0M1).




Figure 4 | Presentation of the resected adrenocortical carcinoma (ACC) tumor tissue. (A) Resected (ACC) tumors. The size of the tumor is 17 cm × 10 cm × 8 cm. (B) Representative hematoxylin and eosin-stained photomicrograph of ACC (scale bar = 200 μm).



Additionally, the patient’s genetic test identified an MLH1 nonsense mutation and an NF1 frameshift mutation, along with a synonymous variant in exon 4 of the TP53 gene. The patient also had a microsatellite instability-high (MSI-H) tumor with a TMB of 19.9 mut/Mb.

After surgery, the patient was initially administered mitotane at 0.5 g/day, which was gradually increased to 4 g/day within a month and then decreased to 1 g/day after combination therapy (Table 1). From 8 May 2021 to 3 November 2021, the patient received eight cycles of chemotherapy with etoposide and paraplatin (EP regime: etoposide 200 mg Days 1–3 + paraplatin 500 mg Day 1). After the first cycle of EP-M, he was assessed as having progressive disease (PD): the maximum size of the liver lesions grew to 64 mm and that of the lung lesion grew to 16 mm (Figures 1D, E). Thus, the patient began an add-on therapy with programmed death-1 (PD-1) immunotherapy using sintilimab (200 mg once a month) on 1st June 2021. After four cycles of EP-M and sintilimab, the metastatic lesions continued to shrink, and the patient’s condition was assessed as stable disease (SD) at the sixth cycle, the maximum size of the liver lesion decreased to 24 mm and that of the lung lesion decreased to 4 mm (Figures 1F, G). Following eight cycles of EP, the patient continued to receive sintilimab and mitotane only, and eventually, sintilimab monotherapy was used to maintain SD (Table 1). The computed tomography (CT) scan on 1st January 2023 showed a reduction of ACC metastases both in the liver and lungs. The original maximum liver lesion was approximately 17 mm in diameter and the original maximum lung lesion disappeared. Moreover, neither relapsed disease at the primary site nor new metastases were detected (Figures 1H, I). On 20th July 2022, his blood pressure was stabilized in a normal range without antihypertensives, and the hypokalemia was corrected without potassium supplements.


Table 1 | Timeline of the treatment.



On 24th June 2021, the patient’s plasma aldosterone and cortisol decreased to 48 ng/L and 168 nmol/L, respectively (Figure 1A). He tolerated treatment except for the occurrence of endocrine adverse events. At the third cycle of a combination of EP-M and sintilimab, he developed hypoadrenocorticism and hypothyroidism, characterized by an elevated ACTH level of 522 pg/mL and an elevated TSH level of 5.953 mU/L (accompanied by FT3 level of 4.84 pmol/L and FT4 level of 11.36 pmol/L). Thus, a hormone replacement regimen (80 mg hydrocortisone and 50 μg l-thyroxine/day) was prescribed. Plasma cortisol levels maintained at 14.15–28.49 nmol/L, and TSH, FT3, and FT4 levels were normal throughout his subsequent treatment.





Discussion

Here, we describe a patient with metastatic ACC who demonstrated long-term stability following cytoreductive surgery and a combination of EP-M and sintilimab.

Surgery is considered the most effective initial treatment for ACC, as evidenced by a previous study demonstrating reduced mortality in patients with metastatic ACC following cytoreductive surgery (7). In this case, the patient underwent palliative surgery to remove the primary lesion, and the pathological result confirmed the diagnosis of ACC.

Despite the patient’s highly aggressive pathology, with vascular invasion, a Ki-67% of 75%, and a mitotic count of 40/50 high-power field, the combination of chemotherapy with mitotane was selected as the initial regimen after surgery following the ESMO Guidelines. To avoid the cardiotoxic effect of doxorubicin, we modified the EDP chemotherapy regimen to EP, which was shown to have comparable efficacy with advanced ACC (8, 9). The patient’s response to treatment was initially disappointing, with metastatic lesions in the liver and lungs increasing in size after only 1 month.

Reports of the genetic analysis from tumor tissue and blood came out with informative data, showing that this patient had an MSI-H tumor, a splice mutation in DNA MMR machinery (MLH1), and a high TMB. Tumor MSI-H and/or MMR-deficient status is a known predictive biomarker of response to immune-based therapies (5, 10). Earlier observations demonstrated an increased response of ACC to the PD-1 inhibitor pembrolizumab in the presence of MSI-H or MMR deficiency (11). Hence, high TMB status is regarded as a potential biomarker for predicting the efficacy and response rate of immunotherapy (12, 13). After multidiscipline consultation of the above predictors of response to immunotherapy in ACC, we began to add sintilimab to the EP and mitotane regimen on 1 June 2021.

While immunotherapy is the latest evolution in ACC therapy, its efficacy varies widely (14). A phase 1b expansion cohort involving 50 metastatic ACC patients who received avelumab showed an objective response rate of 6.0% and a partial response (PR) in three patients over a median of 16.5 months (15). In a phase 2 clinical trial using pembrolizumab monotherapy in 16 metastatic ACC patients, two patients had PR, seven patients had SD, and five patients had PD, resulting in an objective response rate of 14% (16). In a small trial, only two out of 10 metastatic ACC patients had SD during the treatment with nivolumab (17). This evidence reveals that immunotherapy is effective for ACC with metastases in some patients. Recent evidence suggests that immunotherapy also provides clinically meaningful and durable antitumor activity even in patients with advanced ACC that is MSI-stable compared to those with MSI-H (18).

Sintilimab, a novel human IgG4 antibody targeting PD-1, binds 10–50-fold more strongly compared to pembrolizumab (19). Based on our institute’s experience, we selected sintilimab as the immunotherapy drug for this patient. We speculated that the exceptional effects of sintilimab were possibly associated with MSI-H and the high TMB observed in this patient, although there are different views on the use of immunotherapy for ACC. In addition, the combination of sintilimab and mitotane might be synergistic, as mitotane is the adrenolytic agent leading to steroid reduction, which can make the tumors more susceptible to checkpoint inhibitor therapy. Hypercortisolemia, whatever endogenous (due to tumor secretion) and exogenous glucocorticoid administrations, has been inversely associated with immune infiltration and has the potential to impair immunotherapy efficacy in ACC patients (20). Steroid hormone secretion was inversely associated with immune infiltration, so treatment with glucocorticoid inhibitor drugs may enhance the response to immunotherapy. Considering that high levels of glucocorticoids affect the effectiveness of immunotherapy, we administered mitotane to suppress the patient’s cortisol levels.

In conclusion, we report the first case of a stage IV ACC patient with metastatic lesions in both the lungs and liver who was treated with a combination of EP-M and sintilimab and has maintained long-term stable diseases. In summary, our patient’s unique gene mutations may be targets for amending treatment of advanced ACC to achieve longer survival with tolerable morbidity.
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Severe hypokalaemia causing rhabdomyolysis (RML) in primary aldosteronism (PA) is a rare entity, and only a few cases have been reported over the last four decades. This systematic review and case report aims to gather all published data regarding a hypokalaemic RML as presentation of PA in order to contribute to the early diagnosis of this extremely rare presentation. With the use of PubMed Central, EMBASE, and Google Scholar, a thorough internet-based search of the literature was conducted to identify articles and cases with RML secondary to hypokalaemia due to PA between June 1976 and July 2023. The case study concerns a 68-year-old male patient with hypokalaemic RML at presentation of PA. In the systematic review of the literature, 37 cases of RML secondary to hypokalaemia due to PA have been reported to date. In summary, the median age was 47.5 years, the male/female ratio was 17/21, all patients presented symptoms (weakness and/or myalgia), all the patients were hypertensive, and only four patients had complications with acute kidney injury (AKI). Although PA rarely presents with RML, it should be suspected when marked hypokalaemia and hypertension are also present. Early detection and management are essential to reduce the frequency of manifestations such as AKI.
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1 Introduction

Primary aldosteronism (PA), also known as Conn’s syndrome, is the most common and treatable cause of endocrine-related hypertension, with a prevalence of 5%–10% among patients with hypertension in primary care and 20% among patients with resistant hypertension (1). PA results from the excessive production of aldosterone independently of renin and angiotensin II and leads to increased renal tubular resorption of sodium and volume expansion, resulting in increased blood pressure and hypokalaemia.

Although hypokalaemia is common in this disorder, severe hypokalaemia causing rhabdomyolysis (RML) in PA is a rare entity, and only a few cases have been reported over the last four decades (2, 3).

RML is a syndrome characterised by the destruction of striated muscle, which triggers the consequent release of intracellular elements such as electrolytes, myoglobin, creatine kinase (CK), and aldolase (4, 5). The effects are recognised as a clinical syndrome of muscle injury that is associated with the development of myoglobinuria, electrolyte abnormalities, and often acute kidney injury (AKI) (6, 7). RML has been described in patients with electrolyte disorders and endocrine disorders such as hypothyroidism and hyperthyroidism, hyperaldosteronism, diabetes mellitus, and diabetic ketoacidosis (4). One of the most intriguing causes of RML is potassium deficiency (8). The mechanism of hypokalaemia-induced RML is still not clear. Profound hypokalaemia (serum potassium <2.5 mEq/L) might play an important role in muscle damage secondary to i) contraction of capillaries with reduced muscle blood supply and resulting in lysing muscle cells, ii) suppression of synthesis and storage of glycogen, and iii) deranged ion transport across the cell membrane (2, 9).

We present a case report and systematic review aimed at collecting and summarising the published data regarding hypokalaemic RML as a form of presentation of PA in order to contribute to the early diagnosis of this extremely rare presentation.




2 Case report

A 68-year-old man with a history of schizophrenia, type 2 diabetes mellitus, and uncontrolled hypertension of 8 years was evaluated in the emergency department due to a fall after an episode acute of muscle weakness in the lower limbs while walking.

He received home antihypertensive treatment with a beta-blocker, mineralocorticoid receptor antagonists (MRAs), and angiotensin-converting enzyme (ACE) inhibitors.

His blood pressure was 183/101 mmHg with a heart rate of 40 beats/minute. He presented a body mass index of 29.8 kg/m2. Laboratory tests showed severe hypokalaemia with serum potassium of 2.1 mmol/L, glycaemia of 459 mg/dL, creatinine of 2.1 mg/dL, myoglobinaemia with serum myoglobin of 10,453 ng/mL, and CK of 3,616 IU/L. An electrocardiogram presented a prolongation of the QT interval.

Four months earlier, he presented with serum potassium of 3.9 mmol/L and creatinine of 0.97 mg/dL.

His clinical records were reviewed, and 4 months earlier, his levels of potassium and creatinine were normal. He also presented a 10-mm right adrenal nodule on an abdominal computed tomography (CT) scan 11 years previously, which was unknown at the time of admission.

With the clinical suspicion of primary hyperaldosteronism, the patient underwent a hormonal analysis, which showed high levels of plasma aldosterone (188.0 ng/dL [upper limit of normal, 39.2 ng/dL]) and low plasma renin activity (0.18 ng/mL/h) with an aldosterone­to­renin ratio (ARR) of 1,074.3 ng/dL. His corresponding potassium was 4.1 mmol/L. Plasma cortisol, testosterone, dehydroepiandrosterone sulfate, 24-hour urine cortisol, and metanephrine levels were normal. A new adrenal CT was requested, observing a 27-mm nodule in the right adrenal gland, which showed attenuation of less than 10 Hounsfield units (Figure 1).




Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart for the identification of inclusion and exclusion of studies.



After stabilisation, the decision was taken to discharge the patient due to clinical improvement and normalisation of renal function, serum potassium, CK, and electrocardiogram alterations. Antihypertensives were changed to others that do not interfere with renin and aldosterone measurements in order to request a new hormonal study after 6 weeks.

During follow-up in the outpatient clinic, he presented an ARR of 866.7 ng/dL. Due to the presence of overt PA, no confirmatory studies were deemed necessary since this pattern is not observed in other entities (10).

The patient was evaluated by the Endocrine Tumour Committee at our hospital and scheduled for right posterior retroperitoneoscopic adrenalectomy. An adrenalectomy specimen with abundant adjacent adipose tissue was obtained, weighing 79.7 g and occupying a combined area of ​​10.8 × 4.2 cm. After the serial cuts, an adrenal gland with conventional characteristics was identified in an area of ​​up to 4.0 × 2.2 cm. The gland included a solid, well-delimited, yellowish nodule measuring 2.6 × 2.3 × 2.0 cm in diameter, compressing the residual adrenal tissue. A diagnosis of cortical adenoma was confirmed, pathologically consistent with aldosterone production. The adjacent adipose tissue did not present notable alterations (Figure 2). A 4.0-cm-diameter cortical adenoma was confirmed, pathologically consistent with aldosterone production. As an incidental finding, the tumour included spironolactone bodies (Figure 3).




Figure 2 | Adrenal computed tomography of the case study. White arrow showing a 27-mm nodule in the right adrenal gland.






Figure 3 | Aldosterone-producing adrenal cortical adenoma. The tumour is a solid, yellowish nodule that is well-demarcated by a thin rim of normal adrenal cortex.



Fifteen days after surgery, there was a clinical improvement in strength, and antihypertensive treatment (only with amlodipine 5 mg) was reduced due to good control of blood pressure. Potassium and aldosterone levels normalised without the need for oral potassium supplementation. The patient is currently fully recovered and is being monitored in primary care.




3 Research design and methods



3.1 Literature search and screening

The reported systematic review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The protocol was registered on PROSPERO International Prospective Register of Systematic Reviews, with registration ID CRD42023439678.

With the use of PubMed Central, EMBASE, and Google Scholar, a thorough internet-based search of the literature was carried out to identify articles and cases with RML secondary to hypokalaemia due to PA between June 17, 1976, and July 2, 2023. The search strategy was as follows: [(rhabdomyolysis) OR (hypokalaemia) OR (hypokalaemic rhabdomyolysis) OR (primary aldosteronism AND (hypokalaemia OR rhabdomyolysis)] OR (hypokalaemic rhabdomyolysis) OR (Conn’s syndrome).




3.2 Study selection and data management

Regarding study selection, data from the retrieved articles (title, authors, date of publication, journal, abstract, and keywords) were gathered from the major scientific platforms and transferred into Zotero (www.zotero.org) to identify and eliminate duplicate articles. Two independent reviewers (EJDL and RVT) initially screened the eligibility of studies based on the title/abstract content of each study identified. Studies that clearly did not satisfy the inclusion criteria were discarded with any disagreements being resolved by consensus or, if necessary, via consultation with a third reviewer (GRC). When no agreement was reached, a third reviewer (GRC) was involved to make the final decision.

All potentially eligible articles from this screening were downloaded as full text and distributed to the reviewers for verification that they fulfilled all the inclusion criteria and none of the exclusion criteria. Only cases or case series with hypokalaemic RML as presentation of PA were considered. Cases with no RML as presentation or other causes of RML not related to hypokalaemia were excluded. No restrictions on language or search period were included. In addition to the relevant articles, the articles referenced in the retrieved publications were also manually scrutinised.

General information from each article, such as first author or year of publication, was noted. Specific epidemiological data were also registered, including age and sex. The following clinical and biochemical variables were recorded: initial symptoms, antihypertensive drugs, presence of AKI, serum potassium (mmol/L), and creatinine (u/L). The treatment for PA and the anatomopathological diagnosis were also recorded.

Written informed consent was obtained from the patient for the publication of this article.





4 Results of the systematic review

In the systematic review of the literature, 37 cases of RML secondary to hypokalaemia due to PA reported to date were identified. The flow chart of studies included is presented in Figure 4.




Figure 4 | Adrenal histology of the case study. The adenoma is well-vascularised and composed of trabeculae of monomorphic cells with weakly eosinophilic cytoplasm, which contrasts with the clearer appearance of the cytoplasm of adjacent normal cells (bottom). At higher magnification (inset), spironolactone bodies can be seen (arrows); (hematoxylin and eosin, ×200; inset, ×1,000).



Clinical features, diagnosis data, treatment, and outcomes of all cases (including our patient) are presented in Table 1. In summary, the median age was 47.5 years, the male/female ratio was 17/21, all patients presented symptoms (weakness and/or myalgia), all the patients were hypertensive, and only four patients had complications with AKI.


Table 1 | Clinical features, diagnosis data, treatment, and outcomes of all cases with hypokalaemic RML due to PA as a form of presentation.






5 Discussion

Here, we present a patient who was suspected of having RML secondary to PA due to the presence of resistant hypertension and hypokalaemia, although this is a very rare presentation of PA, and it is more common for patients with RML to present hyperkalaemia due to the release of intracellular metabolites (potassium, phosphates, and urate) and intracellular proteins to the extracellular space and circulation (42).

The diagnosis of RML was based on the clinical presentation and the very high levels of CK and myoglobin. The myoglobinuria was detected by the presence of dark-coloured urine, with a positive urine dipstick test for blood without evidence of red blood cells on microscopy. This is a clue to the presence of RML, as myoglobin will also react with the orthotolidine test reagent (7).

A confirmatory test for PA was not required in this patient considering that current guidelines suggest bypassing such tests in patients with a particularly severe clinical phenotype (overt PA), i.e., patients with hypokalaemia, undetectable plasma renin, and plasma aldosterone concentrations higher than 20 ng/dL (555 pmol/L) (43).

In the systematic review, 21 out of 38 of the cases presented in women (55%), the majority of the patients (30/38) were younger than 60 years, and all the patients manifested symptoms (weakness and/or myalgias). In the Chinese biomedical literature database, 13 cases have been reported of PA being related to hypokalaemic RML. In this series, the epidemiological characteristics of the patients were similar, with a predominance of cases in women (69%), most of whom were under 60 years of age (84.6%). All 13 patients had a history of hypertension and weakness and/or myalgias. Twelve out of 13 patients had blood potassium lower than 2.5 mmol/L, 11 had adrenal adenoma, and none had renal failure (8). In a review of the English literature, 22 cases of PA related to hypokalaemic RML were summarised. Among these cases, nine patients were male and 13 were female (59%), five were 60 years of age or older and 17 were younger, 21 had symptoms of fatigue, and 20 had hypertension (2).

Regarding the levels of hypokalaemia related to RML occurrence, severe muscle weakness or RML usually occurs if serum potassium is below 2.5 mmol/L (44). In this review of cases, there are 35 patients who developed rhabdomyolysis with serum potassium below 2.1 mmol/L.

In the cases described, acute renal injury was very rare, being observed in only four patients (12, 16, 21). It was intensively managed with fluid therapy and intravenous potassium, with rapid clinical and analytical improvement. Intravenous fluids should be initiated as soon as possible, preferably within the first 6 hours after muscle injury (45).

In this review, 85% of the patients received surgery as the treatment for PA. The pathological diagnosis was adrenal adenomas in 93% of the cases. Of those who received definitive medical treatment (n = 5), three patients did not accept surgery, and two did not meet the criteria due to bilateral nodular hyperplasia. As an incidental finding, in our case, spironolactone bodies were detected. The incidence of spironolactone bodies within the adrenal gland in patients taking spironolactone or eplerenone is unknown. Patel et al., in a retrospective study, detected inclusions in only 33% of patients with PA treated with spironolactone and/or eplerenone (46). In this review, there were no cases other than our case describing this finding.

In conclusion, after reviewing the cases published in the literature, it can be concluded that hypokalaemic RML due to PA is a rare condition. It presents mostly in young patients (<60 years of age) with a certain predominance among women. It should be suspected in subjects with hypertension and mild hypokalaemia. Early diagnosis and management can lead to a better evolution of the patient, reducing the frequency of RML and complications such as AKI.
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Objective

The aim is to construct machine learning (ML) prediction models for the difficulty of retroperitoneal laparoscopic adrenalectomy (RPLA) based on clinical and radiomic characteristics and to validate the models.





Methods

Patients who had undergone RPLA at Shanxi Bethune Hospital between August 2014 and December 2020 were retrospectively gathered. They were then randomly split into a training set and a validation set, maintaining a ratio of 7:3. The model was constructed using the training set and validated using the validation set. Furthermore, a total of 117 patients were gathered between January and December 2021 to form a prospective set for validation. Radiomic features were extracted by drawing the region of interest using the 3D slicer image computing platform and Python. Key features were selected through LASSO, and the radiomics score (Rad-score) was calculated. Various ML models were constructed by combining Rad-score with clinical characteristics. The optimal models were selected based on precision, recall, the area under the curve, F1 score, calibration curve, receiver operating characteristic curve, and decision curve analysis in the training, validation, and prospective sets. Shapley Additive exPlanations (SHAP) was used to demonstrate the impact of each variable in the respective models.





Results

After comparing the performance of 7 ML models in the training, validation, and prospective sets, it was found that the RF model had a more stable predictive performance, while xGBoost can significantly benefit patients. According to SHAP, the variable importance of the two models is similar, and both can reflect that the Rad-score has the most significant impact. At the same time, clinical characteristics such as hemoglobin, age, body mass index, gender, and diabetes mellitus also influenced the difficulty.





Conclusion

This study constructed ML models for predicting the difficulty of RPLA by combining clinical and radiomic characteristics. The models can help surgeons evaluate surgical difficulty, reduce risks, and improve patient benefits.
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1 Introduction

Adrenal tumors (ATs) are a rare type of tumor that usually occurs in the cortex or medulla of the adrenal gland (1). Depending on their type and size, these tumors can be benign or malignant (2). ATs can cause many symptoms, including high blood pressure, palpitations, headaches, insomnia, anxiety, and obesity (3). In some cases, these symptoms may be mistaken for symptoms of other diseases, so further testing is needed to determine the diagnosis (4–6).

Treatment for AT includes surgery, radiation therapy, and chemotherapy. Surgery is the most common treatment method and can altogether remove the tumor (7). The gold standard treatment for AT is laparoscopic surgery, which can be divided into two main approaches: transperitoneal laparoscopic adrenalectomy (TPLA) and retroperitoneal laparoscopic adrenalectomy (RPLA) (8). The RPLA involves entering the retroperitoneal cavity through laparoscopic surgery, avoiding interference with abdominal organs, and reducing surgical trauma and recovery time. Compared with traditional open surgery, this technique has fewer complications and faster recovery (6, 9, 10).

In the field of medicine, machine learning (ML) has wide-ranging applications (3). For example, ML can be used for medical image recognition to help doctors diagnose diseases. It can also be used to predict the health status of patients, assisting doctors to develop better treatment plans. In addition, ML can be used for drug development and clinical trials to speed up the development and launch of new drugs (11). For example, a study has used ML to differentiate between adrenal pheochromocytoma and adrenocortical adenoma (12).

Radiomics is an emerging field of medicine that combines computer science, mathematics, and medical imaging to understand better and diagnose diseases (13, 14). Radiomics analyzes large amounts of medical imaging data to extract useful information, helping doctors make more accurate diagnoses and treatment decisions (15).

This study aimed to collect data retrospectively from patients with AT who underwent RPLA at Shanxi Bethune Hospital from August 2014 to December 2020. The study utilized ML to analyze their clinical and radiomics features and develop a predictive model for the difficulty of RPLA. The goal was to improve preoperative preparation, reduce surgical risks, and enhance patient benefits.




2 Method



2.1 General information

We retrospectively collected data from patients with AT treated at Shanxi Bethune Hospital between August 2014 and December 2020. A model was established using this data and prospectively validated with AT patients treated from January 2021 to December 2021. Inclusion criteria: 1) abdominal Computed Tomography (CT) examination confirming the presence of an AT within 15 days before surgery, 2) preoperative routine laboratory tests to determine the hormonal activity of AT, and 3) treatment of AT with laparoscopic surgery. Exclusion criteria: 1) patients who did not undergo surgery, 2) patients who underwent multiple surgeries concurrently, 3) patients treated for AT with other surgical methods, and 4) patients with incomplete preoperative radiological examination. A total of 396 patients were included in the study, and an additional 117 patients were collected for prospective validation (Figure 1A). All surgical procedures are performed by a cohesive team within the same department at a single center, led by an expert surgeon with 35 years of experience.




Figure 1 | The process of this study. (A Flowchart of this study; (B) Original CT images; (C) Drawing of regions of interest [ROIs]; (D) 3D reconstruction of the ROIs; (E) Venn plot of the reasons for the difficulty of surgery).






2.2 Research method

Referring to previous studies (9, 10, 16–20) and combining practical experience, we defined cases with serious surgical difficulty if any of the following conditions were met: 1) operation time ≥ P75 (150 min), 2) intraoperative injury to organs or vessels requiring blood transfusion, 3) conversion from minimally invasive to open surgery, 4) postoperative complications of Clavien-Dindo classification (21) greater than or equal to grade 3, 5) Postoperative hospital stay ≥ P95 (15 days).

The Siemens Somatom Definition Flash or Force dual-source CT scanner (manufactured by Siemens AG in Munich, Germany) was utilized for the purpose of scanning and reconstructing thin-slice images. DICOM format was used to export the images. Using the 3D Slicer image computing platform (version 5. 0. 2), two radiology-trained urologists independently identified the region of interest (ROI) in arterial-enhanced images. Python 3. 7. 1 (Python Software Foundation) was utilized to extract radiomics features from the images (Figures 1B–D). The included image types are Original, Wavelet, Laplacian of Gaussian, Square, Square Root, Logarithm, Exponential, Gradient, Local Binary Pattern 2D, and Local Binary Pattern 3D. The feature types consisted of First Order Features, Shape Features (3D), Shape Features (2D), Gray Level Co-occurrence Matrix (GLCM) Features, Gray Level Size Zone Matrix (GLSZM) Features, Gray Level Run Length Matrix (GLRLM) Features, Neighboring Gray Tone Difference Matrix (NGTDM) Features, Gray Level Dependence Matrix (GLDM) Feature. A total of 1967 radiomics features were extracted (Figure 2). Data on patients’ clinical conditions and treatment were obtained from the computerized physician order entry and medical record management system (Winning Health Technology Group Co., Ltd., Shanghai, China).




Figure 2 | Radiomic features selected by LASSO. (A 10-fold cross-validation corresponding AUC results; (B) 279 feature screening adjoint coefficient changes).



Patients were randomly divided into a training set and a validation set at a ratio of 7:3. The training set was used for model construction, and the validation set was used for model validation.




2.3 Statistical methods

Data were further analyzed using R 4. 2. 3 (Vienna Statistical Computing Foundation, Austria). All continuous variables were non-normally distributed and were presented as median [interquartile range]; categorical variables were presented as frequency and percentage (%). Analysis of variance (ANOVA) was used to compare differences between sets in the training set, validation set, and prospective set. The consistency of the regions of interest (ROIs) drawn by the two urologists was evaluated using the intraclass correlation coefficient (ICC), excluding features with a correlation below 0. 75. Radiomics features were subjected to univariable logistic regression analysis using the “glmnet” package. Factors with a P-value greater than 0. 05 were considered unrelated and subsequently excluded. Key features were selected using the Least Absolute Shrinkage and Selection Operator (LASSO), and the radiomics score (Rad-score) was calculated based on the results. Using the “mlr3” package, seven ML models were developed by combining the Rad-score with clinical characteristics. These models included Classification and Regression Trees (CART), K-Nearest Neighbors (KNN), LASSO, Naive Bayes (NB), Random Forest (RF), Support Vector Machine (SVM), and Extreme Gradient Boosting (xGBoost). The optimal models were selected based on precision, recall, area under the curve (AUC), F1 score, calibration curve, Receiver Operating Characteristic (ROC) curve, and decision curve analysis (DCA) in the training set, validation set, and prospective set. Shapley Additive exPlanations (SHAP) value demonstrated the impact of each variable in the respective model (22).





3 Results



3.1 General information

A total of 396 patients were included in the study. Patients were randomly divided into a training set and a validation set at a ratio of 7:3. Baseline patient characteristics are shown in Table 1. A total of 130 patients were considered to have high surgical difficulty due to meeting one or more criteria, with specific reasons shown in Figure 1E. An additional 117 patients were collected and regarded as a prospective set. ANOVA showed no statistically significant differences in baseline characteristics between sets.


Table 1 | Baseline clinical and radiomics characteristics of patients.






3.2 Radiomics feature selection

Consistency was assessed using ICC, excluding 619 radiomics features with consistency lower than 0.75 to eliminate the interference of human factors on the model. Univariable logistic analysis was performed, excluding 1069 variables with P > 0.05. The remaining 279 features underwent dimensionality reduction using LASSO and ten-fold cross-validation. As the logarithm of the harmonic parameter (λ) changed on the horizontal axis, the AUC on the vertical axis also changed. The corresponding number of selected variables is shown in Figure 2A. A risk factor classifier was constructed using LASSO (Figure 2B), with 18 features selected (Table 2). The optimal λ value was 0.0173, with a logarithm of -4.055.


Table 2 | Comparison of machine learning model performance.



Based on the LASSO results (Table 3), Rad-score was calculated. The specific calculation formula is provided in the Supplementary Data.


Table 3 | Radiomic features selected by LASSO.






3.3 Construction of clinical-radiomics machine learning models

The Rad-score calculated above was combined with clinical characteristics to construct CART, KNN, LASSO, NB, RF, SVM, and xGBoost models (Table 2). Additionally, we constructed a clinical model for comparison using stepwise logistic regression based on the clinical characteristics of the patients. All models demonstrated high predictive ability in the training set, with acceptable consistency in the validation and prospective sets (Figures 3A, B).




Figure 3 | The performance of machine learning models. (A Calibration curve of validation set; (B) Calibration curve of prospective set; (C) Receiver operating characteristic [ROC] curves of machine learning models in training set; (D) ROC curves of machine learning models in validation set; (E) ROC curves of machine learning models in prospective set; (F) decision curve analysis curves of machine learning models).



A comprehensive evaluation of precision, F1 score, ROC curve, and AUC values in the training, validation, and prospective sets revealed that the RF model had a more stable predictive performance, followed by xGBoost and LASSO (Figures 3C–E). According to DCA, it is evident that xGBoost can significantly benefit patients (Figure 3F).

The SHAP value and SHAP plot were used to display the importance of each variable in the RF and xGBoost models. According to the SHAP, the variable importance of the two models is similar, and both can reflect that the Rad-score has the most significant impact. At the same time, other clinical characteristics such as Hemoglobin (Hb), age, Body Mass Index (BMI), gender, and diabetes mellitus also influenced the difficulty (Figure 4).




Figure 4 | The SHAP plots of machine learning models. (A Random Forest; (B) Extreme Gradient Boosting).







4 Discussion

AT has become a hot topic in the medical field, and surgery is the primary treatment method. TPLA and RPLA were proposed in 1992 (8, 23), respectively, and have continuously improved. The advantage of RPLA is that it results in less surgical trauma and bleeding, faster recovery, and fewer complications. Moreover, it is also suitable for some cases that traditional surgery finds challenging, such as obesity and complex AT. There are some relatively objective analysis systems for the surgical difficulty of TPLA, while there is less analysis on RPLA (10, 17).

This study retrospectively analyzed 396 patients who underwent RPLA for AT. The LASSO analysis of radiomics features was used to calculate the Rad-score. By combining the Rad-score with preoperative clinical characteristics, ML models such as CART, KNN, LASSO, NB, RF, SVM, and xGBoost were constructed and compared. It was found that RF had a more stable prediction accuracy, while xGBoost could bring more significant benefits to patients. The ML model suggested that in addition to the most influential Rad-score, the clinical characteristics such as Hb, age, BMI, gender, and diabetes mellitus also greatly influenced surgical difficulty. Through the validation of the validation set and prospective set, it was found that the ML models had high predictive ability. Through the comprehensive comparison of different models, it was found that the RF model exhibits the best prediction performance, thus making it our recommended model. Furthermore, in comparison to clinical models in previous study (16), our RF model exhibited superiority as evidenced by 2000 Bootstrap tests (D = 7.155, P < 0.001). The discrimination power of models can be effectively compared using two measures: the Net Classification Index (NRI) and the Integrated Discrimination Improvement (IDI). In comparison to previous studies, the RF model in this study demonstrated an NRI of 0.308 (95% CI: 0.194-0.422, p < 0.001) and an IDI of 0.165 (95% CI: 0.119-0.210, p < 0.001).

The Rad-score calculated based on LASSO significantly impacts the surgical difficulty of RPLA. When performing univariate logistic regression, 279 features were statistically significant. After LASSO, 18 variables were retained and used to construct the Rad-score. The final retained variables included “Shape Features” like “Maximum3DDiameter”. Moreover, many studies have generally confirmed that the maximum diameter of the tumor is an essential factor affecting the difficulty of removing AT (9, 10, 16–20). In addition, “First Order Features”, which are linearly correlated with the CT value of the tumor, such as “90Percentile” were also included. Malignant and benign AT have different degrees of enhancement during arterial enhancement, which increases the risk of bleeding during surgery (18, 24, 25). It may also be because lipid-rich AT has lower CT values and requires more attention during surgery to prevent breaking the capsule, which prolongs the operation time (9, 16, 20). “DifferenceEntropy” in “GLCM Features” measures the randomness or complexity of differences between pixel intensity values. It was included because malignant tumors, such as metastases, exhibit more randomness or complexity between pixel intensity values, while their removal is more challenging than benign tumors (18).

Some clinical characteristics of patients also affect the difficulty of RPLA. Patients with diabetes mellitus are more likely to have perirenal fat adhesions, which affect surgical difficulty (26). Studies by Chen (17) and Takeda (27) have also shown that diabetes mellitus significantly affects it. Some studies also suggest that a history of hypertension and coronary heart disease affects surgical difficulty (28, 29). BMI is used to assess the degree of obesity and also affects it. However, it mainly reflects the overall body fat composition, while the distribution of visceral fat, especially perirenal fat, may differ (9, 16). Therefore, there is still controversy over BMI prediction of surgical difficulty. Some studies believe that measuring visceral fat would be more accurate (10, 25, 29).

Hb reflects the patient’s blood reserve and blood oxygen reserve situation (30). If it is too low, it will affect the surgery. Age affects almost all tumor surgeries and prognoses because older patients often have poorer nutrition and tolerance. Moreover, diseases tend to be more malignant in older patients (31, 32). In addition, some researchers believe that males may have more dangerous lifestyles (such as smoking), and there are differences in hormone levels between men and women, which may lead to poorer physical conditions and more incredible surgical difficulty in male patients (33, 34).

This study established ML models for predicting the difficulty of RPLA based on preoperative radiomics and clinical characteristics. It was validated internally and prospectively to prove that the ML models can significantly improve patients’ net benefit rate.

There needs to be more accurate prediction models for the difficulty of RPLA. The innovation of this study lies in combining ML with radiomics to analyze the risk factors for the difficulty of RPLA and establish prediction models for it, then conduct internal validation and prospective validation to make the model more meaningful. Moreover, this study is currently one of the largest cohorts using radiomics to predict the difficulty of RPLA.

The prospects of this study include: external validation to confirm its stability and accuracy further; using radiomics to analyze the tumor’s surrounding environment while analyzing AT and optimizing the model through more ML algorithms. Some studies have proposed that magnetic resonance imaging has multiple weighted sequences, which may have better effects when applied to radiomics than CT. Although the accuracy of this study’s models is high, the time cost of drawing ROI is high. If further promotion or clinical transformation is needed, combining deep learning to train artificial intelligence to draw ROI is necessary. Some studies have successfully trained artificial intelligence to draw ROIs for pancreatic duct tumors and predicted lymph node metastasis and prognosis based on them. Its sensitivity and specificity are superior to clinical and radiomics models (35).

In conclusion, Rad-score, Hb, age, BMI, gender, and diabetes mellitus affect RPLA surgical difficulty. The ML prediction model established based on patient clinical characteristics and Rad-score using RF and xGBoost has good predictive performance. Through the above model, surgeons can effectively evaluate the difficulty of RPLA, thereby reducing surgical risks and improving patient benefits.
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Background

The comparative advantages of robotic posterior retroperitoneal adrenalectomy (RPRA) over laparoscopic posterior retroperitoneal adrenalectomy (LPRA) remain a topic of ongoing debate within the medical community. This systematic literature review and meta-analysis aim to assess the safety and efficacy of RPRA compared to LPRA, with the ultimate goal of determining which procedure yields superior clinical outcomes.





Methods

A systematic search was conducted on databases including PubMed, Embase, Web of Science, and the Cochrane Library database to identify relevant studies, encompassing both randomized controlled trials (RCTs) and non-RCTs, that compare the outcomes of RPRA and LPRA. The primary focus of this study was to evaluate perioperative surgical outcomes and complications. Review Manager 5.4 was used for this analysis. The study was registered with PROSPERO (ID: CRD42023453816).





Results

A total of seven non-RCTs were identified and included in this study, encompassing a cohort of 675 patients. The findings indicate that RPRA exhibited superior performance compared to LPRA in terms of hospital stay (weighted mean difference [WMD] -0.78 days, 95% confidence interval [CI] -1.46 to -0.10; p = 0.02). However, there were no statistically significant differences observed between the two techniques in terms of operative time, blood loss, transfusion rates, conversion rates, major complications, and overall complications.





Conclusion

RPRA is associated with a significantly shorter hospital stay compared to LPRA, while demonstrating comparable operative time, blood loss, conversion rate, and complication rate. However, it is important to note that further research of a more comprehensive and rigorous nature is necessary to validate these findings.





Systematic review registration

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=453816, identifier CRD42023453816.





Keywords: robotic, laparoscopic, posterior, adrenalectomy, meta-analysis




1 Introduction

Laparoscopic transperitoneal adrenalectomy (LTA) was first elucidated by Gagner et al. in 1992 (1). Subsequent empirical evidence has unequivocally unveiled a spectrum of advantages inherently associated with LTA, transcending those of conventional open adrenalectomy. These encompass a notable reduction in estimated blood loss, abbreviated hospitalization periods, alleviated postoperative discomfort, and a diminished incidence of complications (2, 3). In the year 1995, Mercan et al. introduced the laparoscopic posterior retroperitoneal adrenalectomy (LPRA), an innovative surgical paradigm that has since been methodically established as both a practicable and secure operative approach (4–6). From an anatomical vantage point, LPRA presents a more direct conduit to reach the adrenal gland, obviating the necessity for the mobilization of contiguous structures. This tactical approach concomitantly mitigates the potential for complications entailed in peritoneal cavity ingress. Noteworthy is LPRA’s specific commendation for patients harboring bilateral tumors and grappling with abdominal adhesions (7). However, juxtaposed against LTA, LPRA does encounter certain limitations stemming from its confined surgical arena, rigid instrumentation, and plausible interactions with neighboring anatomical architecture (8).

In the realm of surgical innovation, propelled by advancements in technology, robotic posterior retroperitoneal adrenalectomy (RPRA) has ascended as a preeminent surgical modality. RPRA affords an array of advantages, including heightened visual acuity through three-dimensional optics and an expanded panoramic canvas of the operative field. This is coupled with a broader range of maneuverability, encompassing seven degrees of freedom compared to the conventional four, thereby enhancing the ergonomic milieu for surgical practitioners (9, 10). However, it is imperative to acknowledge the attendant limitations inherent in robotic surgical systems, encompassing the requisites of setup, the intricacies of instrumentation, augmented expenses, and an extended surgical duration. As a result, the quest for the optimal surgical paradigm within the constricted confines of the retroperitoneal space remains a matter of ongoing scholarly discourse.

Therefore, the aim of this study is to amalgamate data derived from comparative studies and evaluate the efficacy and safety of RPRA and LPRA. The results of this study are intended to function as an all-encompassing guide for clinical decision-making, thereby assisting physicians in the discernment of the most fitting surgical approach for their patients.




2 Methods

This study was executed in strict adherence to the protocols delineated within the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [13]. Furthermore, it underwent registration within the PROSPERO database (ID: CRD42023453816) in accordance with established practices.



2.1 Literature search strategy, study selection and data collection

A thorough and exhaustive electronic survey of the academic databases, encompassing PubMed, Embase, Web of Science, and the Cochrane Library, was meticulously conducted. The data collection process was finalized in July 2023. The search strategy seamlessly integrated pertinent terms concerning the intervention and patient demographics, culminating in the formulation of the subsequent search query: ((Laparoscopic OR Robot-assisted OR Minimally invasive) AND (Retroperitoneoscopic OR Retroperitoneal OR Direct posterior OR Posterior) AND (Adrenalectomy)). Additionally, a comprehensive manual inquiry and scrupulous assessment of pertinent studies were undertaken to ensure the preemptive mitigation of potential oversights. It is noteworthy that the search was specifically delimited to publications presented in the English language. In instances of discordance, a consensus was judiciously attained through deliberation or, when deemed necessary, through consultation with a third reviewer.

The criteria for inclusion were delineated utilizing the PICOS methodology. P (patients): Patients aged 18 years or older who were due to undergo adrenalectomy for any indication. I (intervention): Encompassing patients subjected to RPRA. C (comparator): LPRA was employed as the comparative modality. O (outcome): The primary objective of this inquiry was to evaluate one or more of the ensuing outcomes: perioperative ramifications, surgical outcomes, and associated complications. S (study type): This investigation encompassed randomized controlled trials (RCTs), alongside both retrospective and prospective comparative analyses. Exclusionary criteria were employed as follows: (1) Studies bereft of comparative designs were systematically excluded. (2) Editorial commentaries, epistolary exchanges with the editor, abstracts from meetings, and singular case reports were not integrated into the analytical framework. (3) Studies that did not undertake an evaluation of the stipulated outcome metrics were purposefully excluded from consideration.

Following that, two independent reviewers meticulously extracted the subsequent dataset from the incorporated studies: (1) General manuscript details encompassing the year of publication, lead author, and country of origin. (2) Characteristics of the study population including sample size, age distribution, and body mass index (BMI). (3) Attributes specific to the tumors under investigation: tumor diameter, tumor site, and oncologic outcomes. (4) Perioperative effectiveness metrics: procedural duration, volume of blood loss, duration of hospitalization, rate of conversions, and frequency of transfusions. (5) Considerations regarding perioperative safety: overall complications (as defined by Clavien grade ≥ 1) and major complications (as defined by Clavien grade ≥ 3) (11). The process of data extraction was autonomously executed by the two reviewers to ensure meticulousness and uniformity.

In order to assess the quality of the literature, a comprehensive evaluation was conducted on the studies incorporated in the analysis, employing the “risk of bias in non-randomized studies of interventions” (ROBINS-I) framework (12). This assessment was executed independently by two evaluators (Y.L. and X.C.), who conducted a meticulous scrutiny of the studies for potential biases, encompassing confounding factors or other potential sources of systematic deviation. Any inconsistencies or differences that emerged during the assessment process were resolved through in-depth discourse.




2.2 Statistical analysis

For the purpose of data analysis within this study, we used the Cochrane Collaborative RevMan 5.4 software. Odds ratios (OR) were applied to assess dichotomous outcomes, while weighted mean differences (WMD) were employed to quantify continuous outcomes, accompanied by 95% confidence intervals (CI) for all evaluated measures. The evaluation of inter-study heterogeneity was accomplished using the I2 test (13). Given the anticipated existence of inter-trial heterogeneity, we adopted the random-effects model for all analyses, and statistical significance was determined at a significance threshold of p < 0.05. In instances where substantial heterogeneity was observed among outcomes (I2 > 75%), sensitivity analyses were undertaken to ascertain the origin of inter-study variability and to verify the robustness of our findings. However, sensitivity analyses could not be conducted for outcomes predicated on three or fewer studies.




2.3 Subgroup analysis

We performed a subgroup analysis considering several factors, such as age, BMI, sample size, and tumor diameter.




2.4 Publication bias

To evaluate the possibility of publication bias, we employed Begg’s method funnel plot.





3 Results



3.1 Baseline characteristics

The applied search algorithm initially identified a total of 139 studies within the databases. Following an extensive review of full-text materials and a meticulous screening process, seven studies, comprising 675 patients in total, were deemed suitable for inclusion in the comprehensive meta-analysis (Figure 1) (14–20). All seven investigations adopted the posterior retroperitoneal adrenalectomy approach. The succinct overview in Table 1 offers a synopsis of fundamental patient characteristics, accompanied by the corresponding interventions and associated preoperative variables (including sample size, age, BMI, surgical approach, tumor diameter, and location). These studies were conducted across diverse countries, including China, the United States, and Korea, and were published between 2012 and 2023. Table 2 delineates perioperative and surgical outcomes, encompassing pivotal parameters such as operative duration, blood loss, hospitalization duration, conversion rate, transfusion frequency, and occurrences of complications. The compendious summation of oncologic outcomes is presented in Table 3.




Figure 1 | PRISMA flow diagram for the systematic review.




Table 1 | The trials included in the systemic review.




Table 2 | Surgical outcomes.




Table 3 | Oncologic outcomes.






3.2 Assessment of quality

No randomized controlled trials (RCTs) comparing RPRA to LPRA were identified. The current meta-analysis meticulously scrutinized a cumulative of seven meticulously chosen investigations, with six of these displaying a discernible, moderate proclivity for bias, while only a study exhibited a notably diminished susceptibility to bias (14). Notably, each of the incorporated studies executed a meticulous comparative scrutiny, as elucidated in Table S1.




3.3 Outcome analysis



3.3.1 Perioperative effectiveness

Following the amalgamation of findings from seven studies, no statistically significant distinction emerged in operative time between the RPRA and LPRA approaches (p = 0.22) (14–20). Upon pooling data from six distinct studies, the RPRA cohort exhibited a diminished duration of hospitalization compared to their LPRA counterparts (WMD -0.78 days, 95% CI -1.46 to -0.10; p = 0.02) (14–16, 18–20) (Figure 2).




Figure 2 | Forest plots of perioperative outcomes for RPRA versus LPRA. (A) operative time, (B) length of hospital stay.



The cumulative revealed no statistically significant disparity in the occurrence of blood loss (five studies; p = 0.25) (15, 16, 18–20). Likewise, no substantial difference emerged in the prevalence of transfusion rate between RPRA and LPRA (p = 0.14, three studies) (Figure 3) (15, 16, 18). The frequency of conversion to open surgery was documented in five studies. However, the aggregated analysis did not reveal any statistically significant disparities in the reduction of conversion to open surgery between RPRA and LPRA (p = 0.71) (Figure 4) (14, 15, 17, 18, 20).




Figure 3 | Forest plots of perioperative outcomes for RPRA versus LPRA. (A) blood loss, (B) transfusion rates.






Figure 4 | Forest plots of perioperative outcomes for RPRA versus LPRA. Conversion to open.






3.3.2 Complications

The collective incidence of overall complications was 9.2% (12 out of 130 cases) for RPRA and 10.6% (22 of 207 cases) for LPRA (14–16, 18). Notably, no substantial disparities emerged in the prevalence of postoperative overall complications (graded as Clavien ≥1) (p = 0.99). Moreover, the rates of major complications were 1.3% (2 out of 146 cases) for RPRA and 1.4% (3 of 214 cases) for LPRA. Similarly, no statistically significant differences were identified in the occurrence of major complications between RPRA and LPRA (four studies; p = 0.57) (Figure 5) (15–18).




Figure 5 | Forest plots of complication for MIPN versus OPN. (A) overall complication, (B) major complications.






3.3.3 Subgroup

We undertook a subgroup analysis through the stratification of data according to age, BMI, sample size, and tumor diameter. This rigorous analysis encompassed pivotal outcomes, including operative time, length of hospitalization, and blood loss, all of which are presented in Table 4.


Table 4 | Subgroup analysis of perioperative and oncologic outcomes for RPRA and LPRA.



All subgroup analyses consistently indicated no significant disparity in operative time between the two groups. The heterogeneity across studies concerning length of hospital stay was found to be influenced by both age and tumor diameter. Specifically, within the subset of studies involving individuals aged < 50 years, RPRA exhibited a markedly reduced length of stay compared to LPRA (p < 0.00001). In contrast, within the subgroup of studies encompassing individuals aged ≥ 50 years, no significant variance in length of stay was observed between the two groups (p = 0.22). Furthermore, within the subgroup characterized by a tumor diameter ≥ 5 cm, patients who underwent RPRA displayed a significantly shorter length of hospital stay compared to those who underwent LPRA (p = 0.001). Conversely, no noteworthy distinction was noted within the subgroup of cases with a tumor diameter < 5 cm (p = 0.07).

Our analysis revealed tumor diameter as a substantive source of heterogeneity concerning blood loss. In particular, within the subset characterized by a tumor diameter ≥ 5 cm, RPRA exhibited an association with diminished blood loss in contrast to LPRA (p = 0.009), whereas in the subgroup marked by a mean tumor diameter < 5 cm, no noteworthy distinction was evident (p = 0.6).





3.4 Heterogeneity

A prevailing trend toward low to moderate heterogeneity was evident in most of the findings. Even with the incorporation of studies of intermediate and high quality, substantial variability was discerned in two of the outcomes (operative time, I2 = 78%; length of hospital stay, I2 = 93%).




3.5 Sensitivity analysis

Within the context of this study, the evident heterogeneity present in factors such as operative time and hospital stay prompted the implementation of a sensitivity analysis. This analytical endeavor aimed to unveil the fundamental origins of the heterogeneity while also evaluating the robustness and steadfastness of the study’s outcomes. The findings of this comprehensive analysis unveiled a lack of substantial shifts in the extent of heterogeneity, signifying the enduring consistency of the underlying heterogeneity sources in both operative time and hospital stay over the course of the study.




3.6 Publication bias

To ascertain the potential for publication bias within the examined studies, an analysis was conducted involving operative time, and length of stay as variables. Our findings revealed that the distribution among the studies exhibited an almost symmetrical pattern, suggesting a minimal probability of publication bias (Figure 6).




Figure 6 | Funnel plot of the studies represented in the meta-analysis. (A) operative time, (B) length of hospital stay.







4 Discussion

This represents the first systematic review and meta-analysis examining the comparative outcomes between RPRA and LPRA. Several pivotal discoveries within this study merit comprehensive elucidation and discourse.

Seven studies were encompassed in the analysis of operative duration. No statistically significant difference was observed in operative time between RPRA and LPRA. Nevertheless, earlier investigations revealed a substantial elongation in the procedural duration for robotic-assisted posterior retroperitoneoscopic adrenalectomy in contrast to its posterior retroperitoneoscopic counterpart (21, 22). After establishing pneumoperitoneum, three to four robotic ports are typically positioned two finger-widths below the rib edge. Additionally, there are instances where it becomes necessary to create an initial auxiliary opening near the border of the rectus muscle to facilitate retraction or suction (23, 24). The surgeon’s preparatory actions, encompassing the orchestration of the operative field, calibration of camera perspectives, and manipulative proficiency, may have exerted influence on the temporal course of RPRA procedures. Furthermore, the variable levels of surgical expertise possessed by individual practitioners bore impact on the operative time within the aggregate studies. In light of recent investigations, as surgeons traverse the learning curve, the temporal demands associated with the robotic approach are anticipated to diminish. In addition, the favorable outcomes observed in robotic urology surgeries conducted by RPRA surgeons may be ascribed to their expertise gained through previous experience in other robotic procedures, such as robotic prostatectomy and nephrectomy (1). An explicable conjecture could attribute this phenomenon to the prevalence of more contemporary RPRA interventions, a manifestation likely stemming from the evolutionary aspects of the surgical technique. Hence, it is conceivable that the surgeon’s navigation through the learning curve could inadvertently protract the operative duration (8, 25). Indeed, within the recent inclusions, RPRA has demonstrated a notably reduced operative time in comparison to LPRA. The integration of robotic articulatory instruments with a more robust camera platform and the provision of high-definition 3D visualizations have the potential to expedite the dissection process. Therefore, it remains conceivable that RPRA may have the potential to necessitate a reduced operative duration compared to LARP in subsequent periods (26, 27). Accordingly, a more substantial body of high-caliber evidence is imperative to substantiate our findings. No statistically significant disparity surfaced in the conversion rate between RPRA and LARP. A prior investigation documented a RPRA conversion rate reaching a magnitude of 40%, thereby unveiling an elevated conversion propensity within the RPRA domain as juxtaposed with LARP (28). Concomitant with the accumulated proficiency of individual surgeons utilizing the robotic platform, the conversion rates exhibited a parallel reduction akin to the corresponding levels observed within the LARP frame (29).

Notwithstanding the divergent findings reported in antecedent studies regarding hospital stay (20, 30), our conducted meta-analysis tends to corroborate that RPRA was linked to a briefer hospitalization interval in comparison to LPRA. The variance in hospital stay can be elucidated through the subsequent rationales. Primarily, this variance could potentially stem from the advantages intrinsic to the robotic platform. The benefits conferred by robotic technology encompass high-resolution three-dimensional optics, augmented dexterity, and improved ergonomics, enabling quiver-free and meticulous movements (31). Additionally, the sensitivity analysis indicates the robustness of the estimations. Secondly, bearing in mind the consistent demonstration in prior research of the pivotal role played by institutional caseload and surgeon expertise as crucial determinants influencing the outcomes of minimally invasive procedures, RPRA and LARP are not exempt from this paradigm (32). Hence, exercising prudence is imperative while appraising the hospitalization period following RPRA and LPRA.

Blood loss stands as a pivotal metric for assessing surgical quality. While a statistically significant discrepancy in blood loss between the two groups was not observed, the majority of the encompassed studies exhibited that the RPRA cohort manifested a diminished transfusion incidence and reduced blood loss in contrast to the LARP cohort. The variance in estimated blood loss can be explicated through the ensuing rationales. The adaptability of the robotic flexible arm coupled with the enhanced precision afforded by magnified high-definition stereoscopic vision facilitates the identification and management of intraoperative bleeding and the precise delineation of intricate anatomical structures and separations (33). However, what is worth our attention is that estimate blood loss is not a relevant parameter to assess the surgical efficacy, because of a difference of few ml may not be clinically significant. Furthermore, it is essential to consider that the postoperative blood transfusion rate among patients may be contingent on the surgical expertise of the healthcare professionals involved and the specific blood transfusion protocols adhered to by the hospitals (34). In forthcoming times, a deeper reservoir of research focusing on blood loss is requisite to further corroborate this assertion.

Regarding morbidity, no noteworthy distinction emerged between RPRA and LARP in relation to both overall and major complications. A precedent meta-analysis substantiated that RPRA exhibited a higher incidence of complications in contrast to LPRA (35). Nonetheless, contemporary investigations have demonstrated a lack of significant divergence between the two groups concerning complication rates (36). The variance in complication rates can be elucidated through the subsequent rationales. Primarily, the accumulated surgeon expertise in robotic utilization has contributed to the reduction in RPRA-associated complications. Secondly, the abbreviated hospital stay and mitigated blood loss appear to equilibrate the physiological strain endured by the surgical patient, thereby culminating in commensurate complication rates.

Given that the elevated cost associated with robotic surgery constitutes a drawback of the procedure, cost assumes a pivotal role in the contemplation of robotic utilization. Several studies have indicated that robotic surgery has been documented to be 1.3 -3.2 times pricier compared to laparoscopy (28, 37). On one hand, the depreciation of the robotic system and augmenting the annual volume of robotic cases employed proved more efficacious in cost mitigation. On the other hand, patients’ selection of an approach was influenced by their individual financial capacity. Hence, cost may not be deemed a salient determinant impacting outcomes. Nevertheless, it exerted influence on infrastructure and medical insurance provisions. It is incumbent upon us to deliberate upon which patients are suitable candidates for the robotic approach, taking into account the social and economic costs.

A subgroup analysis was conducted to ascertain the patient cohort that could potentially derive advantages from RPRA as opposed to LPRA. Certain studies have posited that LTA for tumors surpassing the 5 cm threshold is both secure and feasible under the supervision of a seasoned practitioner. Despite the anticipation of lengthier operative durations associated with LPRA in comparison to LTA, select research endeavors have indicated that the employment of a robotic platform could potentially truncate the procedural chronometry for adrenal tumors > 5 cm (9, 38). Nevertheless, our study did not disclose statistically significant disparities in operative time. Despite the subgroup analysis unveiling a shorter postoperative hospitalization duration within the RPRA cohort, no marked distinctions between the two surgical methodologies were discerned in relation to other outcomes. This could potentially be attributed to the diminutive sample size. Given the inherent advantages of robotic platforms, some surgeons may opt for robotic methods to manage more challenging cases, such as larger tumors or patients with higher BMI (39). Consequently, additional investigations are imperative to facilitate a comprehensive comparison of the advantages intrinsic to both approaches within these cases. Upon stimulation, pheochromocytomas can exude catecholamines, precipitating hemodynamic fluctuations that may culminate in severe complications or morbidity. Consequently, adrenalectomy for pheochromocytoma presents a substantial challenge for operators. In recent years, several studies have postulated that the robotic platform confers superior therapeutic efficacy in the context of adrenal tumors with pheochromocytoma (40, 41). Particularly for pheochromocytomas, neoplasms characterized by a profuse vascular supply, precision in surgical execution holds paramount significance for efficacious hemostatic management. With the exception of operative time, no significant distinctions were observed between the two groups. In light of the paucity of data within our study, circumspection is warranted while appraising the outcomes differential between RPRA and LPRA in the context of pheochromocytoma. Furthermore, Li et al. (42) conducted a meticulous meta-analysis to comprehensively assess the safety and efficacy of partial adrenalectomy (PA) in comparison to total adrenalectomy (TA), with a focus on perioperative and functional outcomes. Their analysis reveals that surgical outcomes in both TA and PA procedures are indeed comparable. The robotic system appears exceptionally well-suited for this technology, owing to its remarkable capacity for achieving precise operations. This is primarily attributed to its multi-degree-of-freedom articulated wrist and the advantage of 3D magnified vision (24). However, further research is imperative to corroborate this conclusion. We have added these relevant findings in the current manuscript.

The current study bears certain limitations that necessitate acknowledgment prior to the interpretation of our findings. First and foremost, the composition of non-randomized controlled trials (non-RCTs) with intermediate methodological quality engenders susceptibility to potential misclassification bias and latent confounding variables. Moreover, a subset of the incorporated studies exhibited diminutive sample sizes. Secondly, albeit the utilization of subgroup analysis, it is noteworthy that the amalgamated studies encompass diverse clinical diagnoses for tumors, a factor that potentially introduces confounding elements into the results. Thirdly, the preponderance of outcomes is contingent upon a selection of the seven studies, precipitated by a dearth of data within the remaining studies. This aspect conspicuously underscores the limitations inherent in the comparison. A substantial portion of the studies are characterized by limited sample sizes and inadequate statistical power.




5 Conclusions

The outcomes of this meta-analysis provide encouragement for the adoption of RPRA within the retroperitoneal space. Specifically, RPRA exhibited a reduced hospitalization duration and diminished invasiveness. Furthermore, the study indicates comparable perioperative outcomes and complication rates when juxtaposed with LPRA. Given that the encompassed studies were characterized by non-randomized controlled trials (non-RCTs) with intermediate methodological quality, the substantiation of RPRA’s superiority and identification of the patients most predisposed to gain from RPRA mandate the execution of prospective randomized controlled trials (RCTs) with extended follow-up periods and elevated-level evidence.
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Background

We performed a transcriptomic analysis of adrenal signaling pathways in various forms of endogenous Cushing’s syndrome (CS) to define areas of dysregulated and druggable targets.





Methodology

Next-generation sequencing was performed on adrenal samples of patients with primary bilateral macronodular adrenal hyperplasia (PBMAH, n=10) and control adrenal samples (n=8). The validation groups included cortisol-producing adenoma (CPA, n=9) and samples from patients undergoing bilateral adrenalectomy for Cushing’s disease (BADX-CD, n=8). In vivo findings were further characterized using three adrenocortical cell-lines (NCI-H295R, CU-ACC2, MUC1).





Results

Pathway mapping based on significant expression patterns identified PPARG (peroxisome proliferator-activated receptor gamma) pathway as the top hit. Quantitative PCR (QPCR) confirmed that PPARG (l2fc<-1.5) and related genes – FABP4 (l2fc<-5.5), PLIN1 (l2fc<-4.1) and ADIPOQ (l2fc<-3.3) – were significantly downregulated (p<0.005) in PBMAH. Significant downregulation of PPARG was also found in BADX-CD (l2fc<-1.9, p<0.0001) and CPA (l2fc<-1.4, p<0.0001). In vitro studies demonstrated that the PPARG activator rosiglitazone resulted in decreased cell viability in MUC1 and NCI-H295R (p<0.0001). There was also a significant reduction in the production of aldosterone, cortisol, and cortisone in NCI-H295R and in Dihydrotestosterone (DHT) in MUC1 (p<0.05), respectively.





Outcome

This therapeutic effect was independent of the actions of ACTH, postulating a promising application of PPARG activation in endogenous hypercortisolism.





Keywords: transcriptome, hypercortisolism, rosiglitazone, adrenocortical cell line, steroidome, cortisol, primary bilateral macronodular hype




1 Introduction

Enhanced adrenal cell proliferation clinically translates into a high incidence of adrenal incidentaloma occurring in 2–10% of the population worldwide (1). One third of these patients have mild autonomous cortisol secretion without typical Cushing stigmata but associated with an elevated cardiometabolic morbidity (2–4). Comparatively, endogenous cortisol excess resulting in Cushing’s syndrome (CS) has an incidence of 0.2–5.0 per million people per year (5). In the majority of patients with overt CS, endogenous hypercortisolism is due to adrenocorticotropic hormone (ACTH) secretion by corticotroph adenomas of the pituitary gland resulting in Cushing’s disease (CD) (6). In approximately 20% of cases cortisol is secreted autonomously by the adrenal cortex. Adrenal CS is mostly caused by unilateral cortisol-producing adenomas (CPA). Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) represents another specific subtype of adrenal CS characterized morphologically by bilateral nodular enlargement with a grape-like appearance. PBMAH accounts for less than 2% of patients with endogenous CS (7). Genomic approaches led to the identification of germline ARMC5 mutations in approximately 20-25% of PBMAH patients, and germline KDM1A mutations in 90% of patients who have food-dependent CS (8). PRKACA gene mutations are detected in approximately 40% of cortisol-producing adenomas (9).

Despite the advances in genomic analyses, the medical management of CS remains controversial. Uni- or bilateral adrenalectomy is the first line treatment in overt CS. Patients after bilateral adrenalectomy require lifetime steroid replacement with risk of life-threatening adrenal crises (10, 11). Medical therapy in CS consists of steroid synthesis inhibitors and glucocorticoid receptor antagonists (12, 13). However, long term control of hypercortisolism with the available drugs has been afflicted with various side effects on gastrointestinal, neural and hepatic systems (14).

In this study our aim was to define altered cell signaling pathways in CS through PBMAH transcriptome and identify new pharmacological targets using the following experimental approach:

	(1) Untargeted transcriptome analysis of PBMAH samples of the discovery cohort.

	(2) Pathway analysis and preliminary validation of the next generation sequencing (NGS) results using QPCR.

	(3) Validation of the candidate pathway genes including Peroxisome proliferator-activated receptor gamma (PPARG) pathway in an independent validation cohort.

	(4) In vivo analyses of the effect of ACTH on Pparg expression

	(5) In vitro experiments to assess the therapeutic effect of PPARG pathway modulation.



The overarching aim of our study was to have a comprehensive transcriptomics-based discovery dataset from patient samples that allows in vitro confirmatory studies. For this purpose, the unique genetic mutations and the increasing prevalence/missed diagnosis of PBMAH (13) make it an intriguing subtype of CS for the discovery cohort analyses. Further, by focusing on PBMAH, we aimed to identify previously unexplored therapeutic mechanisms for the CS pathology.




2 Materials and methods



2.1 Sample collection and ethics approval

The patients were registered as part of ongoing registries and biobanks (European Network for the Study of Adrenal Tumor [ENS@T, www.ensat.org] and Excellence Network for Neuroendocrine Tumors [NeoExNet]). The study was approved by the Ethics Committees of the University of Munich and Würzburg. Written informed consent was obtained from all enrolled patients, and the experiments were performed according to relevant guidelines and protocols.

For NGS a total of 18 cryo-preserved adrenal samples were used. The discovery cohort consisted of PBMAH (n=10) and adjacent normal adrenal cortex from patients with pheochromocytoma (controls, n=8).

Additional QPCR validation was performed in RNA extracted from cryo-preserved tissue from the following samples: cortisol producing adenoma (CPA, n=9), and adrenal samples from patients undergoing bilateral adrenalectomy for persistent Cushing’s disease (BADX-CD, n=8). Normal adrenals from patients who underwent kidney surgery (normal adrenals, n=10), and adrenal samples from patients with aldosterone producing adenoma (APA, n=10) were used as controls for validation. Furthermore, the results were validated with data from 3’RNA sequencing of RNA extracted from FFPE tissues on an independent PBMAH cohort (PBMAH-FFPE, n=11).

The clinical characteristics of the groups are given in Table 1. In total, four PBMAH patients carried ARMC5 mutations (2/10 PBMAH samples used in the discovery and 2/11 used in the validation cohort), and one patient from the validation cohort carried a KDM1A mutation.


Table 1 | Clinical characteristics of the patient groups.






2.2 Total RNA extraction from cryo and FFPE tissues

The adrenal tissues were stored at -80°C. Total RNA isolation was carried out from all adrenal cortex samples using the RNeasy Tissue Kit (Qiagen, Germany). The isolated RNA was kept frozen at −80°C until further use. RNA yield and purity were measured using NanoDrop (Thermofisher Scientific, Germany). Quality control of the isolated RNA, RNA library preparation, and sequencing was performed by QIAGEN (Zymo Research, Irvine, US). In case of RNA from FFPE material, the tumor area was marked and 10 μm sections from five serial slides were collected under a stero microscope (Motic). Total RNA was extracted from the collected tumor using the AllPrep DNA/RNA FFPE kit (Qiagen) according to the manufacturer’s instructions. The RNA quantity and quality were determined using NanoDrop 2000 spectrophotometer (Thermo Fisher).




2.3 RNA sequencing

RNA-seq from frozen adrenal samples was performed at Qiagen, Hilden, Germany and sequencing from FFPE samples was done at the SysMed Core Facility, Würzburg. Briefly, RNA integrity and the absence of contaminating DNA were confirmed by Bioanalyzer RNA Nano (Agilent Technologies) and by Qubit DNA High sensitivity kits, respectively. QIAseq Stranded RNA Library Kits was used for library preparation. Sequencing was performed on Illumina NextSeq (single end read, 75 bp). Adapter and quality trimming were performed by the “Trim Reads” tool from CLC Genomics Workbench. Further, reads were trimmed based on quality scores. The QC reports were generated by the “QC for Sequencing Reads” tool from CLC Genomics Workbench. Read mapping and gene quantification were performed by the “RNA-seq Analysis” tool from CLC Genomics Workbench (15). In case of FFPE derived RNA, sequencing libraries were prepared using the QuantSeq 3’ mRNA-Seq protocol (Lexogen, Vienna, Austria), from 100 to 500 ng RNA. Single read sequencing (1 ×75bp) was performed on a NextSeq 550 platform (Illumina, San Diego, CA, USA). For RNA extracted from FFPE samples, sequencing libraries were constructed using the QuantSeq 3’ mRNA-Seq protocol from Lexogen (Vienna, Austria). The libraries were prepared using 100 to 500 ng of RNA. Subsequently, single-read sequencing with a read length of 75 bases (1 × 75bp) was carried out on a NextSeq 550 platform from Illumina (San Diego, CA, USA) (16).




2.4 Validation of RNA expression of related pathway genes

Differentially expressed RNAs identified through NGS were validated by QPCR. RNA concentration was assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and reverse transcription was performed on 50 ng of RNA using Superscript VILO reverse transcriptase (Thermo Fisher Scientific) according to the manufacturer’s instructions. The selection of a suitable housekeeping gene was carried out using the BestKeeper tool to determine the most stably expressed housekeeping gene (p-value <0.001) (15). In frozen adrenal samples of the discovery cohort, controls (n=8) and PBMAH (n=10), housekeeping genes ACTB, GAPDH, and PPIA were evaluated. For adrenocortical cell lines (NCI-H295R; n=10, CU-ACC2; n=10, and MUC1; n=10), the housekeeping genes ACTB and PPIA were assessed. PPIA was identified as the most stable reference gene for human adrenal samples, while ACTB was chosen as the reference gene for adrenocortical cell lines (Figure S1). QPCR was conducted using TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific) on a Quantstudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific), following the manufacturer’s TaqMan mRNA assay protocol. TaqMan probes used are listed in Table S1, and negative control reactions lacked cDNA templates. Each QPCR reaction used 5 ng of cDNA and was analyzed in technical triplicates. The PCR was carried out in a 20 μL mixture, with 10 μL of Master Mix, 1 μL of TaqMan probes, 5 μL of cDNA, and 4 μL of nuclease-free water. The qPCR was performed following the recommended thermocycling conditions on the Quantstudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific) under the Fast mode, with an initial activation at 95°C for 20 sec and 40 cycles of 95°C for 1 sec and 60°C for 20 sec. Gene expression levels were quantified using the relative quantification method (17), normalized to the reference gene, to enable easier comparisons.




2.5 In vivo ACTH stimulation

ACTH stimulation tests were performed in 16 female mice (C57BL/6). Briefly, Jfemale mice representing each time point of injection). Briefly, 13-week-old mice were intraperitoneally injected with 1mg/kg of ACTH (Sigma Aldrich, Germany) and adrenals collected after 10, 30, and 60 min of injections (4 mice per time point). In addition, control adrenals were collected from mice at baseline conditions (0 min). Details of the experiment are published in (18). Gapdh was used as housekeeping gene in the QPCR. All mice were maintained in accordance with facility guidelines on animal welfare and approved by Landesdirektion Sachsen, Germany.




2.6 In vitro assays to evaluate pathway activation

The identified PPARG pathway was further characterized in vitro using three adrenocortical cell-lines (NCI-H295R, CU-ACC2 and MUC1), derived from patients with malignant adrenocortical carcinoma (ACC). The human NCI-H295R cell line, derived from a primitive ACC in a female patient, was obtained from the American Type Culture Collection (ATCC) and cultured as indicated by ATCC. MUC-1 cell line, established from a neck metastasis of an EDP-M-treated (etoposide, doxorubicin and cisplatin plus oral mitotane) male patient, was kindly given by Dr. Hantel and cultured as suggested (19). CU-ACC2 cell lines were obtained from Dr. Katja Kiseljak-Vassiliades (20). A detailed description of these cell lines can be found in Sigala et al. (21). The activation of PPARG in the cell lines was assayed for cell viability, gene expression changes and effect on steroidogenesis. Rosiglitazone, which is a known drug in diabetes therapy, was used as a PPARG activator.




2.7 Cell viability assay, hormones measurements and gene expression

Cells (50.000 cells/well) were seeded in 96-wells-plates and treated with increasing concentrations of ACTH (2.5–20 nM; Alfasigma), solubilized in water, and rosiglitazone (5–40 µM; Cayman Chemical). Rosiglitazone was solubilized and serially diluted using DMSO. The drug solutions were prepared 200 times more concentrated to dilute the DMSO at a ratio of 1:200 in the well. Both compounds were tested alone and in combination. Cell viability was evaluated by WST-1 assay according to the manufacturer protocol (Roche). All the subsequent sets of experiments were conducted treating the cells for 48h in serum-free medium. For treatments on CU-ACC2 cell line also the hydrocortisone has been removed.

Cells (1.5x106 cells/well) were seeded in 6-wells-plates and treated with ACTH (2.5 nM), and 5, 10, 20 µM of rosiglitazone in a final volume of 3 ml. These doses were chosen based on the cell viability results. After 48h the media were collected and stored at -20°C until analysis performed using liquid chromatography tandem mass spectrometry (LC-MS/MS) as described by Schweitzer et al. (22). The cells were scraped from the bottom of the wells to isolate the mRNA using the Maxwell RSC Simply RNA Kit (Promega). RNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher) and 1000 ng RNA were reverse transcribed with the High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems). QPCR was performed using TaqMan gene expression probes (Thermo Fisher Scientific) for PPARG (Hs01115513) and for ACTH receptor, also known as the melanocortin receptor 2 (MC2R), (Hs00300820). Endogenously expressed ACTB (Hs99999903) was used as housekeeping gene for normalization. For each QPCR reaction, 5 ng cDNA were used, and each sample was analyzed in technical triplicates. All transcripts were amplified using TaqMan Gene Expression Master Mix (Thermo Fisher) using the CFX96 real-time thermocycler (Bio-rad) and the Bio-rad CFX Manager 2.0 software. Cycling conditions were 95°C for 3 min, followed by 39 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Fold change was calculated using the delta cycle threshold (dCt) method, normalized to housekeeping gene ACTB.




2.8 Bioinformatic and statistical analyses

R version 4.2.0 was used for statistical analyses of NGS data. To identify RNAs differentially expressed, generalized linear model (GLM, a flexible generalization of ordinary linear regression that allows for variables that have distribution patterns other than a normal distribution) in the software package edgeR (Empirical Analysis of DGE in R) was employed to calculate p-values (23, 24). P-values were adjusted with the Benjamini–Hochberg false discovery rate (FDR) procedure (25). GraphPad Prism Version 8 was used for statistical analysis of QPCR. To identify RNAs differentially expressed in QPCR, the dCt method (target gene’s Ct minus housekeeping RNA’s Ct) was used in Microsoft Excel 2016 (Microsoft, Redmond, WA, USA). For intergroup comparison of QPCR data, ANOVA test with Benjamini–Hochberg false discovery rate (FDR) procedure was used (26). P<0.05 and FDR<0.05 were considered significant. Pathway mapping for the significant genes was performed using the ShinyGO program (27).





3 Results



3.1 PBMAH transcriptome

Transcriptome analyses of PBMAH adrenal samples (n=10) identified a total of 1104 genes to be significantly differentially expressed in comparison to the control group (n=8) in the discovery cohort (l2fc>|2|, FDR<0.05). Almost 70% of the genes were downregulated (769 genes), indicating an overall transcriptionally repressed state in PBMAH samples (Figure 1, Table S2). Hierarchical clustering based on the top upregulated significant genes was performed and revealed a good discrimination between (27)en PBMAH samples and controls. Interestingly, PBMAH samples with ARMC5 mutations clustered together while the ARMC5wt PBMAH samples clustered separately and were further divided in two additional clusters (Figure S2).




Figure 1 | Differentially expressed significant genes in NGS between in adrenals of PBMAH vs. controls. Volcano plot showing the relationship between fold change (log2foldchange) and statistical significance (-log10pvalue). The red points represent significantly upregulated genes while blue points represent significantly downregulated genes. The top 32 altered genes are labelled (24 downregulated and 10 upregulated).






3.2 Pathway mapping

To better understand the transcriptional profile of PBMAH, all significant genes (n=1104 genes) were used for pathway mapping to identify which genes are enriched in different pathways (Figure 2A). This pathway mapping analysis is grounded in the concept of fold enrichment (Figure 2A), wherein fold enrichment is computed as the percentage of genes in the input list relative to the corresponding background percentage. This calculation serves as a metric of the statistical significance of pathway dysregulation. Overall, the top pathway hits from the PBMAH transcriptome generated two major pathway clusters (Figure 2B) (1): “peroxisome proliferator-activated receptors” (PPARs) signaling, which is widely acknowledged for its anti-glycemic and anti-lipolytic effects (28), and (2) pathways related to neuronal function and diseases including “nicotine addiction” and “neuroactive ligand-receptor interaction”. To validate the pathway enrichment based on the transcriptome data, the significantly altered PPARG and its top downregulated target genes (ADIPOQ, APOA1, FABP4, PCK1 and PLIN1) were chosen. A significant (p<0.01) downregulation of PPARG and its target genes ADIPOQ, FABP4 and PLIN1 was found in the PBMAH samples in comparison to controls (Figure 3). For the neuronal pathway cluster, five genes (DRD2, GRIA2, GRIA4, GRIN2A and SCTR) shared most among the pathways were chosen for further analyses but failed to show significant dysregulation (Figure S3).




Figure 2 | Pathway analyses of the significant genes from NGS. The significantly expressed genes were shortlisted (log2FC > abs (2), p<0.05). (A) The shortlisted genes were used for KEGG pathway mapping using ShinyGO online analyses tool. (A) Barplot representation of the top significant pathway hits. Higher fold enrichment refers to higher representation of the genes in the pathway. The pathways are sorted by FDR, with higher significant pathways at the top. (B) Hierarchical clustering of significant pathways: The pathway genes were clustered based on the genes shared amongst the different pathways.






Figure 3 | QPCR analyses of the significant genes from pathway analyses. Expression analysis of the pathway genes from PPARG signaling. Data are represented as mean ± standard error of mean (SEM) of -dCT values. Housekeeping gene: Ppia. *p-value <0.05 and FDR<0.05. PBMAH, Primary Bilateral Macronodular Hyperplasia.






3.3 Validation of PPARG pathway dysregulation

The observed downregulation of PPARG and its target genes by QPCR and NGS were further validated in two ways. In the first step, DESeq2 based gene expression analyses from FFPE RNA from an independent PBMAH cohort (n=11) (Table 2) showed that PPARG and its target genes were consistently downregulated in the validation cohort of PBMAH. In the second step, the expression of PPARG and its target genes was verified in adrenal samples from other types of CS, normal adrenals and APAs (Figure 4). Significant downregulation of PPARG was observed in all the CS samples in comparison to both controls, APAs and normal adrenals (Figure 4A). Interestingly, significant downregulation of PPARG and its target genes, ADIPOQ (Figure 4B) and FABP4 (Figure 4C) was also observed in APA in comparison to normal adrenals, but not as pronounced as in CS subtypes. In contrast, the significant downregulation of PLIN1 was specific to CS groups (Figure 4D). Taken together, the candidate PPARG pathway downregulation observed in the adrenal samples of PBMAH by NGS could be validated in all adrenals with cortisol excess.


Table 2 | Comparison of significant log2Fold Change (p<0.05) of PPARG and its target genes in the validation and discovery cohort of PBMAH in comparison to controls.






Figure 4 | QPCR analyses of the significantly altered PPARG pathway genes in CS subtypes. The expression of significantly altered PPARG (A) and its target genes ADIPOQ (B), FABP4 (C), PLIN1 (D) were tested in CS subtypes of CD and CPA including additional controls of APA and normal adrenals. Data are represented as mean ± SEM of -dCT values. Housekeeping gene: Ppia. *p-value <0.05 and FDR<0.05. APA, Aldosterone producing adenoma; CPA, cortisol producing adenoma; BADX-CD, Bilateral adrenalectomized patients with persistent Cushing’s Disease.






3.4 In vivo analyses of Pparg

To analyze whether Pparg expression is influenced by ACTH, an ACTH stimulation study was done in mice and Pparg expression was assayed at different timepoints. No changes in Pparg expression were found in any of the timepoints (Figure 5).




Figure 5 | Pparg expression in ACTH stimulated murine adrenals. Mice were injected with ACTH and adrenals were collected at different timepoints after ACTH stimulation to assess the impact of ACTH on Pparg expression. Housekeeping gene: Gapdh. * <0.05 and FDR<0.05 (*).






3.5 In vitro analysis of the PPARG dependent pathway activation

Next, the effect of ACTH stimulation on MC2R mRNA expression was tested in adrenocortical cell lines. Only NCI-H295R cells were found to show a decrease in MC2R expression upon ACTH treatment (Figure 6). The activation of PPARG in the cell lines was assayed for cell viability, gene expression changes, and effect on steroidogenesis. Rosiglitazone, an insulin sensitizer formerly used in diabetes therapy, was used as a PPARG activator.




Figure 6 | Effect of ACTH treatment on MC2R expression in adrenocortical cell lines. Data are represented as mean ± SEM of log2Fold Change (log2FC) expression values normalized to the control samples. Housekeeping gene: ACTB. *p-value <0.05 and FDR<0.01.





3.5.1 Cell viability

Cell viability was assessed under varying ACTH and rosiglitazone concentrations. Rosiglitazone impaired NCI-H295R and MUC1 cell viability (Figures 7A, B): a trend of decreased cell viability was found using 5µM with significant reductions at the consecutive doses of 10, 20 and 40µM. ACTH stimulation did not interfere with the apoptotic effect of rosiglitazone as significant reduction in cell viability was found over all ACTH concentrations. In CU-ACC2 cells, rosiglitazone did not have any effect on cell viability in presence or absence of ACTH (Figure 7C).




Figure 7 | Effect of rosiglitazone and ACTH treatment on cell viability in three different adrenocortical cell lines: NCI-H295R (A), MUC1 (B) and CU-ACC2 (C). Cell viability was evaluated by WST-1 assay (n=8 in each group). The cells were treated with increasing concentrations of rosiglitazone (0, 5, 10, 20 and 40 µM) and ACTH (0, 2.5,5,10 and 20 nm). The average absorbance values of each treatment group were normalized to background control group. Data are represented as percentage mean ± SEM of the normalized absorbance values. *p-value <0.0005 and FDR<0.01.






3.5.2 PPARG activation

PPARG and MC2R expression were assessed in the absence or presence of ACTH (2.5nM), to understand whether the observed loss in cell viability was a direct effect of PPARG activation (Figure 8). In the absence of ACTH, all tested cell lines showed PPARG expression to increase with increasing doses of rosiglitazone. Briefly, significant increased PPARG expression was found at 10 and 20µM of rosiglitazone in NCI-H295R (Figure 8A), at 20µM of rosiglitazone in MUC1 (Figure 8B), and at 10 and 20µM of rosiglitazone in CU-ACC2 (Figure 8C). In the presence of ACTH, a more pronounced PPARG activation was found with significantly increased PPARG expression at all analyzed doses (Figures 8A–C). In case of MC2R, the cell lines showed varying results: In NCI-H295R, rosiglitazone treatment led to significantly downregulated MC2R expression, both in presence and absence of ACTH (Figure 8D). MUC1 cells showed upregulated MC2R expression both in the presence and absence of ACTH (Figure 8E). In CU-ACC2 cells, no changes in MC2R expression were found in the absence of ACTH. However, in the presence of ACTH, rosiglitazone at 20µM was found to significantly increase MC2R expression (Figure 8F).




Figure 8 | Effect of rosiglitazone and ACTH treatment on PPARG and MC2R expression in adrenocortical cell lines. The cells were treated with increasing concentrations of rosiglitazone (0,5,10,20 and 40 µM) and the expression was checked in the presence (2.5nm) and absence of ACTH. Data are represented as mean ± SEM of log2Fold Change (log2FC) expression values normalized to the control samples. Housekeeping gene: ACTB. *p-value <0.05 (*).






3.5.3 Steroidome

Based on these findings, the rosiglitazone treatment of 20µM was chosen to estimate the effect of rosiglitazone on steroidogenesis in all cell lines. Briefly, LC-MS/MS analyses revealed that rosiglitazone treatment led to a 30% reduction in cortisol levels in NCI-H295R cells, from a mean value of 3.32 ± 0.42 µg/dl to 1.00 ± 0.19 µg/dl(Figure 9A). The reduction was maintained in the presence of ACTH stimulation with a reduction from 3.24 ± 0.24 µg/dl to 1.181 ± 0.19 µg/dl. Rosiglitazone was also found to significantly reduce cortisone (Figure 9B), aldosterone (Figure 9C), and 21-deoxycortisol (21-df; (Figure 9D) levels in NCI-H295R. In NCI-H295R, no other significant changes were observed (Figures 9E–I, S4, S5). In case of MUC1, no detectable levels of cortisol, cortisone, aldosterone, 21-deoxycortisol and 11-deoxycortisol were seen (Figures 9A–E). However, a significant increase in DHEA levels coupled with a significant reduction in DHT levels was found upon rosiglitazone treatment (Figures 9H, I). The significant change was also maintained in the presence of ACTH in MUC1. There was no change in the other androgens and precursor levels (Figure S5), including testosterone (Figure 9G). Interestingly, CU-ACC2 cells had higher cortisol and cortisone levels compared to both MUC1 and NCI-H295R, but without changes upon rosiglitazone and/or ACTH treatment (Figures 9A, B). The observation was confirmed to be a property of the CU-ACC2 cells and not affected by the hydrocortisone in the media by repeating the experiment with medium containing no hydrocortisone (data not shown).




Figure 9 | Effect of rosiglitazone (20µM) and ACTH (2.5 nm) treatment on the steroidome of adrenocortical cell lines. LC-MS/MS was used to quantify the steroidome in the supernatant of cells treated with rosiglitazone and ACTH and their respective controls. Importantly, the levels of glucocorticoids – cortisol (A), cortisone (B) and aldosterone (C), precursors of cortisol – 21-deoxycortisol [21-dF;(D)], 11-deoxycortisol [11-dF; (E)] and 17-hydroxyprogesterone [17OHP;(F)], androgens – testosterone (G), DHEA (H) and dihydrotestosterone [DHT;(I)] were quantified. Data are represented as mean ± SEM of individual concentration values (µg/L). *p-value <0.05 and FDR<0.05 (*).






3.5.4 PPARG target genes

Finally, the expression of PPARG target genes was analyzed at 20µM rosiglitazone concentration in comparison to the controls (0µM rosiglitazone), in presence and absence of ACTH (2.5nmACTH). Interestingly, no expression of ADIPOQ was found in any of the cell lines (no amplification by QPCR, data not shown). Expression of FABP4 was observed only in NCI-H295R and in CU-ACC2 on a low level but with no major changes upon rosiglitazone treatment (Figure S6). In case of PLIN1, expression was observed in all the cell lines, however, significant activation by rosiglitazone was observed only in NCI-H295R (Figure 10).




Figure 10 | Expression of PLIN1, PPARG target gene, in adrenocortical cell lines treated with rosiglitazone (20µM) and ACTH (2.5 nm). Data are represented as mean ± SEM of -dCT values. Housekeeping gene: ACTB. *represents p-value <0.05 and FDR<0.05 (*).








4 Discussion

Previous molecular approaches on the pathology of PBMAH have been directed primarily towards molecular heterogeneity (29) and genetic predispositions involving ARMC5 (30) and KDM1A (11). Herein, we present a transcriptomic profile of PBMAH in comparison to controls. This enabled a targeted characterization of the molecular factors that are dysregulated in genes attest to this point. The highly different transcriptome profile with more than 1000 dysregulated genes attest to this point. Interestingly, the top dysregulated genes included IGFN1 (l2fc=5.7, pvalue<0.005) and TCF23 (l2fc=5.2, p-value<0.005) that had been previously identified by Di Dalmazi, Altieri et al. (31) in RNAseq analyses of CPA. In the same study neuronal pathways were found to be differentially expressed in mild autonomous producing adrenocortical adenomas and ACC, which is in line with our findings. Taken together, it could be speculated that neuronal pathway genes could represent a major differentially regulated pathway group in adrenal pathology. Validation of the pathway by QPCR identified a trend towards downregulation but it was not found to be significant.

Interestingly, the druggable pathway of PPARG signaling was identified as another top hit. PPARG downregulation is known to occur in pituitary corticotropic cells of CD patients (32), however, this is the first identification of its dysregulation in adrenals of CS patients. The pathway dysregulation was validated in the PBMAH samples of the discovery cohort as well as in additional cohorts of tumors associated with hypercortisolism such as CPA and BADX-CD. Also, in adrenal samples of APA, downregulation of PPARG and its target genes were found. This is in line with previous findings from Williams et al. (33). However, downregulation of PPARG pathway and its target genes were much more pronounced in the adrenal samples of CPA, BADX-CD and PBMAH in comparison to APA.

Since the first clinical application of PPARG agonists, thiazolidinediones (TZD) in 1997, there have been various studies exploiting the activation of PPARG pathway in various pathologies, including CD, regulation of steroidogenesis and adrenocortical tumors with varying results (34). Therefore, a comprehensive analysis of PPARG activation was done in three different adrenocortical cell lines – NCI-H295R, MUC1 and CU-ACC2 – varying concentrations of ACTH and rosiglitazone. These adrenocortical cell lines were chosen for experimentation due to the absence of established benign in vitro models for CS. Interestingly, none of the cell lines used in our study were to show upregulated MC2R expression, characteristic of adrenocortical cells to increase steroidogenesis via This MC2R mediated activation initiates a signaling cascade of. 3′,5′-cyclic AMP, protein kinase A, hormone-sensitive lipase, and steroidogenic acute regulatory protein (10). Rather, the NCIH295R cells showed a downregulation of MC2R upon ACTH stimulation (Figure 6) with no accompanying changes in steroidogenesis (Figure 10). Interestingly, downregulated MC2R expression have been observed in cortisol secreting adrenocortical carcinomas (35–37) and studies in canine models of ACC have suggested that cortisol regulates interrenal expression of MC2R in response to ACTH in a negative short-loop feedback (36, 38, 39). It could be speculated that the downregulated MC2R expression we found in the NCIH295R cells could be an indication of this negative short-loop feedback and with respect to this reaction in presence of ACTH, the NCIH295R cells could be said to be ACTH responsive. However, it should be noted that further mechanistic elaboration of the response is beyond the scope of the current study. In NCI-H295R cells rosiglitazone treatment decreased cell viability (Figure 7A) and transcriptionally activated PPARG at all ACTH concentrations (Figure 8A). The PPARG activation was also found to modulate MC2R expression, leading to its downregulation, both in the presence and absence of ACTH (Figure 8A). It could be hypothesized that in NCI-H295R, rosiglitazone reduces the MC2R expression to counteract the effects of ACTH mediated cortisol production. Furthermore, among the PPARG target genes only PLIN1 was found to show upregulated expression upon rosiglitazone treatment in the cell line (Figure 10). Similarly, the downregulation of PLIN1 was found to be specific only to CS, in contrast to ADIPOQ and FABP4, which were also downregulated significantly in APA (Figure 4). Interestingly, PLIN1 has been characterized to have a critical role in lipolysis (40) and has been associated with cholesteryl ester droplets in steroidogenic adrenocortical cells (41). In summary, PPARG activation by rosiglitazone in NCI-H295R cells alleviates hypercortisolism by cell death, via MC2R and the target gene of PLIN1. Considering the complex interplay among PPARG, MC2R, and PLIN1, it could be hypothesized that the modulation of PPARG by rosiglitazone could reduce suppressed lipid-mediated signaling. This could be particularly relevant in conditions characterized by suppressed inflammatory responses, such as CS and adrenocortical cancer.

In comparison to the promising effects in NCI-H295R, MUC1 and CU-ACC2 cells showed varying results in response to rosiglitazone treatment, where we observed a loss in cell viability only in MUC1 (Figure 7B) accompanied by an upregulation of MC2R and PPARG expression (Figures 8C, D). Interestingly, in one of the earlier studies performed on the primary NCI cell strains, rosiglitazone was also found to increase MC2R expression, decrease cell viability and promote steroidogenesis (42). Steroidome analyses showed that MUC1 cells have altered levels of DHT and DHEA upon rosiglitazone treatment. The effect of rosiglitazone treatment on DHT, DHEA levels in MUC1 combined with altered aldosterone and cortisone levels in NCI-H295R hint at an extended therapeutic effect of rosiglitazone on a range of adrenocortical steroids including cortisol. Contrarily, CU-ACC2 cells secrete cortisol but did not show any significant cell death or reduction in cortisol levels in response to rosiglitazone treatment (Figure 7C). Of note, CU-ACC2 cells had generally higher levels of cortisol and cortisone as NCI-H295R, however, no detectable level of their precursors (Figure 9). Therefore, this discrepancy in the modulation effects induced by rosiglitazone in the steroidogenically active NCI-H295R and CU-ACC2 could be the result of a suppressed classical cortisol synthesis pathway in CU-ACC2. The variability in cortisol secretion among the cell lines could also be explained by the varied malignant genetic background of the cell lines (43). Therefore, the consistently observed PPARG and MC2R regulation by rosiglitazone in the adrenocortical cell lines holds potential for prospective CS therapies.

In summary, we found the PPARG pathway to be prominently downregulated in adrenals in different CS subtypes including CPA and CD. The dysregulation was observed in all samples, irrespective of the mutational status, indicating that it is strongly linked to hypercortisolism and not to the specific genetic backgrounds found in CS. The in vitro activation using rosiglitazone yielded promising results with significant effects on cell viability, gene expression and steroidogenesis depending on the adrenocortical carcinoma cells used (Table 3). Therefore, rosiglitazone therapy has the potential of providing a therapeutic for a subset of adrenal CS patients as well, including PBMAH. This aligns with the findings from clinical trials in Cushing’s disease (CD), where rosiglitazone demonstrated the ability to reduce cortisol levels in a subgroup of patients (44, 45). Nevertheless, it is imperative to emphasize that additional research is essential to validate this potential fully. Given that Cushing is a metabolic disorder, our established in vitro models may not encompass all the necessary elements to comprehensively investigate the therapeutic effects of PPARG pathway. Therefore, the incorporation of primary cultures derived from CS patients could offer a valuable alternative for future investigations. Moreover, a targeted therapy designed for ectopic receptors in PBMAH (46), can be combined with rosiglitazone to potentially augment treatment outcomes. Furthermore, conducting mechanistic studies to elucidate the interplay between the PPARG pathway and pathological processes like inflammation and cortisol synthesis would provide a more comprehensive understanding of rosiglitazone’s application as a therapy for CS.


Table 3 | Cumulative analyses of the effect of rosiglitazone treatment on adrenocortical cell lines.
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Purpose

To evaluate the rate of recurrence among patients with pheochromocytomas and sympathetic paragangliomas (PGLs; together PPGLs) and to identify predictors of recurrence (local recurrence and/or metastatic disease).





Methods

This retrospective multicenter study included information of 303 patients with PPGLs in follow-up in 19 Spanish tertiary hospitals. Recurrent disease was defined by the development of local recurrence and/or metastatic disease after initial complete surgical resection.





Results

A total of 303 patients with PPGLs that underwent 311 resections were included (288 pheochromocytomas and 15 sympathetic PGLs). After a median follow-up of 4.8 years (range 1-19), 24 patients (7.9%) had recurrent disease (3 local recurrence, 17 metastatic disease and 4 local recurrence followed by metastatic disease). The median time from the diagnosis of the PPGL to the recurrence was of 11.2 months (range 0.5-174) and recurrent disease cases distributed uniformly during the follow-up period. The presence of a pathogenic variant in SDHB gene (hazard ratio [HR] 13.3, 95% CI 4.20-41.92), higher urinary normetanephrine levels (HR 1.02 per each increase in standard deviation, 95% CI 1.01-1.03) and a larger tumor size (HR 1.01 per each increase in mm, 95% CI 1.00-1.02) were independently associated with disease recurrence.





Conclusion

The recurrence of PPGLs occurred more frequently in patients with SDHB mutations, with larger tumors and with higher urinary normetanephrine levels. Since PPGL recurrence may occur at any time after the initial PPGL diagnosis is performed, we recommend performing a strict follow-up in all patients with PPGLs, especially in those patients with a higher risk of recurrent disease.
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1 Introduction

Pheochromocytomas and paragangliomas (PGLs) −together PPGLs− are neuroendocrine tumors derived from chromaffin cells of the adrenal medulla or extra-adrenal paraganglionic tissue, respectively (1). They are considered rare tumors, occurring in about 0.05% to 0.1% of patients with sustained hypertension. It is estimated that the joint annual incidence of PPGL is of 2–8 cases per million inhabitants (1). Although they are rare tumors, they are considered one of the most frequent inherited tumors since about one tumor in four are linked to a genetic disease (2). The most common hereditary syndromes are those associated with pathogenic variants in the different subunits of SDH (15–20%), in the VHL gene (9%), in the RET proto-oncogene (5%) and in the NF1 gene (2%). Currently, targeted Next Generation Sequencing (NGS) is the recommended approach to enable the testing of all relevant genes potentially associated with PPGL development in a single panel (3). The characterization of the genetic status of PPGL is of paramount importance given the well-known genotype-phenotype correlation in these tumors. This correlation includes associated biochemical profile, tumor location, malignant potential, and overall prognosis. In addition, genetic identification provides valuable information for establishing a treatment plan and procures the rational for an appropriate guidance for follow-up surveillance (4).

PPGLs are usually curable with the removal of the catecholamine secreting tumor. However, both pheochromocytomas and PGLs may recur as a benign or malignant tumor. In this sense, it is estimated that about 5% to 20% of PPGLs exhibit recurrence, and it can occur even after several decades after primary tumor resection (5–8). This fact justifies the need of a long-term follow-up for all patients with PPGLs who have undergone surgery (9). Surgery after local recurrence of PPGLs represents a major technical challenge and the only curative option for these patients. Although laparoscopic resection is possible in selected cases, it may be limited by the presence of multiple associated neoplasms and the impossibility of lymph node clearance (7). Another, even more challenging situation, is the development of metastatic disease, since therapeutic options for metastatic disease are limited; thus the management of all of these cases should be carried out by a multidisciplinary reference team (10). In this context, some factors, including genetic status, tumor size and location, among others, have been associated to a higher likelihood of metastatic PPGLs development (11–17). In this regard, some studies found that plasma methoxytyramine is the most accurate biomarker for discriminating patients with and without metastases, with a plasma methoxytyramine 4.7-fold higher in patients with than without metastases (11). Other authors describe larger increases of norepinephrine in malignant than in benign disease (14). A higher malignant risk associated with tumors due to mutations of SDHB gene or arising from extra-adrenal locations has been reported by several series (12, 15). Most studies also agree that there is an association between tumor size and the risk of malignancy in PPGLs (15–17). Other authors identified as risk factors of metastatic disease, an early onset postoperative hypertension, higher plasma or urine metadrenaline and the expression of the 3 angiogenesis related genes VEGF, COX-2 and MVD (17). Thus, in general, there is no clear consensus on which are the risk factors for metastatic disease in PPGLs. In addition, the available data on the natural history of pheochromocytomas and PGLs after radical surgery are heterogeneous and discordant. Moreover, most of these studies are unicentric and include a limited number of cases. Thus, considering this background, the aim of our study was to find clinical predictors of recurrence (including local recurrence and metastatic disease) in patients with pheochromocytomas and sympathetic PGLs that underwent radical surgery.




2 Methods



2.1 Study design

A Spanish multicentric retrospective study of patients who underwent surgical resection of a PPGL between 1998 and 2022 in 19 tertiary hospitals was carried out. As we have previously described (18), the following criteria should be met to enter in the PHEO-PARA risk study: i) an age at diagnosis of the PPGL older than 17 years old; ii) histological diagnostic confirmation of PPGL, iii) available clinical, biochemical, and radiological information at the diagnosis of the PPGL and during follow-up and iv) absence of evidence of metastatic disease at the time of the diagnosis. Among all patients, 303 patients with PPGLs who underwent to 311 resections met the inclusion criteria and were included (288 pheochromocytomas and 15 sympathetic PGLs) (Figure 1).




Figure 1 | Study population.



The Ethics Committee of Hospital Universitario Ramón y Cajal has reviewed and approved the study on 22nd of April 2021, ACTA 411.

PPGL: pheochromocytomas and sympathetic paragangliomas. After a median follow-up of 4.8 years (range 1 to 19), 24 patients (7.9%) had recurrent disease (3 local recurrence, 17 metastatic disease and 4 local recurrence followed by metastatic disease).




2.2 Clinical evaluation and definitions

The diagnosis of PPGL was based on the recommendations of the current clinical guidelines (9, 19). Catecholamine hypersecretion was assessed by the determination of plasma-free metanephrines, 24-h urinary fractionated metanephrines and/or 24-h urinary catecholamines. Considering that different normal ranges were applied for these determinations in the different local laboratories, the number of times (standard deviations: SD) above the upper limit of normal for each value was calculated and used for the analysis.

Hereditary PPGL diagnosis was based on the presence of a pathogenic germline variant in known susceptibility genes. As we have previously described (18), in all patients with a negative genetic study, at least the following genes have been sequenced: NF1, RET, VHL, SDHA, SDHB, SDHC, and SDHD. In addition, most of the centers tested also other genes, including SDHAF2, SDHAF1, MAX, HIF1A, HIF2A, TMEM127, HRAS, KRAS, GOT2, FH, MDH2, SLC25A11, DNMT3A, DLST, MERTK, IDH1, IDH2, CSED1, EGLN1, EGLN2, BRAF, MET, FGFR1, KIF1B,CDKN1B, MEN1, PTEN, H3F3a, ATRX, and the promoter region of TER. Positive genetic study was based on the demonstration of a pathogenic variant in at least one of these genes; those cases with variants of uncertain significance (VUS) were excluded. Cardiovascular disease was defined as the presence of ischemic and/or hypertensive heart disease, heart failure, cardiac arrhythmias and/or valvular disease. Obesity was defined as a body mass index ≥ 30 kg/m2 and diabetes definition was based on the last American Diabetes Association (ADA) recommendations (20). As we have previously reported (21), hypertensive PPGL was defined when systolic blood pressure was > 140 mmHg and/or diastolic blood pressure > 90 mmHg before surgery, or the patient was under medical treatment with antihypertensive drugs.

Recurrent disease was defined as the development of a local and/or metastatic disease during follow-up after the confirmation of surgical cure. Local recurrence was diagnosed when a local relapse occurred; and we considered metastatic PPGLs when recurrence occurred at sites where chromaffin tissue is normally absent. Follow-up period was defined as the time between the date of the PPGL diagnosis to the last available follow-up visit in the Endocrinology Department in patients with non-recurrent disease, and between the date of the PPGL diagnosis to the date of the diagnosis of recurrent disease in patients with recurrent PPGL. All patients were followed-up annually with hormonal values and with CT/MRI associated with nuclear medicine imaging if there were suspicions of tumor recurrence.




2.3 Statistical analysis

The statistical analysis was performed using STATA.15 (StataCorp LLC, College Station, Texas, USA). Continuous variables were described as means ± SD for normally distributed data or medians and interquartile ranges for non-normal distributions and compared using two-tailed t test. Categorical variables were expressed as percentage and absolute numbers and were compared using the chi2 test. To describe the timing of recurrence, the cumulative incidence was estimated using the Kaplan−Meier method. Statistical significance (p < 0.05) of differences in the cumulative incidence of recurrence between groups was tested using the log-rank test for homogeneity. A univariant Cox proportional hazard model was employed to estimate the crude hazard ratios (HRs) and the multivariant Cox proportional hazard model for the estimation of multivariable-adjusted HRs with 95% confidence intervals (CIs) and to evaluate possible predictors of recurrence.





3 Results



3.1 Baseline characteristics

A total of 303 patients with PPGLs that underwent 311 resections were included (288 pheochromocytomas and 15 sympathetic PGLs). Open surgery was performed in 41 PPGLs (including thoracotomy in 2 sympathetic PGL) and in the rest of the cases laparoscopic surgery was performed. Hereditary PPGL was confirmed by genetic analysis in 93 out of the 265 patients (35.1%) with available genetic results (in the remaining 38 patients, genetic study was not performed, or results were still pending). The most common pathogenic variant was in the RET gene causing MEN2A syndrome (n=45), followed by in the NF1 gene (n=19), in the SDHB gene (n=14) and in the VHL gene (n=6). The pathogenic variant on these genes is not known in all cases, but for the RET pathogenic variant this information was available in 14 cases, being the mutation in exon 11 at codon 634 (p.Cys634Phe; TGC-TTC; n=8) and at codon 618 (p.Cys618Arg;:TGC>CGC; n=5) the most common pathogenic variants. One patient had a mutation at codon 634 (p.Cys634Tyr; TGC>TAC), and the information was lacking for the remaining patients. Personal and clinical characteristics of the patients at the time of the diagnosis are shown in Table 1.


Table 1 | Baseline patient´s characteristics.






3.2 Recurrent disease and survival analysis

After a median follow-up of 4.8 years (range 1 to 19), 24 patients (7.9%) had recurrent disease (3 local recurrence, 17 metastatic disease and 4 local recurrence followed by metastatic disease). The most common site of metastasis was the bone (n=9) and the lymph nodes (n=8), followed by the liver (n=5), lungs (n=5), retroperitoneum (n=4), peritoneum (n=2) and neck (n=1); 9 patients having metastasis in two or more sites. The median time from the diagnosis of the PPGL to the diagnosis of the recurrent disease was of 11.2 months (range 0.5 to 174), and the cases of recurrent disease distributed uniformly during the follow-up period (Figure 2). However, the higher cumulative incidence of new cases of recurrence was observed in the period of 0 to 2 years of follow-up (hazard function of 0.03, 95% CI 0.01 to 0.04) (Table 2). In addition, the overall follow-up time was longer in those patients who had recurrence compared with patients free of recurrence (8.1 ± 5.68 vs. 6.0 ± 4.63 years, P=0.040).




Figure 2 | Failure curve for recurrent disease in PPGL.




Table 2 | Cumulative incidence of recurrent disease by intervals (years).



The cases of recurrence of the PPGL occurred progressively during the follow-up period, even after 10 years of follow-up. However, the higher risk of recurrence was observed in the period of 0 to 2 years (hazard: 0.026; 95% CI 0.013-0.040).

A total of 12 patients died during follow-up (18.2% of the patients with recurrent disease vs. 2.9% of benign PPGLs, P<0.001). The survival time was significantly lower in those patients with recurrent disease in comparison with those without recurrence (Log-rank test for equality of survivor functions, X2 18.1, P<0.0001) (Figure 3).




Figure 3 | Survival curves of patients who died and had recurrent disease vs. patients who died and did not have recurrence.



The survival time was lower in those patients with recurrent disease than in those without recurrence (Log-rank test for equality of survivor functions, X2 18.1, P<0.0001).




3.3 Predictors of recurrent disease

In the univariant analysis, a hereditary PPGL, harboring a SDHB pathogenic variant, a higher excretion of urine normetanephrine and lower of urine epinephrine, a larger tumor size and having a sympathetic PGL were identified as predictors of recurrent disease (Table 3). SDHB mutation was the strongest predictive factor of recurrent disease. Moreover, patients with SDHB who had recurrence, developed the recurrence earlier than patients with recurrence without SDHB pathogenic variants (1.2 ± 1.67 vs. 3.8 ± 3.95 years, P=0.034). The number of recurrences was significantly higher in SDHB mutated PPGLs than in those without the mutation (events expected 23.1% vs. 0.9%, log-rank test; X2 63.0, P<0.0001). The median time free of recurrence was significantly higher in PPGL without pathogenic variants in SDHB than in those carrying the pathogenic variants (Figure 4). In fact, the association of recurrent disease and hereditary PPGL disappeared after adjusting by SDHB mutational status (adjusted HR 1.29 [0.46-3.66]). Similarly, the association between sympathetic PGL and risk of recurrence disappeared after adjusting by SDHB mutational status (adjusted HR 2.64 [0.43-16.46]). The variables that were independently associated with recurrence (in the multivariant analysis) were the presence of SDHB pathogenic variant (HR 13.3, 95% CI 4.20-41.92), higher levels of urinary normetanephrine (HR 1.02 per each increase in standard deviation, 95% CI 1.01-1.03) and a larger tumor size (HR 1.01 per each increase in mm, 95% CI 1.00-1.02). In addition, those patients operated by an open approach had a four-fold higher risk of recurrence than those operated laparoscopically (HR 3.62, 95% CI 1.58-8.29). These differences continued being statistically significant after adjusting by tumor size (HR 3.15, 95% CI 1.34-7.41), but disappeared after adjusting by SDHB mutational status (adjusted HR 2.01, 95% CI 0.81-4.98).


Table 3 | Predictors of recurrent disease in PPGLs.






Figure 4 | Differences in time free of recurrence between patients with and without pathogenic variants in SDHB.



The mean time free of recurrence was of 5.2 ± 3.47 years in patients with pathogenic variants in SDHB and of 3.1 ± 2.73 years in those harboring SDHB pathogenic variants (P=0.024).





4 Discussion

Recurrence of PPGL after its resection occurred in 8% of our patients after a mean follow-up of 5 years, with a rate of local recurrence of 2.3% and of metastatic disease of 7%. Nevertheless, the reported rates of recurrence (local and metastatic together) widely range between 6 to 22% in other series (6, 8, 22, 23). Specifically, local recurrence is reported in 0% of a series of 135 pheochromocytomas after a median follow-up time of 10 years (24) and in 6% of pheochromocytomas after a median follow-up of 4 years in a series of 52 cases (6). Neumann series of pediatric patients described local recurrence in 50% of the patients after 30 years of follow-up (25). An intermediate rate has been described in Amar L series that included 176 cases of PPGL at risk of recurrence, reporting local recurrence of 8% but after a larger follow-up period, of 9 years (8). In this same series, metastases occurred in 15 out of the 176 PPGLs (8.5%). Nevertheless, only 3% of the patients of the O’Dwyer PJ study developed metastasis after a median follow-up of 10 years (24) and as high as 24% in patients with PGLs in other different study (26). The differences described across these studies may be explained by several factors, including differences in the duration of the follow-up period (for example of 30 years in Neumann series (25) and 4 years in Johnston PC study (6)), the inclusion criteria (for example, in series that include extraadrenal tumors the rate of recurrence is higher (8), also in pediatric patients, who have a higher rate of hereditary disease, e.g of 80% of the patients in Neumann series were hereditary), the definitions used for recurrent disease and the diagnosis method employed.

Importantly, despite that in our cohort the median time from the diagnosis to the recurrence was only of 11.2 months, the cases of recurrent disease distributed uniformly during the follow-up period, and they can occur even after 10 years of follow-up. In this line, in the Johnston CP series, all cases or local recurrence occurred at least after 8 years of the surgery for the primary pheochromocytoma (6). In contrast, a meta-analysis of 13 studies, described a lower rate of local recurrence (3%) and a larger mean time to local recurrence (4 years, ranging from 0.5 to 12 years) (27). In addition, in the recent study of Pamporaki (28), 29% of all patients with recurrent sporadic PPGL, were diagnosed with recurrence at least 10 years after primary tumor diagnosis. For these reasons and given the limitations to predict the development of recurrent disease, the current recommendation is an extended long-term follow-up for all patients with PPGLs (9).

We identified as the strongest predictor of recurrence the presence of a pathogenic variant in the SDHB gene (HR 13.3, 95% CI 4.20-41.92). According with our results, a recent study found that SDHB immunohistochemistry is an important predictive factor of recurrence for PPGL, specifically, in a prospective evaluation they found that 18.8% (3/16) of participants in the SDHB (-) group had progressive tumors compared with 3.6% (7/197) in the SDHB (+) group (RR: 5.28, 95% CI: 1.51-18.47) (23). In the same line, in a study of 44 malignant PPGLs and 113 benign PPGLs, all 11 patients with germline SDHB mutations had malignant disease (29). In agreement with these information, it has been reported that the prevalence of recurrence among patients with sporadic PPGL (14.7%) is lower (P<0.001) than for patients with pathogenic variants that activate pseudohypoxia pathways (47.5%), but similar to those with variants that activate kinase pathways (14.9%) (28). SDHB is also a predictive factor of survival in patients with metastatic PPGL, the relative risk of mortality (SDHB mutated vs non-mutated) is of 2.7; [95% confidence interval 1.2 to 6.4] in the Plouin PF study (26). In agreement with these results, we observed that recurrent disease occurred earlier in SDHB mutated patients in comparison with those without the mutation, suggesting a more aggressive disease in the former. The same observation was reported in the Plouin PF study: the median time from the diagnosis of primary tumor to the documentation of a first metastasis was 4 months in patients with SDHB mutations and 20 months in patients without (26). Thus, when a SDHB pathogenic variant is detected, we recommend performing a strict biochemical and radiological follow-up with a special attention for any data that may suggest recurrence development, including an increase in 3-methoxytyramine levels or indeterminate radiological findings. Moreover, the type of SDHB pathogenic variants may also be useful to indicate the potential risk for metastatic disease development (30). We also observed that patients with sympathetic PGLs had a higher risk of recurrent disease, but these differences disappeared after adjusting by SDHB mutation. This fact may be explained because the clinical behavior of the PGL vary depending on if the case is sporadic or if genetic. Moreover, the clinical behavior of the PGL depends on the underlying pathogenic variant; for example for SDHD mutations the risk of malignancy is estimated to be of 4% whereas for SDHB mutation, the risk is of up to 50% (10).

A higher urinary normetanephrine excretion was an independently factor of recurrence (HR 1.02 per each increase in standard deviation above the upper limit of normality). In addition, we observed that those patients who developed recurrence tended to have lower urinary epinephrine excretion than those without recurrence. These results are in line with the recently reported by Pamporaki C. et al. (28). In this study, a noradrenergic/dopaminergic phenotype (HR 2.73; 95% CI, 1.55-4.80), larger size (HR 1.82; 95% CI, 1.11-2.96) and extra-adrenal location (HR 1.79; 95% CI, 1.00-3.19) were independent predictors of recurrence in sporadic PPGL. In accordance with these results, the rate of noradrenergic/dopaminergic tumors in recurrent disease was higher than in non-recurrent PPGLs (67.1% vs 32.8%, P<0.001). Moreover, several years ago a retrospective study of 83 PPGLs described those patients with higher levels of dopamine, norepinephrine and aromatic l-amino acid decarboxylase, as well as lower ratios of epinephrine/epinephrine+norepinephrine, had significantly shorter metastases-free intervals (31). Furthermore Eisenhofer et al. (28) conducted a study on 365 PPGLs patients and demonstrated higher norepinephrine, normetanephrine, and 3-methoxytyramine levels in metastatic PPGLs. They found that 3-methoxytyramine was the most accurate biomarker of metastatic disease because plasma methoxytyramine was 4.7 times higher in patients with metastases compared to patients without metastases, and high plasma methoxytyramine was associated with SDHB mutations and extra-adrenal disease, both recognized risk factors of metastatic disease.

In our cohort, large tumor size increased the risk of recurrence during follow-up (HR 1.01 per each increase in mm, 95%CI 1.00-1.02), this finding agrees with several previous studies (16, 32, 33). Tumor size of 5-5.5 cm has been proposed as the most sensitive threshold to differentiate patients with low and high risk of developing recurrent disease (11, 32), additionally, tumor size < 4 cm has been linked to a lower risk of metastatic disease after 7.3 years according to the Dhir M. study (29). Moreover, tumor size is a prognosis factor for metastatic PPGL (16, 32). In this line, a series of 152 patients with pheochromocytoma, including 5 with metastasis at the time of the initial surgical excision and 12 who developed metastasis during follow-up, described a greater overall 5-year progression free survival rate in patients with smaller tumors (≤5.5 vs. >5.5 cm; 90.6% vs. 81.2%, p=0.025) (32). Similar results were reported by Ayala-Ramirez M et al. (16, 34), in which tumor size was significantly associated with worse overall survival (HR = 1.08; 95% CI = 1.04–1.13; P = 0.0003) while adjusting for age, gender, and tumor location.

We also found that patients who underwent surgery using an open approach presented a risk of recurrence three times higher than those who were operated laparoscopically. The open approach is preferred when there is a clinical suspicion or concern for an invasive malignant pheochromocytoma. In addition, larger tumors are at a higher risk for tumor rupture, which may lead to pheochromocytomatosis. However, we observed that even after adjusting by tumor size, open approach was associated with a higher risk of recurrence. Nevertheless, when open approach was adjusted by SDHB mutational status, these differences disappeared. An open adrenalectomy approach may be justified in patients with SDHB mutations due to the higher rate of metastatic disease in this group (35).

Histopathological information may also be useful to predict the development of metastatic disease. However, we did not find differences in the score obtained in the Pheochromocytoma of the Adrenal gland Scaled Score (PASS) system between patients who developed recurrence and those who remained without recurrence. Specifically the Grading System for Adrenal Pheochromocytoma and Paraganglioma (GAPP) criteria include six variables: histological pattern, cellularity, comedo-type necrosis, capsular/vascular invasion, Ki67 labelling index and catecholamine type (36) or the PASS score (37) based on 12 histologic features such as diffuse growth, high cellularity, cellular monotony, tumor cell spindling, mitotic figures [3/10 HPF, atypical mitoses, profound nuclear pleomorphism and nuclear hyperchromasia. However, several of the features are associated with inter- and intra-observer variability and histologic features have not been shown to reliably predict malignancy in PPGLs (38). Other authors have proposed the application of compositive predictive scores combining different clinical and histological variables for the prediction of the progression-free survival (PFS) and metastatic behavior of PPGLs. In this regard, Pierre et al. (39) proposed a new prognostic score called COPPS that combines the variables tumor size, necrosis, vascular invasion and the losses of PS100 and SDHB immunostaining to predict the risk of metastasis. Cho et al. (40) proposed another integrated risk score for recurrence prediction called ASES-score, using the variables age ≤35 years, tumor size ≥ 6.0 cm, extra-adrenal localization, and norepinephrine-secretory type. The negative predictive value of this system was 96.5% for a cut-off point of 2. Other similar models have been reported by other authors (41).

We are aware that this is a retrospective study with associated limitations, including cases selection and referral bias. In addition, we have analyzed the predictive value of histological characteristics for development of recurrent disease in few patients, so the power of this analysis to detect differences it is low. Nevertheless, we included a large sample size and a long mean follow-up period, which is one of the main strengths of the study. Furthermore, we have evaluated the influence of several characteristics in the risk of development both metastatic and local recurrent disease, including clinical, genetic, hormonal and radiological data.




5 Conclusion

Disease recurrence of PPGLs occurs more frequently in patients with mutations in SDHB, with larger tumors and higher levels of urinary normetanephrine. PPGL recurrence may occur after the initial PPGL diagnosis is performed, thus, we recommend genetic testing in all patients with PPGL and a strict follow-up, especially in those patients with a higher risk of recurrent disease.
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Purpose

Adrenocortical carcinoma (ACC) is a rare and aggressive tumor. ACC male patients under adjuvant mitotane therapy (AMT) frequently develop hypogonadism, however sexual function has never been assessed in this setting. The aim of this retrospective study was to evaluate in AMT treated ACC patients the changes in Luteinizing hormone (LH), Sex Hormone Binding Globulin (SHBG), total testosterone (TT) and calculated free testosterone (cFT), the prevalence and type of hypogonadism and sexual function, the latter before and after androgen replacement therapy (ART).





Methods

LH, SHBG, TT and cFT were assessed in ten ACC patients at baseline (T0) and six (T1), twelve (T2), and eighteen (T3) months after AMT. At T3, ART was initiated in eight hypogonadal patients, and LH, SHBG, TT and cFT levels were evaluated after six months (T4). In six patients, sexual function was evaluated before (T3) and after (T4) ART using the International Index of Erectile Function-15 (IIEF-15) questionnaire.





Results

Under AMT we observed higher SHBG and LH and lower cFT levels at T1-T3 compared to T0 (all p<0.05). At T3, hypergonadotropic hypogonadism and erectile dysfunction (ED) were detected in 80% and 83.3% of cases. At T4, we observed a significant cFT increase in men treated with T gel, and a significant improvement in IIEF-15 total and subdomains scores and ED prevalence (16.7%) in men under ART.





Conclusion

AMT was associated with hypergonatropic hypogonadism and ED, while ART led to a significant improvement of cFT levels and sexual function in the hypogonadal ACC patients. Therefore, we suggest to evaluate LH, SHBG, TT and cFT and sexual function during AMT, and start ART in the hypogonadal ACC patients with sexual dysfunction.





Keywords: adrenocortical carcinoma, mitotane, hypergonadotropic hypogonadism, androgen replacement therapy, sexual dysfunction





Introduction

Adrenocortical carcinoma (ACC) is a rare tumor (0.7–2.0 cases per million persons/year) (1, 2), with a slight female preponderance (M:F 1.0:1.2) (3). The relative peak of incidence is in the fourth and fifth decades of life (4). ACC is associated with a poor prognosis and with an average 5-years survival rate of 50%, which dramatically drops to 6.9 – 13.0% in patients with documented distant metastases (5, 6). Currently, surgery represents the only curative approach for ACC patients (7). However, the complete tumor resection is often not curative due to the high risk of recurrence (8). For this reason, international guidelines recommend adjuvant therapies after surgery (9).

In particular, the latest guidelines of the European Network for the Study of Adrenal Tumors (ENSAT) recommend mitotane as an adjuvant therapy for at least two years after surgery in patients with a high risk of recurrence (ENSAT stage III, or R1 resection, or Ki67 > 10%) (9). Mitotane is a synthetic derivative of dichloro-diphenyl-trichloroethane (DDT) with a direct cytotoxic effect on the adrenal cortex (10–12), and has been approved by the European Medicines Agency (EMA) as therapy for ACC patients with advanced inoperable, or metastatic, or cortisol secreting masses. Recent evidences confirmed that adjuvant mitotane therapy (AMT) reduces the risk of recurrence and death (13). In addition, a high mitotane “time in target range” (TTR, months with mitotane levels 14-20 mg/l) was associated with a reduced risk of ACC recurrence in an adjuvant setting (14) and of death in a palliative group (15).

Nevertheless, mitotane has several side effects that are responsible of a limited tolerability (16). In males, one of the most frequent adverse effects is hypogonadism, which has been reported in 35.6% of men (17). The main reason suggested for AMT-related hypogonadism is that mitotane causes a rise in the hepatic SHBG synthesis and release (18) which can lead to a reduction in cFT levels. Despite this evidence, the hormonal status in ACC patients under AMT has been evaluated only in four studies (19–22), with partially discordant results, which might in part be due to differences in mitotane regimen, timing of blood sampling and laboratory methods for mitotane measurement, as well as in the circulating levels of the drug.

On the other hand, it is well known that hypogonadism, as well as malignancies per se, are associated with sexual dysfunction (23). However, no study evaluated the sexual function and the impact of androgen replacement therapy (ART) on sexuality in surgically treated ACC men under AMT.

The aim of the present study was to evaluate in surgically treated ACC patients under AMT: (i) the changes in LH, SHBG, TT, and cFT levels and the prevalence and type of hypogonadism during AMT, as well as (ii), for the first time, the sexual function before and after ART in patients with hypogonadism.





Materials and methods




Patients

We studied retrospectively ten surgically treated ACC male patients attending the Endocrinology Unit of the University Hospital of Florence. In particular, we included in this study a consecutive series of patients affected by histologically confirmed ACC treated with AMT between January 1st, 2013 and December 31, 2020. A comprehensive anamnesis (including age, smoking habit and alcohol consumption), as well as a general (body mass index, waistline, systolic and diastolic arterial blood pressure) and andrological (including testis volume and male breast assessment) physical examination were performed according to a previous study (24).

AMT was initiated after radical surgery with the intention of at least two years of therapy, although an individual approach was adopted considering the patients’ compliance and the side effect tolerability (9). In particular, AMT was started with a minimum daily dose of 1000 mg and was increased up to the maximally tolerated dose. We evaluated the minimum and maximum daily dose of mitotane, the mean and maximum levels reached and the “time in target range” (TTR) corresponding to the number of months in which mitotane concentrations were between 14 and 20 mg/l (15). The mitotane levels were evaluated every month until the achievement of 14 mg/l and then every two-three months. We also registered the start date and type of any supportive/replacement therapy (glucocorticoid, fludrocortisone, levothyroxine, lipid lowering, ART) initiated due to ACC or ACC surgery-related hormonal deficiencies/metabolic abnormalities. In particular, ART was offered to patients with hypogonadism in different forms based on the presence or not of gynecomastia. Subjects with hypogonadism and gynecomastia were treated with 2.5% transdermal dihydrotestosterone (DHT) gel, a non-aromatizable ART, at the daily dose of 2 applications on each breast (one in the morning and one in the evening). Patients with hypogonadism without gynecomastia were treated with 2% testosterone (T) gel at the daily dose of 50 mg (five puffs/day). We preferred the use of gel to avoid any additional liver load in subjects already under the liver-affecting mitotane treatment, and because the gel manageability and rapid suspension in case of side effects.

LH, SHBG, TT, and cFT were assessed in all patients at baseline (T0) and 6 (T1), 12 (T2) and 18 (T3) months after AMT start (see below). In addition, TT, SHBG, cFT, and LH and sexual function were evaluated in eight and six men, respectively, before (T3) and six months after (T4) ART (see below).





Biochemical evaluation

Biochemical evaluation was performed in single reference laboratory, the General Laboratory of Careggi Hospital. The Laboratory is part of AOUC (Azienda Ospedaliero-Universitaria Careggi), is certificated by the Tuscany region, and works according to ISO 9001:2015. Internal quality controls (IQC) are periodically reviewed by the direction of the Laboratory and External Quality Assessment (EQA) schemes are provided and evaluated by third part institution QualiMedLab (CNR, Pisa) and Reference Regional Centre for EQA (CRRVEQ).

Blood samples were drawn in the morning, after an overnight fast, and were immediately centrifuged at 3.000 rpm for 20 minutes. In particular, at T4 (after six months of ART), blood samples were drawn two hours after the application of T or DHT gel (see above) according to the Endocrine Society guidelines (25). LH, TT and SHBG were measured by electrochemiluminescence (ECLIA) method on COBAS 6000 (Roche Diagnostic, Mannheim, Germany). In particular, TT was evaluated by the electrochemiluminescence immunoassay “ECLIA”, intended for use on Elecsys Testosterone II and cobas e immunoassay analyzers; for details see https://labogids.sintmaria.be/sites/default/files/files/testosteron_ii_2017-11_v9.pdf) standardized via ID−GC/MS (“Isotope Dilution - Gas Chromatography/Mass Spectrometry”) (26, 27), which shows good agreement with mass spectrometry in the distribution of results for TT (28). To ensure day-to-day consistency of an analytical process, two levels Bio-Rad internal IQC samples were processed before and after the sample measurements. An External Quality Assurance (EQA) systems to evaluate accuracy and bias was adopted by laboratory using QualiMedLab (CNR, Pisa) EQA controls. A one-year EQA schemes coefficients of variation (CVs) for these methods were 6.0%, 9.0% and 5.6% for LH, TT and SHBG, respectively. EQA sample at cut-off concentration (300 ng/dL) showed a CV and u% of 4.3% and 0.48%, respectively. LH, TT and SHBG assay sensitivity are 0.2 IU/L, 0.42 nmol/l and 0.35 nmol/l, respectively, with a Limit of Quantitation of TT of 0.416 nmoli/l. Calculated free testosterone (cFT) was derived according to the Vermeulen’s formula (available at http://www.issam.ch/freetesto.htm).

Since patients under AMT show a relevant increase in SHBG levels (19–22), in our study, hypogonadism was diagnosed using cFT instead of TT, to increase the specificity of T deficiency detection (low cFT levels) even in men with apparent normal TT levels. A cFT < 225 pmol/l was considered to define hypogonadism (29), while a LH cut-off of 9.4 U/l was used to distinguish between hypo- and hyper-gonadotropic hypogonadism. According to the largely accepted definition derived from the European Male Ageing Study (30), LH < 9.4 U/l defines “secondary or hypogonadotropic hypogonadism”, while LH ≥ 9.4 U/l defines “hypergonadotropic hypogonadism”. In addition, the contemporary presence of LH ≥ 9.4 U/l and cFT ≥ 225 pmol/L defines “compensated hypogonadism” (31). Finally, the presence of hypo- and/or hyper-gonadotropic hypogonadism was defined as “overt hypogonadism”, excluding eugonadism and/or “compensated” hypogonadism.

Plasma mitotane concentration was measured by the Lysosafe service provided by HRA Pharma (http://www.lysosafe.com) at Cochin Hospital Laboratory (Paris, France). Quantification of mitotane plasma concentrations was performed using a validated liquid chromatography method coupled with UV-detection. Mitotane and its internal standard (p,p’DDE) were extracted using a one-step extraction method (protein precipitation). The calibration was linear in the range 0.5-25 mg/L. The intra and inter-precision for the four internal quality controls (0.7, 4, 12.5 and 20 mg/L) were below 4.4 and 9.7%, respectively; and the intra and inter-accuracy ranged from 92.8 to 109.7%. The accuracy of the method was also ensured by the participation to an external quality assessment Scheme including five French Hospital Laboratories.





Evaluation of sexual function

A standard question “Do you agree to be investigated about your sexuality?” was raised to all patients. The “yes” responders were asked to complete the International Index of Erectile Function-15 (IIEF-15) (32), in its Italian form. The domains investigated by the IIEF-15 are: erectile function, orgasmic function, sexual desire, intercourse satisfaction and overall satisfaction. Erectile function was assessed using the IIEF-15-erectile function domain (EFD) (33). According to the IIEF-15-EFD score, the severity of erectile dysfunction (ED) can be categorized as: no ED (score 30-26), mild ED (score 25-22), mild-to-moderate ED (score 21-17), moderate ED (score 16-11) and severe ED (score 10-6) (33). Since scores between 25 and 22 suggest “very mild” ED, it is not likely to be a major problem for men in engaging coitus, whereas threshold of 22, identifying a more severe problem, can be considered as indicative of a more relevant clinical ED (34). Hence, in our study, ED was defined for an IIEF-15-EFD score < 22.





Statistical analysis

To summarize patients’ clinical characteristics, we used descriptive statistics. Continuous data were expressed as mean ± standard deviation (SD) when normally distributed, or as medians (quartiles) for non-normal distribution, while categorical data were indicated as percentages, unless otherwise specified. Correlations were assessed using Spearman’s or Pearson’s method, whenever appropriate. One-way ANOVA test for repeated measures was used to compare more than two groups, i.e. hormonal (TT, SHBG, cFT and LH) levels at baseline (T0), T1, T2 and T3. The paired two-sided Student’s t-test was used to compare hormonal (LH, SHBG, TT and cFT) levels in two groups and IIEF-15 total and subdomains scores at T3 and T4.

Statistical analysis was performed with SPSS (SPSS, Inc., Chicago, IL, USA) for Windows 27, GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, California USA, http://www.graphpad.com, and Origin version 6.1 for Windows.

A p-value < 0.05 was considered significant.

All the figures were prepared using GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, California USA, http://www.graphpad.com and Origin version 6.1 for Windows.






Results




Clinical and hormonal characteristics of the entire patients’ cohort at baseline

Patients surgically treated for ACC who underwent AMT (n=10) had a mean age of 43.0 ± 14.2 years. The main clinical and hormonal baseline characteristics of the patients, as well as the main ACC features, are summarized in Table 1. At baseline, secondary hypogonadism and gynecomastia were detected in three patients (30%) (Table 1), while no patient complained of sexual dysfunction.


Table 1 | Main clinical, hormonal and oncological features of the sample at baseline.







Adjuvant mitotane therapy (AMT)

Table 2 shows the mitotane minimum and maximum daily dose, the mean and maximum levels reached and the TTR in each patient and in the entire cohort. The mitotane plasma mean concentration during AMT was 12.5 ± 2.6 mg/L. The mean TTR in the whole sample was 14.2 ± 13.4 months. Out of ten patients, two never reached the target range.


Table 2 | Mitotane daily dose, mitotane levels and time in target range (TTR).







LH, SHBG, TT, cFT levels and hypogonadal status during AMT

Figure 1 shows the mean levels of LH, SHBG, TT and cFT at baseline (T0) and 6 (T1), 12 (T2) and 18 (T3) months after the initiation of AMT in all patients. Compared to baseline, at all the follow-up time points we observed significantly higher levels of LH and SHBG, which showed a progressive increase, and lower cFT levels (all p < 0.05; Figures 1A, B, D, respectively), while no significant change in TT levels were observed (Figure 1C). Of note, no significant difference in physical examination-related parameters, including body mass index and waistline, was observed in each patient at different time points (not shown).




Figure 1 | Hormonal parameters at baseline (T0) and after 6 (T1), 12 (T2) and 18 (T3) months of mitotane therapy in the whole cohort. (A), Luteinizing hormone (LH) levels. (B), Sex hormone binding globulin (SHBG) levels. (C), Total testosterone (TT) levels. (D), Calculated free testosterone (cFT) levels.



On the basis of cFT and LH levels at T0, three patients (30%) showed hypogonadotropic hypogonadism and seven (70%) eugonadism. At T1, five patients (50%) showed hypergonadotropic hypogonadism, three (30%) hypogonadotropic hypogonadism and two (20%) eugonadism. At T2, eight patients (80%) showed hypergonadotropic hypogonadism and two (20%) eugonadism. At T3, eight patients (80%) showed hypergonadotropic hypogonadism and two (20%) compensated hypogonadism. Compared to T0, the prevalence of overt hypogonadism, as well as of hypergonadotropic hypogonadism, was higher at all-time points (T1, T2, T3) after AMT initiation (all p < 0.05) (Figure 2A).




Figure 2 | Prevalence and type of hypogonadism before (T0) and during (T1-T3) mitotane therapy; prevalence and type of hypogonadism before (T3) and six months after (T4) T gel therapy; prevalence of erectile dysfunction (ED) before (T3) and six months after (T4) androgen replacement therapy (ART); IIEF total score. (A), Prevalence of eugonadism (Eu), compensated hypogonadism (CH), hypogonadotropic hypogonadism (Hypo H), hypergonadotropic hypogonadism (Hyper H) and overt hypogonadism (Overt H) in the whole cohort at baseline (T0) and 6 (T1), 12 (T2) and 18 (T3) months after the initiation of mitotane therapy. (B), Prevalence of eugonadism (Eu), compensated hypogonadism (CH), hypogonadotropic hypogonadism (Hypo H), hypergonadotropic hypogonadism (Hyper H), and overt hypogonadism (Overt H) in five men before (T3) and after six months (T4) of T gel therapy. (C), Prevalence of erectile dysfunction (ED) in six men before (T3) and after six months (T4) of androgen replacement therapy (ART, including patients under T gel [n=3] and DHT gel [n=3] therapy). (D), Total score of International Index of Erectile Function-15 (IIEF-15) in six men before (T3) and after six months (T4) of ART. *p <0.05, comparing the prevalence of overt hypogonadism at T1, T2 and T3 vs. T0. **p <0.05, comparing the prevalence of hypergonadotropic hypogonadism at T1, T2 and T3 vs. T0.



Interestingly, we found no associations between AMT-related parameters (minimum and maximum mitotane daily doses, mean and maximum mitotane levels and TTR) and hormonal (TT, cFT, SHBG and LH) levels at any time (T1, T2, T3) (not shown).





Evaluation of LH, SHBG, TT, and cFT levels and sexual function before and after ART

At T3, ART was offered to subjects with overt hypogonadism (n=8) (Table 3). In particular, three patients with overt hypogonadism and gynecomastia (cases #3, #4, #5) underwent treatment with DHT gel, while five patients with overt hypogonadism and without gynecomastia (cases #1, #6, #8, #9, #10) underwent treatment with T gel (Table 3; see Methods section). Comparing hormonal levels before (T3) and after six months (T4) of ART, no significant differences in LH and SHBG levels were observed (Figures 3A, B). Conversely, in the five T-gel-treated patients, after six months of T replacement therapy a significant increase in cFT levels was observed (Figure 3D), as well as a trend toward a significant increase in TT levels (Figure 3C). Obviously, in those patients under DHT-treatment, TT and cFT levels were not considered. In addition, out of the five patients who showed overt hypogonadism at T3, and therefore started T gel-treatment, two switched to compensated hypogonadism at T4, with a statistical trend (p = 0.089) toward the reduction of overt hypogonadism frequency (Figure 2B).


Table 3 | Presence of overt hypogonadism and gynecomastia after 18 months of mitotane therapy (T3), patients treated with androgen replacement therapy (ART) and type of ART, and patients who agreed to be investigated about their sexuality.






Figure 3 | Hormonal parameters before (T3) and six months after (T4) androgen replacement therapy (ART) in eight patients with overt hypogonadism (A, B) and in five patients treated with T gel (C, D). Out of eight patients, five have been treated with T gel and three with DHT gel. (A), Luteinizing hormone (LH) levels in eight patients treated with ART. (B), Sex hormone binding globulin (SHBG) levels in eight patients treated with ART. (C), Total testosterone (TT) levels in five patients treated with T gel. (D), Calculated free testosterone (cFT) levels in five patients treated with T gel. T3, 18 months after mitotane therapy; T4, 24 months after mitotane therapy and treated with ART since the last 6 months.



In the six patients from whom sexuality was investigated, sexual function data were available starting from T3 (see Supplementary Table 1). At T3, five out of six patients (83.3%) had ED (IIEF-15-EFD score < 22) (Figure 2C). All the six patients started ART, three (#3, #4, #5) with DHT gel and three (#1, #6, #8) with T gel (Table 3). At T4, after six months of ART, we observed a significant decrease in ED prevalence (83.3% at T3 vs. 16.7% at T4, p = 0.040) (Figure 2C) associated with a significant increase in the all IIEF-15 subdomains and total score (Figures 2D, Supplementary Figures 1A-E). Supplementary Table 1 reports the starting (at T3) and the final (at T4) values of the IIEF-15 total and subdomains scores for each patient.






Discussion




Main findings of the study

In this study LH, SHBG, TT and cFT variations as well as the prevalence and type of hypogonadism before and after AMT were evaluated in ten surgically treated ACC male patients under AMT. In addition, we evaluated the changes in LH, SHBG, TT, and cFT levels after six months of ART administered in patients who showed overt hypogonadism (n=8). In six patients who had agreed to be investigated about their sexuality, we further investigated the sexual function before and after six months of ART by using the IIEF-15 questionnaire. Essentially, we found that during AMT, patients showed lower cFT levels as well as higher SHBG and LH levels compared to baseline, without significant variations in TT levels over time, most probably because of SHBG increase. At 12 and 18 months-treatment with AMT, 80% of the patients showed overt hypergonadotropic hypogonadism. ART treatment with T gel of the hypogonadal patients subgroup resulted in a significant increase in cFT levels. When evaluating ED in AMT-treated patients, its prevalence (IIEF-15-EFD-defined) was 83.3% eighteen months of treatment. In addition, in six months ART (T or DHT gel)-treated hypogonadal patients, we observed a significant improvement in IIEF-15 total and subdomains scores, (including the EFD score), with an overall significant decrease in ED prevalence to 16.7%.





Adjuvant mitotane therapy (AMT) and LH, SHBG, TT, and cFT levels changes over time

In the present study, we reported LH, SHBG, TT, and cFT levels changes over time during AMT. In particular, we found that during AMT, patients showed lower cFT levels as well as higher SHBG and LH levels compared to baseline, without significant variations in TT levels over time. It has been demonstrated that mitotane causes a rise in the hepatic SHBG synthesis and release (18) that can lead to a reduction in cFT levels, despite frequent normal or elevated TT levels, and a compensatory elevation of LH. The increase in LH can, in turn, compensate the cFT reduction in some cases, leading to compensated hypogonadism. Since physical examination-related parameters, including body mass index and waistline, did not change in each patient at different time points, SHBG increase, and related cFT reduction, can be mainly attributed to AMT, excluding possible variations of SHBG and testosterone levels related to changes in fat mass, being SHBG and testosterone inversely associated with body mass index (35). The hormonal status in ACC patients under AMT has been evaluated previously only in four studies (17–20), with partially discordant results. A first study (17) reported a significant surge of sex hormone binding globulin (SHBG) levels associated with an initial rise in total testosterone (TT) levels, followed by a reduction, and with a decrease in calculated free testosterone (cFT) levels, with no changes in gonadotropins levels. A second study (18) reported a significant increase in SHBG, a decrease in cFT, but no change in TT levels and gonadotropins. A third study (19) reported an increase in TT but not in cFT levels, along with an increased level of luteinizing hormone (LH). A most recent study reported a cumulative prevalence of hypogonadism of 87.5%, however LH levels were not assessed and the type of hypogonadism was not evaluated (20). Of note, the difference in results reported in previous studies might in part be due to differences in mitotane regimen, timing of blood sampling and laboratory methods for mitotane measurement, as well as in the circulating levels of the drug.





Adjuvant mitotane therapy (AMT) and prevalence and type of hypogonadism

In the present study, we reported a high prevalence of overt hypogonadism in AMT male patients, timely associated with AMT duration, reaching 80% of cases after twelve and eighteen months of AMT. The time dependent SHBG and LH increase associated with lower cFT levels with no significant changes in TT levels observed in our patients might explain the higher prevalence of hypogonadism detected respect to a previous study, reporting hypogonadism in about one out of three patients under mitotane therapy (16). Of note, patients with overt hypogonadism showed a hypergonadotropic form.

At baseline, we observed that 30% of patients already had hypogonadism but with a hypogonadotropic form. This form of hypogonadism could be due either to the excess of cortisol if present, and/or to the tumor-related cachectic condition (24). After twelve and eighteen months of AMT, 80% of patients showed hypergonadotropic hypogonadism, and, at eighteen months, the remaining 20% showed compensated hypogonadism (high LH with normal cFT levels). The induction of hypergonadotropic hypogonadism was timely associated with AMT duration. However, no association was found between the onset of hypogonadism and mitotane levels or with TTR, in agreement with a previous study (20). Differently, other authors reported an inverse correlation between mitotane and TT levels (22). The present report of hypergonadotropic hypogonadism in surgically treated ACC patients under AMT is a new finding. In fact, two previous studies reported the onset of hypogonadotropic hypogonadism in patients treated with mitotane (19, 20), while one study found an increase in LH values ​​without the development of overt hypogonadism (21). As reported above, the differences between the results of these studies could be in part related to the different mitotane concentration reached, time of evaluation and the laboratory methods used.

In our study, the number of patients that reached a mitotane level higher than 14 mg/l is in line with the literature data (36). As reported above, mitotane causes a rise in SHBG levels (18) that can lead to a reduction in cFT levels and a compensatory elevation of LH. The increase in LH can, in turn, compensate the cFT reduction. The compensatory elevation of LH levels can explain the two cases of compensated hypogonadism observed in our study, while a direct testicular damage of mitotane might explain the lack of compensation and the induction of a hypergonadotropic hypogonadism observed in most of the cases. Accordingly, a previous case report (37) showed that a patient affected by a cortisol-secreting ACC treated with mitotane developed hypergonadotropic hypogonadism associated with ED (37). The patient underwent a testicular biopsy which demonstrated a mitotane-related direct testicular toxicity. This is not surprising because mitotane is toxic for the steroid-producing cells, present not only in the adrenal gland but also as Leydig cells in the testis. The causative role of AMT in the aforementioned alterations was supported by the gradual improvement of libido observed in the patient after therapy discontinuation (37). Regarding this case report (37), two different aspects should be underlined. First, in the presence of hypercortisolism in a patient affected by a cortisol-secreting ACC, a hypogonatropic hypogonadism is expected, while the high levels of gonadotropins observed in that patient strengthen the hypothesis of a crucial negative effect of mitotane at testicular level. Second, the patient was treated with a very high dose of mitotane (6000 mg every 12 hours) which was interrupted due to gastrointestinal and central nervous system side effects (37). Hence, further investigations at the testicular level are needed in patients treated with mitotane in an adjuvant setting.





Androgen replacement therapy (ART) and LH, SHBG, TT, and cFT levels changes

Considering ART, in the subset of hypogonadal men treated with T gel we observed a significant increase in cFT levels and a trend toward an increase in TT levels after six months of treatment, and a shift of two out of five patients from hypergonadotropic to compensated hypogonadism. Conversely, no significant differences in LH and SHBG levels were observed in all patients treated with ART before and after therapy. Our findings, if supported by future studies, could suggest the use of higher doses of testosterone than those currently used foe the replacement therapy (TRT) in mitotane-induced hypogonadism. A limitation of our study is that we have not measured the DHT levels but is possible that the above considerations for TRT should be extended also to the DHT therapy.





Sexual function of ACC patients under AMT before and after ART

Regarding sexual function, six patients agreed to be investigated after eighteen months from the initiation of AMT using the IIEF-15 questionnaire. Interestingly, among them, 83.3% of the patients complained of clinically significant ED, as derived from the IIEF-15-EFD score. Upon ART, a significant reduction to 16.7% in ED prevalence was observed along with an overall improvement of sexual function. It could be hypothesized that the increased cFT levels, observed in men under T gel treatment, and/or the increased androgen receptor stimulation by T or DHT are responsible for the amelioration of sexual functions in the treated patients.

A previous study reported no significant clinical effects of TRT in surgically treated ACC patients under AMT (21), while another study observed an improvement in strength, mood and sexual desire in four out of seven treated patients (19). Larger studies comparing treated and non-treated patients as well as treatment with T or DHT gel are necessary to evaluate the real role of ART therapy in ACC patients treated with mitotane. Furthermore, the evaluation of bone assessment could clarify the role of TRT therapy in this setting.





Limitations and strengths of the study

This study has some limitations, including the retrospective nature and the limited number of patients studied, partly justified by the fact that ACC is a rare cancer. Hence, larger prospective studies are needed to confirm our results. Another limiting point is the use of the electrochemiluminescence method to evaluate TT levels instead of mass spectrometry. However, TT was assessed using the electrochemiluminescence immunoassay “ECLIA” (see above in the Methods section; https://labogids.sintmaria.be/sites/default/files/files/testosteron_ii_2017-11_v9.pdf), standardized via ID−GC/MS (“Isotope Dilution - Gas Chromatography/Mass Spectrometry”) (26, 27), which has previously been demonstrated to show a good agreement with mass spectrometry in the distribution of TT results (28). However, mass spectrometry assays are considered to have the highest specificity and are preferred, but immunoassays are regarded to possess the ability to discriminate between hypogonadism and eugonadism. A further source of heterogeneity is associated to ART: in fact, five out of eight patients received T gel while three received DHT gel, because of symptomatic gynecomastia. In addition, cutaneous absorption of the gel can vary, despite the standardization of the dosage and the time interval between applications.

The present study has also some strengths. In particular, this study evaluated LH, SHBG, TT, and cFT changes at different times as well as, for the first time, sexual function before and after ART. Furthermore, LH, SHBG, TT, and cFT assessment was performed in a single reference laboratory (General laboratory of Careggi Hospital). Finally, this is the first study focused on the andrological assessment of ACC patients treated with mitotane and considering the prevalence and type of hypogonadism as primary aim, and assessing sexual function through a standardized questionnaire as the IIEF-15.






Conclusions

AMT is associated with a high prevalence of hypergonadotropic hypogonadism in ACC male patients, regardless of mitotane levels and TTR reached. Primary hypogonadism is essentially due to a rise in SHBG and to the absence of LH-related compensatory increase in T synthesis, likely resulting from a mitotane-induced direct damage to the Leydig cells. Patients who underwent surgery for ACC and subsequent AMT showed a high prevalence of sexual dysfunction, that could be ameliorated by ART. Hence, we suggest a periodic LH, SHBG, TT and cFT monitoring during AMT, as well as an assessment of sexual function, to identify those patients with sexual dysfunction who might benefit from ART to, at least partially, improve their quality of life.
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Supplementary Figure 1 | Subdomains scores of the International Index of Erectile Function-15 (IIEF-15) before (T3) and after six months (T4) of androgen replacement therapy (ART) in six patients who agreed to be investigated about their sexuality. Out of six patients, three have been treated with T gel and three with DHT gel (A), IIEF-15-erectile function domain (EFD) scores. (B), IIEF-15-intercourse satisfaction domain scores. (C), IIEF-15-orgasmic function domain scores. (D), IIEF-15-sexual desire domain scores. (E), IIEF-15-overall satisfaction domain scores. T3, 18 months after mitotane therapy; T4, 24 months after mitotane therapy and treated with ART since the last 6 months.
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Purpose

To compare the clinical and hormonal characteristics of patients with familial hyperaldosteronism (FH) and sporadic primary aldosteronism (PA).





Methods

A systematic review of the literature was performed for the identification of FH patients. The SPAIN-ALDO registry cohort of patients with no suspicion of FH was chosen as the comparator group (sporadic group).





Results

A total of 360 FH (246 FH type I, 73 type II, 29 type III, and 12 type IV) cases and 830 sporadic PA patients were included. Patients with FH-I were younger than sporadic cases, and women were more commonly affected (P = 0.003). In addition, the plasma aldosterone concentration (PAC) was lower, plasma renin activity (PRA) higher, and hypokalemia (P < 0.001) less frequent than in sporadic cases. Except for a younger age (P < 0.001) and higher diastolic blood pressure (P = 0.006), the clinical and hormonal profiles of FH-II and sporadic cases were similar. FH-III had a distinct phenotype, with higher PAC and higher frequency of hypokalemia (P < 0.001), and presented 45 years before sporadic cases. Nevertheless, the clinical and hormonal phenotypes of FH-IV and sporadic cases were similar, with the former being younger and having lower serum potassium levels.





Conclusion

In addition to being younger and having a family history of PA, FH-I and III share other typical characteristics. In this regard, FH-I is characterized by a low prevalence of hypokalemia and FH-III by a severe aldosterone excess causing hypokalemia in more than 85% of patients. The clinical and hormonal phenotype of type II and IV is similar to the sporadic cases.





Keywords: primary aldosteronism, familial hyperaldosteronism, genetic study, pathogenic variant, plasma aldosterone concentration




1 Introduction

Primary aldosteronism (PA) is the most common cause of secondary hypertension, accounting for 10% of hypertensive patients in the general setting and of 20% in patients with refractory hypertension (1). Approximately 95% of these cases are sporadic, with the remaining 5% caused by a pathogenic variant in genes that result in an increase in the transcription and expression of CYP11B2, which is responsible for aldosterone synthesis (familial hyperaldosteronism (FH) types II, III, and IV) or a fusion of the CYP11B2 and CYP11B1 genes, which is responsible for FH-I or glucocorticoid-remediable PA (GRA) (2).

Sutherland et al. described the familial occurrence of PA for the first time in 1966 (3). Lifton et al. (4) demonstrated the genetic basis of this familial form: GRA caused by a hybrid gene composed of ACTH-regulated 11b-hydroxylase (CYP11B1) regulatory sequences and aldosterone synthase (CYP11B2) coding sequences. Following that, a number of FH type I cases have been described in the literature (5–29). Gordon et al. (30) described the first case of FH type II several years after the discovery of FH-I. Since its first description, more than 80 cases have been reported in the literature (6, 31–41). More recently, two additional kinds of genetic PA have been identified: type III caused by a pathogenic mutation in KCNJ5 (42) and type IV caused by a CACNA1H pathogenic variant (43).

However, few studies have directly compared the clinical and hormonal aspects of the familial and sporadic PA cases (11, 33), despite the well-known description of the familial cases. Michael Stowasser (33) was the first to compare 88 consecutive PA patients and 13 FH type II patients. There were no differences in age at presentation, sex incidence, and biochemical parameters between both groups. Another series comparing family members with positive (n = 21) and negative (n = 18) study for FH-I found that body mass index (BMI) was lower and plasma aldosterone concentration (PAC) higher in FH-I; however, the control group did not have PA in this study (26). This study design was comparable with the Litchfield study (25). A subsequent study matched 79 GRA-positive patients and 114 GRA-negative unilateral PA patients by age, gender, and BMI. They found that being younger and having a lower PAC were associated with a higher probability of FH-I (11). Nevertheless, the majority of these studies contained a small number of patients and only evaluated the differences between sporadic PA cases and FH type I and type II cases.

Considering this background, the aim of our study was to identify the clinical and hormonal features linked to FH by comparing a large cohort of FH patients to a group of sporadic PA cases. Based on that information, we will aim to determine which PA patients should be genetically tested.




2 Methods



2.1 Patients

The control group of sporadic cases was extracted from the Spanish Primary Aldosteronism (SPAIN-ALDO) Registry of the Spanish Endocrinology and Nutrition Society (SEEN). As previously described (44), this is a multicenter collaborative study involving patients with a diagnosis of PA who were followed up in 35 Spanish tertiary hospitals between January 2018 and July 2023. At the time of data analysis (11/08/2023), the registry contained 855 patients with PA.

We excluded the following patients from the sporadic group: (i) those patients with a positive genetic study (n = 1); (ii) those with familial history of PA and no available negative genetic study for FH (n = 13); (iii) patients who underwent genetic testing due to high suspicion and whose results were pending (n = 7); and (iv) patients diagnosed of PA before the age of 30 and no available negative genetic study for FH (n = 4). Thus, 830 cases were included. Of these 830 patients, only 18 underwent genetic study for FH, with negative results (Figure 1).




Figure 1 | Study population. PA, primary aldosteronism; FH, familial hyperaldosteronism.



For the diagnosis of FH, we followed the following criteria: Diagnosis of FH-I was performed by long-PCR amplification of the hybrid gene (CYP11B1/CYP11B2); diagnosis of FH-II was made when a mutation in CLCN2 was detected or when there was a family history of PA in at least two family members; diagnosis of FH-III when a pathogenic variant in KCNJ5 was demonstrated and FH-IV if a pathogenic variant in CACNA1H was detected.




2.2 Definitions

PA diagnosis was made following the recommendations of the clinical international guidelines for PA (45, 46). Blood samples for plasma renin activity (PRA) and/or concentration (PRC) and PAC were collected from all patients. As we have previously described (47), those patients (n = 340) who did not meet the criteria of overt PA (hypokalemia, PAC >18 ng/dL and pathological aldosterone-to-renin ratio) underwent at least one of the following confirmatory tests: oral sodium loading, saline infusion test, captopril challenge test, and/or fludrocortisone suppression test.

The findings of the adrenal venous sampling (AVS) and/or the outcomes after adrenalectomy were used to differentiate between unilateral and bilateral PA. A total of 326 out of 830 patients underwent AVS, with 190 being successful. Unilateral disease was assumed if the lateralization index of the aldosterone to cortisol ratio was ≥4.0 on the dominant vs. non-dominant side during ACTH stimulation or at least two times higher under unstimulated conditions (1, 6). In patients without successful AVS, unilateral disease was assumed if a complete biochemical cure after surgery was obtained (n = 186). The PASO classification criteria were used to define biochemical and clinical cure for PA after adrenalectomy (48).




2.3 Search strategy for the identification of FH cases

The FH cases were identified using the SANRA scale (49). The search strategy was conducted in PubMed without a date filter until 12/08/2023. The following keywords were used in the search: familial primary aldosteronism [TI]: 136 results; familial hyperaldosteronism [TI]: 61 results; hereditary aldosteronism [title]: 18 results; inherited primary aldosteronism [TI]: 16 results; dexamethasone-suppressible aldosteronism: 2 results; and glucocorticoid-remediable aldosteronism [TI]: 49 results. Potentially relevant articles were retrieved after reading the title, abstract, or whole article, and we discarded repeated articles. Only articles written in English were considered. The articles found through these searches as well as the pertinent references listed in those papers were reviewed. After that, 53 original articles were included: 25 articles about FH-I (5–29), 12 about FH-II (6, 31–41), 13 about FAH-III (32, 42, 50–60), and 3 about FAH-IV (43, 61, 62) (Figure 2).




Figure 2 | Flow-chart for identification of FAH cases. FH, familial hyperaldosteronism.






2.4 Statistical analysis

All statistical analyses were conducted with STATA.15. Shapiro–Wilk’s test was used to assess the normality of continuous variables. All data are expressed as the mean and standard deviation for normally distributed variables and the median (and range) for non-normally distributed variables. Student’s t-test was used to compare quantitative variables and the X2 test for qualitative variables between two groups. In all cases, a two-tailed P value < 0.05 was considered statistically significant.





3 Results



3.1 Differences between FH-I and sporadic cases

A total of 246 patients with confirmed FH-I were compared with 830 cases of sporadic PA. Patients with FH-I were found to be younger than sporadic cases, and women were more commonly affected than men. On the other hand, sporadic cases had higher PAC and lower PRA than FH-I. Besides, hypokalemia was uncommon (12%) in FH-I patients, but it reached a prevalence of 60% in sporadic cases. 40.3% of the FH-I patients (n = 77/129) were normotensive. No other differences were detected between the two groups (Table 1).


Table 1 | Differences between FH-I and sporadic PA cases.






3.2 Differences between FH-II and sporadic cases

We compared 73 FH-II patients to 830 sporadic PA patients. The clinical and hormonal profiles were similar, except for a younger age and higher diastolic blood pressure in the group of FH-II (Table 2).


Table 2 | Differences between FH-II and sporadic PA cases.






3.3 Differences between FH-III and IV and sporadic cases

The 29 cases of FH type III and the 12 cases of FH-IV were compared with the sporadic cases. FH-III showed a distinct phenotype, with higher PAC, lower PRA, lower serum potassium levels, and a younger age at PA diagnosis, presenting 45 years earlier than the sporadic cases (Table 3). Due to problems in achieving proper blood pressure control, 17 of the 29 patients with FH-III underwent bilateral adrenalectomy.


Table 3 | Differences between FH-III and IV and sporadic PA cases.



The clinical and hormonal phenotypes of FH type IV and sporadic cases were similar, except for lower age and serum potassium levels and higher PRA at presentation in the former (Table 3).





4 Discussion

The most consistent finding in FH patients was the younger age of the four types when compared with sporadic PA cases. Because FH is transmitted by autosomal dominant inheritance, the history of other members of the family with PA is another key indicator to infer hereditary PA (63). In fact, the current general recommendation for screening hereditary PA is for patients with early onset and a positive family history of PA (64).

When we compared FH type I and sporadic cases, we found that, in addition to being younger, FH-I had more severe hypertension than in sporadic PA patients. In this regard, it has been previously reported that severe hypertension in infancy and early adulthood is the most typical presentation of GRA (5). Nevertheless, some cases are just moderately hypertensive, if at all (65). According to this, we found that 40% of the FH-I patients had normal blood pressure levels and were classed as normotensive. However, even in normotensive FH-I patients, the aldosterone excess is associated with increased left ventricular wall thickness and reduced diastolic function when compared with normotensive subjects without GRA (23). Another notable feature of FH-I cases in our study was the low prevalence of hypokalemia, which occurred in less than 12% of the cases. Accordingly, a prevalence of 13% was described in the PATOGEN study (6) and in the Aglony et al. series (5). The real cause of hypokalemia in individuals with PA is due to the fact that the CYP11B1/CYP11B2 hybrid gene is unknown; however, it may be connected to the fact that aldosterone secretion is regulated by ACTH instead of angiotensin II. Thus, the mineralocorticoid effect may be expected to be reduced. This hypothesis is supported by the observation that PRA was less suppressed in FH-I than in sporadic cases. Considering our results, it is important to take into account that FH-I may be hypokalemic or normokalemic. Thus, the presence of normal serum potassium levels does not discount genetic testing particularly in families where the penetrance of hypertension is inevitably variable.

In relation to FH type II, we found that the clinical and hormonal profile was comparable with sporadic cases, apart from a younger age and slightly higher diastolic blood pressure in the group of FH-II. Type II FH is caused by a pathogenic mutation in the CLCN2 gene, leading to elevated intracellular Ca2+ concentration, which triggers depolarization and aldosterone secretion (43). The only previous study that compared sporadic and FH-II cases described that both groups had similar potassium levels and blood pressure levels. In addition, since the prevalence of aldosterone producing adenomas was not significantly different in FH-II and sporadic PA patients, the former group may have had radiological features similar to sporadic cases (6). Considering that the clinical picture does not allow to differentiate it from sporadic cases and taking into account that FH-II is the most common form of hereditary PA (6), the most recent Endocrinology PA guidelines recommend screening for familial FH type II in all hypertensive patients who have relatives with FH (66). However, we are aware that some patients classified as FH-II may be sporadic cases coexisting within the same family since until the discovery of the underlying genetic cause of FH-II, all cases with two or more positive cases of primary aldosteronism in the same family were classified as FH type II.

Type III FH is a severe form of PA characterized by extensive adrenocortical hyperplasia and hybrid steroid synthesis (42). The genetic defect is located in the KCNJ5 gene. Women are disproportionately afflicted, accounting for more than 75% of all cases described in the literature. A higher prevalence of women has also been described in those sporadic PA patients who harbor a somatic pathogenic variant in KCNJ5 (67). As we found, FH-III is frequently detected at a very young age and PAC reached double values than in sporadic cases. In addition, serum potassium levels are typically low, with a prevalence of hypokalemia nearing 90%. In fact, over 60% of these patients required a bilateral adrenalectomy to achieve adequate blood pressure control. Nevertheless, the severity of the PA varies depending on the KCNJ5 pathogenic variant; for example, p.T158A, p.I157S, p.E145Q, and p.G151R are associated with early-onset severe PA (68) whereas p.G151E and p.Y152C present with mild PA (50, 59).

Only few cases of FH-IV have been reported in the literature (43). FH-IV is caused by germline defects in CACNA1H. Type IV, like FH-III, manifests at a very young age but later than the FH III cases. When compared with sporadic cases, serum potassium levels are also lower, but the degree of decline seems to be less severe than in FH type III. Patients with a family history of FH and early diagnosis of PA should be screened for familial FH type IV. Thus, the indications are identical to those for FH-III (45). In fact, if there is a suspicion of genetic PA, it is recommended that all genes be tested.

We are aware that our study has some limitations. The main limitation is that the definition of sporadic in the control group of sporadic patients was based on the epidemiological and clinical characteristics since the majority of patients in the SPAIN-ALDO did not undergo genetic testing. Nevertheless, cases with any suspicion of familial origin were excluded. Second, we have included all the cases reported in the literature following our strategy research that have available clinical and hormonal data, including patients from all over the world. Thus, we know that ethnic differences may also play a role in the many clinical and hormonal phenotypes detected. Thus, specific studies comparing sporadic and familial cases of the same ethnicity should be conducted. However, despite these limitations, this is the largest study comparing all the patients with FH of different types as well as sporadic PA cases.




5 Conclusion

In addition to being younger and having a family history of PA, FH-I and III share other typical characteristics. In this regard, FH-I is characterized by a low prevalence of hypokalemia and FH-III by a severe aldosterone excess causing hypokalemia in more than 85% of patients. The clinical and hormonal phenotype of types II and IV is similar to the sporadic cases. However, all genes should be tested if there is a possibility of genetic PA.
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Purpose

Surgery is the only way to cure pheochromocytoma; however, postoperative hemodynamic instability is one of the main causes of serious complications and even death. This study’s findings provide some guidance for improved clinical management.





Patients and methods

This study was to investigate the factors leading to postoperative hemodynamic instability in the postoperative pathology indicated pheochromocytoma from May 2016 to May 2022. They were divided into two groups according to whether vasoactive drugs were used for a median number of days or more postoperatively. The factors affecting the postoperative hemodynamics in the perioperative period (preoperative, intraoperative, and postoperative) were then evaluated.





Results

The median number of days requiring vasoactive drug support postoperatively was three in 234 patients, while 118 (50.4%) patients required vasoactive drug support for three days or more postoperatively. The results of the multivariate analysis indicated more preoperative colloid use (odds ratio [OR]=1.834, confidence interval [CI]:1.265–2.659, P=0.001), intraoperative use of vasoactive drug (OR=4.174, CI:1.882–9.258, P<0.001), and more postoperative crystalloid solution input per unit of body weight per day (ml/kg/d) (OR=1.087, CI:1.062–1.112, P<0.001) were risk factors for predicting postoperative hemodynamic instability. The optimal cutoff point of postoperative crystalloid use were 42.37 ml/kg/d.





Conclusion

Hemodynamic instability is a key issue for consideration in the perioperative period of pheochromocytoma. The amount of preoperative colloid use, the need for intraoperative vasoactive drugs, and postoperative crystalloid solution are risk factors for predicting postoperative hemodynamic instability (registration number: ChiCT2300071166).
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Introduction

Pheochromocytomas are endocrine tumors of adrenal medullary origin, characterized by the secretion of catecholamines, including norepinephrine, epinephrine, and dopamine. Subsequently, severe cardiovascular disease is induced, including severe hypertensive crisis, arrhythmias, myocardial infarction, and acute heart failure (1, 2). While surgical resection is the only cure for this disease, the presence of hemodynamic fluctuations in the perioperative period seriously endangers the patient’s life. For example, tracheal intubation, change of position, the establishment of pneumoperitoneum, and touching the tumor will cause massive secretion of catecholamines and a dramatic increase in blood pressure, while a sudden decrease in catecholamines following tumor removal will result in persistent intractable hypotension and hypoglycemia (3).

The predictors of intraoperative hemodynamic instability in pheochromocytoma have been reported to include preoperative blood pressure control level, tumor size, preoperative catecholamine level, and surgical approach (4, 5), while the predictors of postoperative hypotension include preoperative beta-blocker use (6), type of preoperative alpha-blocker use (7), catecholamine secretion level (7), and tumor size (8). In fact, various studies have reported that tumor size is not an influencing factor in predicting hemodynamic instability; however, this was likely because the size of the tumor in these studies was comparatively small (7). Meanwhile, studies have also reported no difference in the effect of different surgical approaches (9, 10).

Most current studies focus on preoperative and intraoperative management, with few studies focusing on postoperative management. Both the hemodynamic effects of large intraoperative catecholamine release and the dramatic decrease in catecholamine levels following tumor resection may persist into the postoperative period, and the investigation of postoperative management should not be neglected in view of reducing hemodynamic fluctuations. The aim of this study was to explore the factors affecting the use of vasoactive drugs in the postoperative period.





Materials and methods




Study design and patient selection

The study has been reported in line with the STROCSS criteria (11) and ethical approval was granted, which applied for a waiver of informed consent. The study has been registered in the Chinese Clinical Trial Registry. This was a single-center retrospective study conducted between May 2016 and 2022. A total of 254 adrenalectomy patients from the same surgical group of operators with postoperative pathology of pheochromocytoma were included.20 were excluded. Among them, five were excluded due to bilateral pheochromocytoma, and fifteen were excluded due to incomplete data. The final 234 patients were included in the statistical analysis and were divided into two groups according to the median time(whether it is≥3 days) of the postoperative use of vasoactive drugs (Figure 1).




Figure 1 | Flow diagram of the study.







Preoperative management

Preoperative treatment with terazosin or other antihypertensive agents is required for patients with biochemical parameters, clinical symptoms, or imaging suspicion of pheochromocytoma. The need for beta-adrenergic receptor blockers to control the heart rate is determined by the presence of tachycardia. For patients with severe preoperative clinical symptoms and a large tumor size, as determined via imaging, appropriate volume expansion therapy (crystalloid/colloid/albumin/plasma/erythrocytes) should be administered 2–3 days prior to surgery. Here, the preoperative control criteria were orthostatic hypotension of <130/80 mm Hg and a heart rate of <90/min.





Outcomes

The basic preoperative information (gender, age, weight, body mass index [BMI]), the presence of diabetes, coronary heart disease comorbidity, American Society of Anesthesiologists classification, tumor size, preoperative blood pressure, preoperative medication, preoperative ionic disturbances, preoperative fluid replacement, blood transfusion and albumin transfusion were recorded. The mode of surgery, the duration of surgery, whether intraoperative vasoactive drugs were used, the amount of norepinephrine used, intraoperative blood and fluid transfusion, intraoperative urine volume, the amount of tachyphylaxis used were also recorded. In addition, whether the patients were admitted to the intensive care unit following surgery, as well as information related to postoperative blood transfusion, albumin transfusion, amount of rehydration fluid, postoperative 24 h urine volume, tachyphylaxis use, and postoperative hospitalization time were examined.





Statistical analysis

The statistical analysis was conducted using IBM SPSS Statistics for Windows, Version 25.0. The normality of the continuous variables was determined using the Shapiro–Wilk test, with the variables following normal distribution expressed as mean ± standard deviation (SD). The non-normally distributed continuous variables were presented in terms of median (interquartile range). The means of two continuous normally distributed variables were compared using the independent samples Student’s t-test, while the Mann–Whitney U-test was used to compare two continuous non-normally distributed variables. The categorical variables were presented in terms of quantity (percentage), with a chi-square test and Fisher’s exact test used to compare these variables.

To ascertain the association between duration of use and the preoperative, intraoperative, and postoperative factors, univariate analysis was performed in terms of patients who used norepinephrine for a number of days at or above the median and those who did not. Factors with a P-value of <0.1 in the univariate analysis were included in a multivariate binary logistic regression model. Variance inflation factors (VIFs) were used to evaluate the collinearity, and any variables with severe collinearity (VIF≥10) were excluded from the multivariate analysis. Multivariate logistic regression analysis was performed to determine the predictors of postoperative norepinephrine use reaching and exceeding the median number of days, with the variables selected using a forward approach. The cutoff values and the area under the curve values for the continuous variables that were independent risk factors for norepinephrine use reaching and exceeding the median number of days were calculated using receiver operating characteristic curve analysis. A P-value of <0.05 was considered to be statistically significant.






Results

Among the included 234 patients, the median time to postoperative need for norepinephrine for hypotension was three days, and compared with the patients who did not reach three days of vasoactive drug use, those who reached or exceeded this point had a lower BMI (23.1 vs. 24.2 kg/m2, P=0.012), a larger tumor (5.0 vs. 4.4 cm, P=0.003), lowerer doses preoperative doxazosin use (4.5 vs. 5 mg, P=0.001), more preoperative crystalloid solution (1225 vs. 0 ml, P<0.001), and higher colloid use (500 vs. 0 ml, P<0.001). There was no significant difference in age and sex between the two groups. The detailed intraoperative information is provided in Table 1.


Table 1 | Demographics and perioperative data between two groups.



Compared with the patients who did not reach the median number of days of postoperative vasopressor use, a higher proportion of patients who received intraoperative vasopressor treatment required vasoactive drug support to meet or exceed the median number of days after surgery (85.6% vs. 46.6%, P<0.001), as well as higher intraoperative norepinephrine use (0.6 vs. 0 mg, P<0.001) and more intraoperative fluid infusions (3000 vs. 2,500 ml, P=0.001). The detailed intraoperative information is provided in Table 2. The patients who reached or exceeded the median number of days of postoperative crystalloid solution input (57.4 vs. 26.2 ml/kg/d, P<0.001) had a longer postoperative hospital stay compared with those who did not reach the median number of days of postoperative booster use (ten vs. seven days P<0.001). Detailed information is provided in Table 3.


Table 2 | Intraoperative data of patients between two groups.




Table 3 | Postoperative data between two groups.



All variables with a P-value of <0.1 were included in the multivariate regression analysis (Table 4). The logistic regression analysis results indicated that the amount of preoperative colloid use (odds ratio [OR]=1.834, confidence interval [CI]:1.265–2.659, P=0.001), intraoperative booster use (OR=4.174, CI:1.882–9.258, P<0.001), and postoperative crystalloid solution input (ml/kg/d) (OR=1.087, CI:1.062–1.112, P<0.001) were risk factors for predicting postoperative hemodynamic instability (Table 4).


Table 4 | Multivariable analysis for predictors of postoperative norepinephrine use reaching and exceeding the median number of days.



In addition, the optimal cutoff point of the amount of postoperative crystalloid solution used were 42.37 ml/kg/d, which were analyzed using the receiver operating characteristic curve method (Figure 2).




Figure 2 | ROC curve of continuous independent risk factors (postoperative crystals) of norepinephrine use reaching and exceeding the median number of days. AUC, area under the curve.







Discussion

There is no clear uniform definition of hemodynamic instability (12). In this study, the need for vasoactive drugs for a median number of days postoperatively was defined as hemodynamic instability in view of investigating the factors affecting hemodynamic stability following surgery.

Postoperative hemodynamic instability mainly refers to the postoperative development of hypotension, which requires the use of vasoactive drugs to maintain the blood pressure levels. According to current reports, the common causes of postoperative hypotension include a sudden drop in catecholamine levels following tumor resection or decreased vascular tone due to vascular insensitivity to catecholamines, decreased myocardial function that cannot compensate for peripheral vasodilation, relative fluid deficiency, residual effects of the preoperative use of alpha-adrenergic receptor blockers, or excessive intraoperative blood loss (8, 13). Various studies have suggested that the incidence of postoperative hypotension is approximately 30%–60%, which is consistent with the results of the present study (8, 14).

The results of the present study indicated that the intraoperative use of vasoactive drugs during pheochromocytoma resection is 3.174 times more likely to be a risk factor for the development of hemodynamic instability following surgery than the non-use of these drugs. In our study, intraoperative vasoactive drugs were used in 85.6% of the patients, and more than two-thirds of these patients had an intraoperative episode of hypotension requiring treatment. Previous studies have reported intraoperative hypotension requiring vasoactive drug as an independent risk factor for postoperative cardiovascular morbidity (15). Li et al. (16) also suggested that the presence of intraoperative hypotension is an independent risk factor for complications, while Pisarska-Adamczyk et al. (15) suggested that intraoperative treatment of hypotension with vasoactive drugs was the only risk factor for the development of postoperative hypotension. These findings are similar to those obtained in the present study.

The persistence of high levels of catecholamines in the body preoperatively may result in desensitization of the adrenergic receptors, which reduces the affinity of catecholamines for these receptors or decreases the number of cell surface receptors (17, 18). At this point, while the patient will likely have high levels of catecholamines in the body, they may not present the corresponding clinical manifestations and can be easily overlooked. Intraoperative ligation of tumor veins followed by catecholamine receptor desensitization or a dramatic decrease in catecholamines and the persistence of the effects of preoperative antihypertensive drugs may be possible causes of chronic vascular paralysis hypotension following a tumor resection requiring the use of vasoactive drugs to maintain the blood pressure (19).

Increased preoperative colloid input is also a predictor of the development of hemodynamic instability in the postoperative period, and this study’s findings revealed that for every 1,000-ml increase in the amount of colloid infused preoperatively, there is a 0.834-fold increase in the risk of developing hemodynamic instability in the postoperative period. It has been demonstrated that preoperative failure to enter crystalloid solution or colloids is an independent risk factor for postoperative cardiovascular morbidity (20). Recently, it has been recommended that all patients with a high preoperative suspicion of pheochromocytoma should be treated with appropriate infusion for volume expansion to avoid hemodynamic instability in the perioperative period (21, 22). However, there are differing views, with Hao et al. (23) suggesting that in patients undergoing pheochromocytoma resection, preoperative intravenous fluid replacement does not prevent perioperative hemodynamic changes, while Niederle et al. (24) performed goal-directed fluid therapy in patients undergoing pheochromocytoma resection using esophageal Doppler ultrasound to ascertain that the cause of postoperative hypotension was vascular paralysis, rather than true hypovolemia.

The results of this study indicated that the higher the postoperative crystalloid solution input, the higher the risk of postoperative hemodynamic instability. Thompson et al. (6) reported that the appearance of postoperative hypotension was transient and did not have serious consequences for postoperative outcomes, but was associated with increased intravenous input during the first 24 h postoperatively. The amount of crystal input in our study was calculated by comparing the amount per unit of body weight per day, and the results indicated that a higher amount of crystalloid solution input per unit of body weight per day postoperatively was associated with hemodynamic instability. On the one hand, due to the high function of the tumor, which causes vascular paralysis, more vasoactive drugs and fluid expansion are needed, while on the other, the patient’s surgical stress response and violent circulatory fluctuations may lead to intimal damage and capillary leakage, with <5% of the fluid volume remaining in the vessels after 1 h of infusion (25). Furthermore, the large amount of fluid input will aggravate any tissue interstitial edema. Fluid overload with excess volume may lead to decreased cardiac function (26, 27), increased intra-abdominal pressure (26–28), and increased renal venous congestion (29, 30). Elevated intra-abdominal pressure decreases renal perfusion (28) and venous return, with the decreased venous return leading to decreased cardiac output (31) and consequently exacerbating the onset of hypotension.

Fluid input and the use of vasoactive drugs are considered to be the main measures for treating postoperative hemodynamic instability in patients. A growing number of studies have proposed that preoperative volume expansion does not reduce the perioperative hemodynamic fluctuations or the occurrence of related complications, and does not improve the patient’s prognosis (32–35). This is largely because crystalloid fluid is free to cross the semi-permeable capillary intima and ends up being stored in the vasculature with only one-fifth of the input volume. While colloidal fluid has a stronger volume expansion effect, this effect only lasts for 24 h (36).

Meanwhile, the hazards associated with volume overload are gradually being appreciated. These hazards include slow repair of acute kidney injury, slow wound healing, prolonged mechanical ventilation (28, 37, 38), acute pulmonary edema, acute respiratory distress syndrome (38–43), and impaired cardiac function (44). Due to the low incidence of pheochromocytoma, most of the relevant studies are currently small-sample single-center retrospective studies. Among them, Niederle et al. (24) conducted a prospective study using minimally invasive hemodynamic monitoring for intraoperative goal-directed fluid therapy and found that patients do not benefit from the use of free fluid infusion and that perioperative volume overload should be avoided. However, the sample in this study was too small and this aspect must be further explored using larger-sample prospective studies.





Conclusion and limitations

This study involved a number of limitations. First, while the factors affecting the intraoperative and postoperative hemodynamic stability of pheochromocytoma resection were comprehensively explored, the low incidence and the difficulty of preoperative diagnosis confirmation made it difficult to complete a randomized prospective study with a small sample size and limited reference space. Second, this study included patients who had a pathological indication of pheochromocytoma in our hospital over the last seven years, and both perioperative management and the surgical techniques have been constantly updated and the level of medical progress has been rapid, meaning the impact of these changes on the results is difficult to estimate. Third, urinary or plasma catecholamine monitoring was not performed, and its effect on hemodynamic instability could not be predicted. Fourth, since this was a retrospective study, all the data were obtained from electronic medical records, which may have resulted in a loss of accuracy and comprehensiveness of the assessment and documentation. While our study included cases of intraoperative goal-directed fluid therapy, it did not reveal a significant difference in terms of the improvement in postoperative hemodynamic instability. This may have been partly due to the limited number of cases and partly because our data were obtained from retrospective electronic medical records without a rigorous prospective study.

In conclusion, the instability and variability of perioperative blood flow in pheochromocytoma and the potential for dramatic intraoperative blood pressure fluctuations, even with adequate preoperative preparation, both surgery and anesthesia for pheochromocytoma should be performed by experienced surgeons who are constantly refining and updating their perioperative management strategies, further prospective randomized controlled studies must be conducted.
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criteria

Diagnosis according to the Weiss/Lin—W eiss—Bisceglia Tumor of uncertain I ACC, myxoid variant ACC, oncocytic variant ACA
system malignant potential
Diagnosis according to the system ACC ACC ACC ACA
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Weiss System

Parameter

Lin— Weiss—Bisceglia System

Criteria

Helsinki Score

Parameter Parameter

Score

5 mitoses/50
Eosinophilic cytoplasm 22 TDse

HPF
Nudlear grade® > 3 1 Criteria for inclusion in a group of oncocytic High nuclear grade Necrosis 5
tumors
Proliferative
Diffuse architecture Index Numeric value
(Ki-67 THC)
> 5 mitoses/50
5 mit 50 HPF 1 1 Maj, iteri
> 5 mitoses/! ajor criteria HPF 1
Atypical mitoses 1 Atypical mitoses
Clear cells < 25% 1 Venous invasion
Diffuse architecture > i Minor criteria Large size (> 10 cm) or weight (>
33% 200 g)
Confluent necrosis 1 Necrosis
Vascular invasion 1 Sinusoidal invasion
Sinusoidal invasion 1 Capsular invasion
Capsular invasion 1
Interpretation Interpretation Interpretation
Final score > 3 ACC One more major criterion ACC ?:al score = 0- ACA
" - Tumor of uncertain malignant .
One more minor criteria . Final score > 8.5 ACC
potential
Unfavorable
The absence of all major and minor criteria Benign tumor Final score > 17 " avor‘a ¢
prognosis

“ The nuclear grade is assessed according to the Fuhrman criteria as follows: grade 1: small and round nuclei, non-visible nucleoli; grade 2: slightly larger and irregularly shaped nuclei, nucleol;

visible with a high-magnification lens; grade 3: irregular and enlarged nuclei, nucleoli visible with a low magnification lens; grade 4: bizarre and extremely irregular nuclei, including monstrous

cells. ACA, adrenal cortical adenoma; HPE, high-power fields (equivalent to almost 10 mmz2).
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miRNA

hsa-miR-141-3p
hsa-miR-200c-3p
hsa-miR-10b-5p
hsa-miR-192-5p
hsa-miR-194-5p
hsa-miR-10b-3p

Expression levels are given as log2(RPM+1).

PANNET
(mean =+ std)

10.7 £ 0.76
134 +0.80
13.4 £ 1.0
13.7 £ 0.6
124 +£0.72

2.65 +0.96

PGL
(mean + std)

1.66 + 0.87
4.33 £ 1.09
17.8 £ 0.50
8.78 £ 0.87
7.65 + 0.86

6.17 £ 0.65

ANOVA
(p-value)

p < 0.0001
p < 0.0001
p <0.0001
p < 0.0001
p < 0.0001

p < 0.0001
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Site right right left
Age 57 54 36
Gender Female Male Female
Symptoms _ back pain hmaei:opause, weight gain and facial vellus
Manifestation of tumor growth - + *
Hypertension + - -
Hormonal activity Cushing’s syndrome - -

Size of tumor, cm 7 20 159
Ki-67 - - 39
DHEA, ug/dl = - 6779
Tumor weight, g 32 3080 2150
pT 2 3 3
Postoperative stage i 1 it
Adjuvant therapy - - -
Interval until recurrence or metastasis, 33 6 6

months

Location of recurrence or metastasis

liver (solitary)

liver (solitary)

liver (solitary)

Treatment for recurrence or metastasis milotanescytotoxic milotanercytotoxic mitotane+TACE+MWA
chemotherapy—TAE chemotherapy—TAE

Effect CR CR PR

Survival period, months 77 51 108(still alive as of press time)

Prognosis AWM NED AWM

1.*patients from Hideo’s report[];#patient of our case.
2.NED, no evidence of disease; DOD, death of disease; AWM, alive with metastasis; CR, Complete response; PD, progressive disease; PR, partial respons.

3., absence; +, presence.
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Bilateral disease  Unilateral disease (left)*  Unilateral

Age at diagnosis [years] 51.14 (10.64) 51.58 (11.63) 52.07 (11.98) 0.703
Sex [m/f] 75/58 48/28 44/16 0078
BMI [kg/m?] 2833 (47) 27.88 (4.89) 27.87 (4.45) 0722

Laboratory parameters

Lowest level of potassium [mmol/L] 3.53 (0.46) 3.03 (0.59)" 322 (0.5)" <0.001
Sodium [mmol/L] 14117 (2.29) 140.61 (2.97) 14168 (2.14) 0.031
Total cholesterol [mg/dL] 195.9 (40.15) 191.46 (33.76) 185.13 (35.16) 0207
HDL-C [mg/dL] 54.54 (15.14) 57.2 (15.47) 51.2 (13.36) 0.074
LDL-C [mg/dL] 121.42 (35.82) 114.7 (32.76) 111.95 (32.52) 0.206
Triglycerides [mg/dL] 1204 (67.51) 111.61 (69.61) 124.97 (69.47) 0.18
GFR [mL/min/1,73m?] 8255 (21.13) 88.06 (20.19) 83.89 (17.19) 0.16
Creatinine [mg/dL] 0.96 (0.37) 0.89 (0.23) 0.94 (0.16) 0.054
UA [mg/dL] 28.05 (11.67) 22.2 (8.88)" 23.1 (9.02)" <0.001
Aldosterone baseline [ng/L] 189.56 (108.07) 283.97 (275.46)" 223.05 (127.78)" < 0.001
Aldosterone 4h after SIT [ng/L] 119.09 (70.16) 209.69 (213.39)" 159.19 (117.37)* <0.001
Direct Renin Concentration 4h after SIT [mU/L] = 5.05 (5.65) 494 (4.63) 6.44 (9.56) 0.822
Mean systolic 24h-BP [mmHg] 155.2 (17.23) 151.91 (21.88) 152.08 (20.42) 0423
Mean diastolic 24h-BP [mmHg] 96.21 (12.32) 91.8 (12.5) 94.56 (12.53) 0.059
Aldosterone-renin-ratio [ng/mU] 58.83 (46.02) 123.31 (197.75)" 85.98 (106.47) 0.049
Aldosterone-ratio (before/after SIT) 1.74 (0.88) 1.58 (091)" 1.73 (0.97) 0.032

Treatment, n (%)

Adrenalectomy / 53 (70%) 41 (69%) NA
MRA 133 (100%) 17 (23%) 16 (26%) NA
Pending adrenalectomy ! 6 (7%) 3 (5%) NA

Data are presented as mean (+ SD) unless indicated otherwise. Kruskal-Wallis H-test was used for global p-values, Dunn’s test with Benjamini-Hochberg corrections for pairwise comparisons.
24h-BP, 24-hour blood pressure; ARR, aldosterone/renin ratio; MRA, mineralocorticoid receptor antagonist; PA, primary hyperaldosteronism; HDL, high density lipoprotein cholesterol, LDL,
low density lipoprotein cholesterol; GFR, glomerular filtration rate; SIT, saline infusion test; SD, standard deviation; UR, uric acid.

* A lateralization index greater than 4.0, or a lateralization index between 3 and 4 together with a contralateral index below 1.0 were considered to be compatible with unilateral disease.

* Compared to patients with bilateral disease, p< 0.05.

" Compared to patients with unilateral disease (right), p< 0.05.

Bold values indicate a p-value under < 0.05.
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Image types ather types
Logarithm GLCM Imcl
Square GLSZM SizeZoneNonUniformityNormalized 0.134
‘Wavelet LLH Firstorder Mean -0.060
‘Wavelet LLL Firstorder Kurtosis -0.049
Original GLSZM SizeZoneNonUniformityNormalized -0.034
Logsigma.4.mm.3D Firstorder 90Percentile -0.012
Log sigma.5.mm.3D Firstorder 90Percentile -0.001
Squareroot GLSZM LargeAreaEmphasis 9.721*10°"
‘Wavelet.LLL GLDM DependenceEntropy 0.001
Original Shape » Maximum3DDiameter 0.003
Wavelet HHL GLRLM LongRunLowGrayLevelEmphasis 0.006
Wavelet HLL GLRLM LongRunLowGrayLevelEmphasis 0011
Logarithm Firstorder InterquartileRange 0014
Log.sigma.5.mm.3D Firstorder Kurtosis 0.022
Log.sigma.4.mm.3D GLDM LowGrayLevelEmphasis 0031
Lbp.3dk GLDM DependenceNonUniformityNormalized 0.714
Wavelet HLH GLCM DifferenceEntropy 1.949

Wavelet. HLL GLCM Imcl 4384
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Characteristics Training set Validation set Prospective set

Radiomics characteristics

Rad score 8.87[8.76,9.00 8.87(8.74,8.97] 8.87[8.77,8.97]

Clinical characteristics

Preoperative

Gender 0.732 0.482
Male 125(45.1) 53(44.5) 60(51.3)
Female 152(54.9) 66(55.5) 57(48.7)

Age (year) 50.00[40.00,59.00] 51.00[42.00,58.00] 51.00[39.00,58.00] 0.047 0.954

BMI (kg/mz) 24.72(22.68,27.51] 24.57[23.10,27.36] 25.95(23.44,28.32] 2430 0.089

Side 1.130 0.324
Left 161(58.1) 77(64.7) 65(55.6)
Right 116(41.9) 42(35.3) 52(44.4)

Hypertension 0417 0.660
No 58(20.9) 27(22.7) 21(17.9)
Yes 219(79.1) 92(77.3) 96(82.1)

Diabetes mellitus 1.446 0.236
No 229(82.7) 92(77.3) 89(76.1)
Yes 48(17.3) 27(22.7) 28(23.9)

Scoliosis 1.108 0.331
No 264(95.3) 113(95.0) 115(98.3)
Yes 13(4.7) 6(5.0) 2(1.7)

Coronary disease 1.673 0.189
No 249(89.9) 107(89.9) 98(83.8)
Yes 28101) 12(10.1) | 19(16.2)

Cerebral infarction 0.965 0.382
No 254(91.7) 104(87.4) 107(91.5)
Yes 23(8.3) 15(12.6) 10(8.5)

Hyperlipidemia 0.393 0.675
No 245(88.4) 108(90.8) 102(87.2)
Yes 32(11.6) 11(9.2) 15(12.8)

History of malignancy 2129 0.120
No 270(97.5) 113(95.0) 109(93.2)
Yes 7(2.5) 6(5.0) 8(6.8)

History of operation 0.436 0.647
No 202(72.9) 84(70.6) 80(68.4)
Yes 75(27.1) 35(29.4) 37(31.6)

Infectious disease 0.262 0.769
No 272(98.2) 118(99.2) 115(98.3)
Yes 5(1.8) 1(0.8) 2(1.7)

Previous antiplatelet use 2567 0.078
No 268(96.8) 116(97.5) 108(92.3)
Yes 9(3.2) 3(2.5) 97.7)

Hb (g/L) 137.0[126.0,145.0] 138.0[127.5,147.0] 137.0[127.0,146.0] 0.065 0.937

Intraoperative and postoperative

Range 0.475 0.622
Partial 253(91.3) 105(88.2) 105(89.7)
Radical 24(8.7) 14(11.8) 12(10.3)
Operation time (min) 110.0[90.0,150.0] 110.0[90.0,149.0] 98.0(76.0,130.0] 4130 0.017
Blood loss (ml) 20.0[0.0,50.0] 20.0(0.0,50.0] 15.0[0.0,25.0] 0.264 0.768
POHS 8.0(6.0,9.0] 7.0[6.5,9.0] 6.0[2.0,7.0] 15.966 ‘ <0.001
Conversion 0.558 0.573
No 273(98.6) 116(97.5) 116(99.1)
Yes 4(1.4) 325) | 109)
Transfusion 0.078 0.925
No 268(96.8) 115(96.6) 114(97.4)
Yes 9(3.2) 4(34) 3(2.6)
Complications 0.122 0.885
None 248(89.5) 107(89.9) 105(89.7)
1 9(3.2) 2(1.7) 4(34)
2 2(0.7) 1(0.8) 0(0.0)
3a 1(0.4) 0(0.0) 3(2.6)
3b 0(0.0) 1(0.8) 0(0.0)
4 17(6.1) 8(6.7) 5(4.3)
Pathology 1.330 0.265
NFAT 107(38.6) 51(42.9) 38(32.5)
Aldosteronoma 79(28.5) 33(27.7) 43(36.8)
Cushing’s syndrome 25(9.0) 16(13.4) 17(14.5)
Paraganglioma 26(9.4) 7(5.9) 7(6.0)
Myelolipoma 10(3.6) 5(4.2) 4(3.4)
Cyst 13(4.7) 3(2.5) 3(2.6)
Malignant tumor 5(1.8) 1(0.8) 2(1.7)
Ganglioneuroma 2(0.7) 2(1.7) 2(17)
Others 10(3.6) 1(0.8) 1(0.9)

BML, body mass index; NFAT, non-function adrenal tumor; Others(pathology) include eosinophil tumor, teratoma, schwannoma, hematoma, tuberculoma, foreign body granuloma,
retroperitoneal bronchial cyst, hemangioma,
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Case/year  Country Age Initial Antihypertensive Treatment Subtype

(reference) (years)/ symptoms drugs
sex
1/1976 (11) Canada 68/M Weakness Yes HCTZ No 0.6 3,250 UN UN
2/1978 (12) United 49/M ‘Weakness Yes HCTZ Yes 25 12,030 Surgical Adenoma
States
3/1979 (13) Japan 55/M ‘Weakness Yes Furosemide No 1.8 2,000 Surgical Adenoma
4/1981 (14) United 60/M Weakness Yes Metoprolol UN 14 36,000 UN UN
Kingdom
5/1990 (15) United 32/F ‘Weakness Yes Beta-blocker, HCTZ No 20 10,000 Surgical Adenoma
States
6/1997 (16) Canada 70/M ‘Weakness Yes Beta-blocker, amlodipine Yes 1.8 2,800 Surgical Adenoma
7/1998 (17) France 64/M ‘Weakness Yes Enalapril, atenolol, No 1.3 2,997 Surgical Adenoma
nifedipine, HCTZ
8/2002 (18) Germany 30/F Weakness Yes | Fosinopril, amlodipine, No 13 1,751 Surgical Adenoma
HCTZ, furosemide

9/2005 (19) Turkey 44/F ‘Weakness Yes ACE inhibitor, verapamil No 12 6,133 Surgical Adenoma

10/2007 (20) Poland 50/F ‘Weakness Yes Amlodipine No 1.95 9,546 Surgical Unilateral
hyperplasia

11/2007 (21) Greece 36/F ‘Weakness Yes Atenolol, chlorthalidone Yes 2:2 2,860 Medical NA

12/2008 (22) Taiwan 28/F ‘Weakness Yes None No 1.8 12,147 Surgical Adenoma

13/2009 (23) Germany 52/M Weakness Yes Ramipril, Bisoprolol, No 19 10615 Surgical Adenoma

HCTZ, clonidine

14/2009 (24) Greece 76/F Weakness Yes Amlodipine No 16 7,463 Surgical Unilateral
hyperplasia
15/2009 (25) Turkey 14/F None Yes None UN 1.7 3,375 Surgical Adenoma
16/2009 (26) Japan 55/M ‘Weakness Yes Amlodipine, valsartan, No 14 15,760 Surgical Adenoma
HCTZ
17/2009 (27) Spain 46/F ‘Weakness and Yes None No 1.3 21,000 Surgical Adenoma
myalgias
18/2012 (28) Taiwan 49/F Weakness Yes Amlodipine, valsartan No 1.8 1,753 Medical Bilateral
nodular
hyperplasia
19/2013 (29) Austria 60/M ‘Weakness and Yes None No 1.7 1,522 Surgical Adenoma
myalgias
20/2013 (30) India 45/F ‘Weakness and Yes Nifedipine, atenolol, No 20 11,347 Surgical Adenoma
myalgias losartan
21/2013 (31) China 44/F ‘Weakness Yes UN No 198 8,531 Surgical Adenoma
22/2013 (31) China 45/F Weakness Yes Nitrendipine, captopril No 1.38 4,907 Surgical Adenoma
23/2015 (32) China 38/M Weakness and | Yes Metoprolol, nifedipine No 2.8 2,974 Surgical Adenoma
myalgias
24/2015 (33) Japan 43/F Weakness Yes Amlodipine, candesartan No 1.8 6,929 Medical Adenoma
25/2015 (2) Italia 40/F ‘Weakness and Yes Irbesartan, HCTZ No 1.66 9,122 Medical Bilateral
myalgias nodular
hyperplasia |
26/2015 (34) Korea 54/M ‘Weakness Yes Felodipine, losartan, No 2.0 2,982 Surgical Adenoma

atenolol, HCTZ

27/2017 (35) Mexico 35/F Weakness Yes Losartan, amlodipine No 14 3,694 Surgical Adenoma ‘
28/2017 (36) Albania 47/F ‘Weakness and Yes Amlodipine, valsartan No 1.4 8,559 Surgical NA ‘
myalgias
29/2018 (37) Austria 55/F ‘Weakness and Yes Amlodipine, HCTZ, No L5 2,900 Surgical Adenoma
myalgias ARB, alpha- and beta-
blockers
30/2019 (38) Taiwan 46/M ‘Weakness Yes Acebutolol, amlodipine, No 17 4,532 Medical NA
valsartan.
31/2019 (39) Russia 61/M ‘Weakness Yes ACE inhibitor, No 2.08 11,307 Medical NA

indapamide, bisoprolol

32/2021 (3) India 38/F Weakness Yes MRA No 19 1,015 Surgical Adenoma
33/2021 (40) Turkey 48/F ‘Weakness and Yes Valsartan, bisoprolol No 13 14,248 Surgical Adenoma
myalgias
34/2021 (41) Philippines 45/M Weakness Yes Amlodipine No 2.1 1,579 Surgical Adenoma
35/2021 (9) Taiwan 46/M ‘Weakness Yes Valsartan, HCTZ No 1.9 1,626 Surgical Adenoma
36/2021 (9) Taiwan 53/M ‘Weakness and Yes Amlodipine, valsartan, No 21 1,593 Surgical Adenoma
myalgias HCTZ
37/2022 (8) China 65/F ‘Weakness and No None No 18 18,370 Surgical Adenoma
myalgias
38/2023 Spain 68/M Weakness Yes Beta-blocker, ACE Yes 21 3,250 Surgical Adenoma
(present case) inhibitor, MRA

M, male; F, female; UN, unknown; HCTZ, hydrochlorothiazide; NA, not applicable; HT, hypertension; AKI, acute kidney injury; ACE, angiotensinconverting enzyme; MRA, mineralocorticoid
receptor antagonist; ARB, angiotensin receptor blocker; RML, rhabdomyolysis; PA, aldosteronism.
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Included

77 records identified through
database search (screened at
title)

l

Records screened at title and
abstract (n=38)

Records screened at full text
(n=37)

Records included (n=37)

Records excluded: 39 manuscripts
- No RML at presentation: 4
— - Not PA cases: 20
- Other causes of RML, not hypokalaemia: 12
Letters to the editor: 4

—_— Records excluded: 1 manuscript (inaccessible)
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Starting date eatment Side effects
22nd April 2021 Left adrenalectomy

Ist May 2021 Adjuvant mitotane at 0.5 g

8th May 2021 Adjuvant mitotane at 1.5 g, EP

Ist June 2021 Adjuvant mitotane at 4 g, EP, sintilimab
24th June 2021 Adjuvant mitotane at 3.5 g, EP, sintilimab
25th July 2021 Adjuvant mitotane at 3 g, EP sintilimab Hypothyroidism and hypoadrenocorticism
20th August 2021 Adjuvant mitotane at 2 g, EP, sintilimab
15th September 2021 Adjuvant mitotane at 1 g, EP, sintilimab
12th October 2021 Adjuvant mitotane at 1 g, EP, sintilimab
3rd November 2021 Adjuvant mitotane at 1 g, EP, sintilimab
17th December 2021 Adjuvant mitotane at 1 g, sintilimab

13th January 2022 Adjuvant mitotane at 1g, sintinimab

10th February 2022 Adjuvant mitotane at 1 g, sintinimab

8th March 2022 Adjuvant mitotane at 1 g, sintinimab
11th April 2022 Adjuvant mitotane at 1 g, sintinimab

9th May 2022 Adjuvant mitotane at 1 g, sintinimab

9th June 2022 Adjuvant mitotane at 1 g, sintinimab

5th July 2022 Adjuvant mitotane at 1 g sintinimab
28th July 2022 Adjuvant mitotane at 1 g, sintinimab
22nd August 2022 Adjuvant mitotane at 1 g, sintinimab
20th September 2022 Sintinimab

26th October 2022 Sintinimab

26th November 2022 Sintinimab

11th January 2023 Sintinimab

8th February 2023 Sintinimab

8th March 2023 Sintinimab

EP, etoposide and paraplatin.
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Non-functional/Non-secretory/

Biochemically silent Negative markers
No TR RI References® No TR RI References®

Plasma

Cat 1 1 1 16 9 2 1 87, 90"

Met 36 15 25 22,59,61%, 64 14 10 10 657, 86, 89,90"

Cat& Met 5 5 5 11,58 0 0 0 -

CgA 4 3 3 16, 58 1 1 1 9
Urine

Cat 3 0 0 - 6 1 1 84

Met 36 9 25 217,22, 61,64 16 16 14 9", 65, 79, 86, 87,90"

Cat& Met 15 15 15 16, 58, 59, 63 2 1 1 43

VMA 2 0 0 - 9 3 3 36, 41, 88

No, total number of patients with; Cat, catecholamines; Met, metanephrines; CgA, chromogranin A; VMA, vanillylmandelic acid; TR, test result reported; RI, reference interval reported;
*referred to RI but had not test results, * references of manuscripts presenting RI and TR.
Y increased concentration, ¥ referred to TR but had no RL
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Tumor type

Biochemically
negative

Non-secretory

Non-functional

Plasma or urinary
catecholamines

Normal

Normal

Normal

Plasma or urinary
metanephrines

Normal

Elevated

Normal*

Catecholamine
synthesizing enzymes

Present if functional

Present

Absent/undetectable

Tumor tissue
catecholamines

Present if functional

Present

Undetectable/lowt

“If tumor tissue catecholamines and/or catecholamine synthesizing enzymes cannot be assessed, then a non-functional tumor may be defined by plasma or urinary metaneprhrines that are

too low according to relationships with tumor size. Catecholamines are potentially measureable in any human tissue, but for a tumor that is non-functional tissue catecholamines are
considerably lower than in functional PPGLs.
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Total Number

Female, n (%)*
Age at initial diagnosis, years (SD)
Location
Extra-adrenal
Adrenal
Head and Neck
Diagnostic setting
Incidentaloma
Abdominal complaints
Imaging performed for non-specific complaints
Surveillance/Follow up
Specific signs and symptoms
Tumor composition (reported in 29 cases)
Solid
Cystic
Hemorrhagic and/or necrosis
Maximal tumor diameter (cm) (reported in 81 cases)
Metastatic disease (reported in 68 cases)
Plasma free metanephrines (reported in 45 cases)
Results within the normal range
Elevated results

Urinary metanephrines (reported in 57 cases)

Results within the normal range

Elevated results

157

58 (48%)
45 (£14.7)

62% (74/157)
38% (60/157)
15% (25/157)

62% (97/157)
48.3% (45/93)
51.7% (48/93)
36% (57/157)
2% (3/157)

31% (9/29)
31% (9/29)
38% (11/29)
5.5 (0.25-25)*
25% (17/68)

89% (40/45)
11% (5/45)

75.4% (43/57)
24.5% (14/57)
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Serum/plasma

UA (mg/dL)

AA (ug/mg protein)
Albumin (mg/dL)
TPC (ug/mg protein)
Total thiols

(ug/mg protein)
H,0, (pmol/uL)

Urine

UA (mg/dL)

AA (ug/mg protein)
Albumin

(ug/mg protein)
TPC (ug/mg protein)
Total thiols

(ug/mg protein)

H,0, (pmol/mg
protein)

Controls
(n=60)

5.427 + 1.045
17.03 + 3.535
4.934 + 0.943
66.23 + 27.25
21.07 + 4.564

6.319 + 1.25

54.63 + 1047
17.02 + 5.294
19.87 + 5.095

214.2 £ 61.04

1.026 + 0.4782

0.4988 + 0.0791

Incidentaloma
(n=20)

4.393 + 1.083**

14.98 + 2.498*

4.223 £ 1.107*

38.13 + 24,51

26.47 + 8.702*AAAA~~

16.96 +
5.731FH*AAAA e

40.95 + 7.780%
13.71 £ 5.902
19.76 + 8.811

165.6 + 74.57*

0.9718 + 0.5693

0.699 + 0.053+**

Pheochromocytoma

(n=20)

5.309 + 1.187
14.34 + 1.46**
4.24 + 0.568*
52.41 + 34.65
16.07 + 7.904*

10.14 + 43724

41.26 + 7.577%*
12.54 + 6.243*
19.93 + 6.843

175.3 £ 71.74
0.9658 + 0.5305

0.606 + 0.102**

Cushing’s/Conn’s adenoma

(n=20)

5.114 £ 1.225
14.37 + 1.733**
4.138 + 0.896**
49.05 + 34.21%*
18.66 + 9.837

9.344 + 4.765**

38.95 + 10.71*
12.42 +4.913%
21.47 +£7.835

190.9 +71.1
0.9365 + 0.465

0.6283 + 0.247**

ANOVA

p=0.011
p=0.0001
p=0.0005
p=0.0032
p<0.0001

p<0.0001

p<0.0001
=0.0009
p=0,8016

p=0.0171
p=0.895

p<0.0001

Results are presented as mean with standard deviation. * p<0.05, **p<0.01, *** p <0.001, **** p < 0.0001 indicate significant differences from the controls; A4 p<0.0001 indicate significant

differences from the pheochromocytoma group; ~~ p<0.01, ~
tal Phenolic Content (TPC) and uric acid (UA). Bold indicates statistically significant results.

(AA

p<0.0001 indicate significant differences from the Cushing’s/Conn’s group; hydrogen peroxide (H,05), ascorbic acid
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Records screened by title and
abstract
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Records with full text
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Records included in review
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Records excluded before screening:
Not in English (n=69)

Not human related (n=54)

No abstract available (n=6)

Records excluded:

Not eligible- incidentaloma/other
types of tumors (n=20)

Letters to the editor/reviews (n=41)

Records excluded:

Full text not available (n=13)

Not eligible (silent/non-functional, non
related to PPGL) (n=22)

Case reports (n=157)
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Antibodies Medullary cells (Cases) Cortical cells (Cases)

Chromogranin A 25 0
Synaptophysin 10 0
S100 for sustentacular cells 3 0
Catecholamine synthesizing enzymes: 4 0
TH, DBH, PNMT

INSM1 3 0
ACTH for subclinical Cushing 4 0
syndrome

Inhibin alpha 0 11
SF-1 0 6
Melan A 0 4
Calretinin 0 4
Steroid hormone synthesizing enzymes 0 4
(3B-HSD, P450c21, P450c11, P450c17)

Pancytokeratin 0 5

TH, tyrosine hydroxylase; DBH, dopamine-b-hydroxylase; PNMT, phenylethanolamine N-methyltransferase; INSMI, insulinoma-associated protein 1; ACTH, adrenocorticotropin; 3b-
HSD, 3 beta-hydroxysteroid dehydrogenase; P450c21, 21beta hydroxylase; P450c11, 11beta-hydroxylase; P450c17, 17alpha-hydroxylase.
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Age

Size of the tumor (cm)
BMI (kg/m?)

Na* (mmol/l)

K" (mmol/l)

WBC (10°/uL)

RBC (10°/uL)

HGB (g/dL)

PLT (10°/uL)

Glucose (mg/dL)
Aldosterone (ng/dL)
Serum cortisol before
10 a.m. (pg/dL)

Urine methanephrine (ug/
24h)

Urine normethanephrine (ug/

24h)

Controls
(n=60)

58 + 10
23.16 + 0.8042
139.1 + 2.149
4.411 + 0.3498

7.33 + 1.205
4.656 + 0.3412
13.62 + 0.7923
288.4 + 14.08
77.18 + 6.372
13.86 + 7.062
12.19 + 4.469

146.5 + 77.61

237.8 + 83.04

Incidentaloma
(n=20)

59 +12
4.053 + 1.727
29.53 + 4.97%*
140.5 + 2.503
4.489 + 0.3129
7.349 +2.344
4.816 + 0.3703
14.53 + 1.195
242.1 + 69.22%*~
99.79 + 21.88%**
14.46 + 845~
15.43 + 5.492

103.7 + 49.56

248.3 + 1237

Pheochromocytoma

(n=20)

57+ 10
3.889 + 1.384
27.58 + 6.452*
139.1 £ 2.516
4.375 £ 0.351
7.675 + 2.057
4.483 + 0.5508
13.89 + 1.48
254.2 + 49.86
91.56 + 16.91*

17.4 +8.123
14.04 + 5.747

727.5 + 544100

737.5 £.292.9v

Cushing’s/Conn’s adenoma

(n=20)

58+7

3.685 + 1.798
29.53 + 3.554*0%
138.8 £ 2.579
4.179 £ 0.5804
7.596 + 2.273
4.545 + 0.3733
13.78 + 1.138
198.3 + 46.7**AA
94.94 + 19.14%*
232+ 13.37%*
16.88 + 5.398**

152.8 + 82.38

362.2 + 1284 AAAA

ANOVA

=0.908
p=0.7846
p<0.0001
p=0.1015
=0.0895
=0.926
=0.0799
p=0.0585
P<0.0001
P<0.0001
=0.0008
p=0.0019

p<0.0001

p<0.0001

Results are presented as mean with standard deviation. *p<0.05, **p<0.01, ***p <0.001, ****p < 0.0001 indicate significant differences from the controls; A% p<0.01, AAAA p<0.0001 indicate
significant differences from the pheochromocytoma group; ~ p<0.05 indicate significant differences from the Cushing’s/Conn’s group; body mass index (BMI), white blood cell count
(WBC), red blood cell count (RBC), hemoglobin (HGB) and platelet count (PLT). Bold indicates mean values.
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Studies

Operative time

Mean age < 50 years 3 6.58 (-21.73, 34.90) 87 0.65
Age
Mean age > 50 years 4 16.65 (-7.60, 40.89) 60 0.18
BMI < 30 kg/m2 5 11.90 (-10.44, 34.24) 84 0.3
BMI
BMI > 30 kg/m2 2 11.19 (-25.19, 47.58) 39 0.55
Sample size < 80 4 7.45 (-7.97,22.87) 0 0.34
Sample size
Sample size > 80 3 19.17 (-13.84, 52.18) 92 0.26
Tumor diameter < 5 cm 5 12.85 (-7.74, 33.43) 82 0.22
Tumor diameter
Tumor diameter > 5 cm 1 -1.30 (-32.90, 35.50) 0 0.94
I
Length of stay
Mean age < 50 years 2 -1.00 (-1.31, -0.69) 0 < 0.00001
Age
Mean age > 50 years 4 -0.67 (-1.72, 0.39) 96 0.22
BMI < 30 kg/m2 4 -0.65 (-1.08, -0.23) 64 0.003
BMI
BMI > 30 kg/m2 2 -0.78 (-2.15, 0.60) 97 0.27
Sample size < 80 4 -0.83 (-1.89, 0.22) 95 0.12
Sample size
Sample size > 80 2 -0.68 (-1.35, -0.02) 79 0.04
Tumor diameter < 5 cm 5 -0.74 (-1.52, 0.05) 94 0.07
Tumor diameter
Tumor diameter > 5 cm 1 -1.00 (-1.61, -0.39) 0 0.001
Blood loss
Mean age < 50 years 2 -43.11 (-140.17, 53.96) 84 0.38
Age
Mean age > 50 years 3 -9.03 (-35.22, 17.17) 40 05
BMI < 30 kg/m2 4 -24.08 (-56.07, 7.92) 62 0.14
BMI
BMI = 30 kg/m2 1 830 (-17.51, 34.11) 0 0.53
Sample size < 80 3 -23.82 (-76.05, 28.41) 72 0.37
Sample size
Sample size > 80 2 -12.58 (-43.13, 17.98) 59 0.42
Tumor diameter < 5 cm 4 -4.11 (-19.62, 11.40) 15 0.6
Tumor diameter
Tumor diameter = 5 cm 1 -100.00 (-175.39, -24.61) 0 0.009
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ference RPRA LPRA

Isiktas Pheochromocytoma:3; Aldosteronism:5 Cushing syndrome:4; Other:3 Pheochromocytoma:3; Aldosteronism:5 Cushing syndrome:12; Other:4
Ma Pheochromocytoma:19; Aldosteronism:5 Cushing syndrome:25; Other:30 Pheochromocytoma:18; Aldosteronism:5 Cushing syndrome:25; Other:31
Fu Pheochromocytoma:19 Pheochromocytoma:32

Kim Pheochromocytoma:24; Aldosteronism:9 Cushing syndrome:22; Other:6 | Pheochromocytoma:54; Aldosteronism:42 Cushing syndrome:47; Other:26
Lairmore Pheochromocytoma:20; Aldosteronism:23; Cushing syndrome:20; Other:26

Dickson Pheochromocytoma:8; Aldosteronism:3 Cushing syndrome:8; Other:4 NA

Agcaoglu Pheochromocytoma:6; Aldosteronism:6 Cushing syndrome:13; Other:6 Pheochromocytoma:7; Aldosteronism:8 Cushing syndrome:13; Other:3

RPRA, robotic posterior retroperitoneal adrenalectomy; LPRA, laparoscopic posterior retroperitoneal adrenalectomy.
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operative time hospital stay conversion transfusion 5
A [( L ml; mplications (n
E e blood loss (ml) (days) ) ) complications (n)
RPRA LPRA° RPRA LPRA RPRA LPRA RPRA LPRA RPRA LPRA RPRA LPRA
: 170.6 188 y _
Isiktas 07) (10185) NA 1105) | 3.1(0.5) 0 0 NA overall:0 overall:1
163 165.7 50 L overall:2
Ma (5623) (5259) (5926) 50(66.67) | 3(074) | 4(1.48) 0 0 0 2 major:0 major0
166.3 100 200 overall:6 overall:9
Fu (54.0) 165(69:5) (111.1) (162.96)) 3074) 6(148) L ha 1 7 major:1 major:2
Kil 138 110(50.9 NA NA 0 0 NA NA
im (545) .9)
fsermon 177.3 105.33 46.5 78.4 153 1.85 " 5 o . maforil overall:1
e (50.1) (29.60) (54) | (1415 | (087) | (15) #O5 major:1
) 283
Dickson 154(43) 131(41) (509) 20(37.4) | 13(06) | 14(0.7) NA NA NA NA
163 165.7 253 35.6 . .
Agcaoglu (56.23) (52.89) (5735) (55.12) NA NA 0 0 NA major:0 major:0

RPRA, robotic posterior retroperitoneal adrenalectomy; LPRA, laparoscopic posterior retroperitoneal adrenalectomy; Mean (SD).
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BMI (kg/m?) Patients Tumor diameter Tumor site Surgical
(cm) (Lt / Rt) approach

Reference = Year  Country

RPRA LPRA RPRA | LPRA RPRA LPRA RPRA  LPRA

Isiktas 2023 USA :;z) (1":)1262) 37.9(2) (;87‘21) 15 24 (i:g) é?g) 2:1; 18/6 Retroperitoneal
Ma 2021 China (12.58 ) 49(13.33) (233:33) (233;22) 79 79 ( 13 :3) ( 1?:‘28) 47/32 46/33 Retroperitoneal
Fu 2020 China (9;:2) (X(iss) (236;4) (%jf:) 19 32 8(2.22) (Zz‘;z) slgl; 16/16  Retroperitoneal
Kim 2019 Korea (sz) 50.1(13.4) 24.8(3.5) | 24.8(3.9) 61 169 3.7(2.5) 3.4(2.2) 35/26 81/88 Retroperitoneal
Lairmore 2016 USA 56.5 529 28.5 3123 17 72 2.4(1.3) (21328) Ilulr-l 40/36 Retroperitoneal
Dickson 2013 USA 52(10.3) 52(13) 31.6(6.1) 30(6) 23 23 38(1.6) | 2.8(12)  13/10 ll)lec Retroperitoneal
Agcaoglu 2012 USA (1522':1) (1513.'124) 27.5(3.9) (43121-:) 31 31 (13.'111) 3(1.11) 16/15 ége; Retroperitoneal

RPRA, robotic posterior retroperitoneal adrenalectomy; LPRA, laparoscopic posterior retroperitoneal adrenalectomy; Mean (SD).
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RPRA LPRA Odds Ratio
Fu 2020 6 19 9 32 396% 1.18[0.34, 4.06)
Isiktas 2023 0 15 1 24 57% 0.51[0.02,13.22)
Lairmore 2016 2 17 7072 N7% 1.24[0.23,6.57)
Ma 2021 4 79 5 79 33.0% 0.79(0.20, 3.08)
Total (95% Cl) 130 207 100.0% 0.99 [0.46, 2.17]
Total events 12 22

Heterogeneity: Tau®= 0.00; Chi*= 0.42, df=3 (P=0.94); F=0%
Test for overall effect: Z=0.01 (P =0.99)

B
RPRA LPRA 0Odds Ratio
Weight M-H, Random, 95% CI
Agcaoglu 2012 0 31 0 31 Not estimahle
Fu 2020 1 19 2 32 56.7% 0.83[0.07, 9.86]
Lairmore 2016 1 17 1 72 433% 4.44(0.26,74.77)
Ma 2021 0 79 0 79 Not estimable
Total (95% Cl) 146 214 100.0% 1.72[0.27, 11.05]
Total events 2 3

Heterogeneity: Tau*= 0.00; Chi*= 0.77, df=1 (P = 0.38); F= 0%
Test for overall effect: Z= 0.57 (P = 0.57)

0.01

0.001

0Odds Ratio
M-H, Random, 95% CI

0.1 1 10
less in RPRA lessin LPRA

Odds Ratio
M-H, Random, 95% CI

0.1 1 10
betterin RPRA betterin LPRA

100

1000
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LPEA Oidds Ratio Odids Ratio
i ; M-H. Random, 95% CI

Agcaoglu 2012 1] cN 1] KN Mot estimahble

Isiktas 2023 1] 14 a 24 Mot estimahble

Kim 20149 1] 1 0 1649 Mot estimahle

Lairmore 2016 1] 17 3 72100.0% 087 [0.03, 11.480]

Ma 2021 1] 79 a 79 Mot estimahle

Total (95% CI) 203 375 100.0% 0.57 [0.03, 11.50]

Total events 1] 3

Heterogeneity: Mot applicable

Testfor overall effect: =037 (F=0.71) 001 U] 1 14 1080

legss in RFPREA less in LPREA
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Mean Difference
IV, Random, 95% CI

Agcaoglu 2012 253 57.35 6 356 5512 31 144% -10.30[-60.12, 39.52)
Dickson 2013 283 509 23 20 374 23 263% 8.30[17.51,34.11)
Fu 2020 100 1111 19 200 16296 32 8.0% -100.00[175.39,-24.61]
Lairmore 2016 465 254 17 784 1415 72 211% -31.90 [-66.74, 2.94]

Ma 2021 50 5926 79 50 6667 79 30.2% 0.00 [[19.67,19.67]

Total (95% Cl) 144 237 100.0% -14.03 [-38.07, 10.00]

Heterogeneity: Tau®= 397.71; Chi*= 9.65, df= 4 (P = 0.05), F=59%
Test for overall effect: Z=1.14 (P = 0.25)

Odds Ratio

Fu 2020 1 19 7 32 509% 0.20(0.02,1.76]
Lairmore 2016 0o 17 1 72 23.0% 1.36 [0.05, 34.88]
Ma 2021 0o 79 2 79 26.0% 0.19([0.01,4.13)
Total (95% CI) 115 183 100.0% 0.31[0.06, 1.46]
Total events 1 10

Heterogeneity: Tau®= 0.00; Chi*= 1.06, df= 2 (P = 0.59); F= 0%
Test for overall effect Z=1.48 (P=0.14)

Mean Difference
IV, Random, 95% CI

0.005

+ + + +
-200 -100 0 100 200

lessinRPRA less in LPRA

Odds Ratio
M-H, Random, 95% CI

0.1 1 10 200

betterin RPRA bhetterin LPRA
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A

RPRA LPRA Mean Difference Mean Difference
Study or Subgroup _Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Agcaoglu 2012 163.2 56.23 31 1657 5289 31 142% -250[-29.67, 24.67)
Dickson 2013 154 43 23 13 41 23 152%  23.00[-1.28,47.29]
Fu 2020 166.3 54 19 165 69.5 32 120% 1.30[-32.90,35.50]
Isiktas 2023 170 807 15 188 10185 24 6.8% -18.00[-75.69, 39.69]
Kim 2019 138 545 61 110 509 169 18.0% 28.00(12.32, 43.68] —
Lairmore 2016 1773 501 17 1333 5185 72 14.4% 44.00[17.34,70.66] -
Ma 2021 100 333 79 110 333 79 194% -10.00[-20.38,0.38]
Total (95% CI) 245 430 100.0% 11.49[-6.88, 29.87]
Heterogeneity: Tau®= 425.36; Chi*= 27.48, df= 6 (P = 0.0001); F= 78% oo 20 0 20 100

Test for overall effect Z=1.23 (P=0.22)

B
RPRP LPRP

Study or Subgrou Mean SD Total Mean SD Total
Agcaoglu 2012 4 18 61 42 28 169 158%
Dickson 2013 1.3 06 23 14 07 23 172%
Fu 2020 5 074 19 6 148 32 158%
Isiktas 2023 11 05 15 31 05 24 174%
Lairmore 2016 153 087 17 185 12 72 165%
Ma 2021 3074 79 4 148 79 17.2%
Total (95% CI) 214 399 100.0%

Heterogeneity: Tau®= 0.66; Chi*= 72.16, df= 5 (P < 0.00001); F= 93%
Test for overall effect: Z= 2.26 (P = 0.02)

less in RPRA less in LPRA

Mean Difference Mean Difference

IV, Random, 95% CI

-0.20[-0.82,0.42)
-0.10 [-0.48,0.28)
-1.00[-1.61,-0.39]
-2.00[-2.32,-1.68)
-0.32[-0.82,0.18)
-1.00[-1.36,-0.64]

-0.78 [-1.46, -0.10]

-2 0 2 4
shorterin RPRA shorterin | PRA
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

Identification

Screening

Records identified from:
Databases (n = 198)
Other sources (n = 0)

Records screened
(n = 46)

Reports sought for retrieval
(n=13)

Reports assessed for eligibility
(n=13)

Studies included in quantitative
synthesis (meta-analysis)

(n=7)

Records removed before
screening:
Duplicate records removed
(n=152)

Records excluded
(n=33)

Reports not retrieved
(n=0)

Reports excluded:

No comparison group (n = 2)
Not reporting outcomes (n = 3)
No relevant data (n = 1)
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Patients Gynecomastia Overt hypogonadism Androgen replacement Patients who agreed

therapy (ART) to be investigated
about sexuality

1 No Yes Tgel2% Yes
2 No No - No
3 Yes Yes DHT gel 2.5% Yes
4 Yes Yes DHT gel 2.5% Yes
5 Yes Yes DHT gel 2.5% Yes
6 No Yes Tgel2% Yes
7 No No - No
8 No Yes T gel 2% Yes
9 No Yes T gel 2% No
10 ‘ No Yes T gel 2% No

T, Testosterone; DHT, Dihydrotestosterone.
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Patients = Minimum Maximum Mitotane Mitotane

mitotane mitotane maximum levels mean levels

daily dose daily dose

mg/day mg/day mg/L mg/L months

1 2000 3000 13.60 1022 0
2 2000 4500 2433 1L15 55
3 1500 2500 2676 14.89 122
1 2000 3000 18.80 1347 16.4
5 2000 3000 1712 7.39 0
6 1500 2500 2516 1444 52
7 3000 3000 13.60 1053 0
8 2000 4000 1850 1320 237
9 2000 3000 18.80 1347 183
10 1000 3000 32.00 16.05 333
Overall 1900 + 516.4 3150 + 625.8 207 £63 125+26 142 +134
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N =10

Mean Median
values values

Clinical parameters

Age (years) 43.0 £ 14.2 47.0 [29-51.75]
Current smokers (%) 0.0%

Past smokers (%) 0.0%

Daily alcohol consumption (%) 0.0%

Body mass index (kg/mz) 278 £4.5 28.2 [23.4-33.3]
Waistline (cm) 1109 £ 11.6 102.0

[89.8-115.1]

Systolic blood pressure (mmHg) 131.0 + 19.0 1325

[117.5-140.0]

Diastolic blood pressure (mmHg) 81.5 +12.7 85.0 [75.0-90.0]
Mean testis volume (Prader) (ml) ‘ 13.6 £ 2.0 14.0 [12.0-15.2]
Gynecomastia (%) 30%
Hypogonadism® (%) 30%

Current medications” (%)

- Hydrocortisone/ 100%
cortisone acetate

- Fludrocortisone 20%
- Levothyroxine 70%
- Lipid-lowering therapy 50%

Hormonal parameters

LH (U/l) 33+18 40 [3.3-4.4]
Total testosterone (nmol/l) 14.6 + 4.8 14.6 [10.5-18.9]
Sex hormone binding globulin 36.6 +13.2 33.3 [27.2-43.7]
(nmol/l)

Calculated free testosterone 296.4 + 1354 2715

(pmol/l) [187.2-364.2]

Tumour related parameters
Tumour size (cm) 10.8 +5.2 9.2 [4.3-15.5]

ENSAT tumour stage at the start

of AMT (%) 20%
Stage I 50%
Stage IT 20%
Stage IIT 10%
Stage IV

Hormonal secretion (%)

Cortisol 50%
Non functional tumors 30%
Cortisol and androgens 10%
Androgens 10%

Weiss score (%)

4 10%
5 10%
6 20%
7 20%
8 40%

A1l the hypogonadal patients showed secondary hypogonadism at baseline.
YSupportive/replacement treatments. AMT, adjuvant mitotane therapy.
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Variable

Recurrent disease (n=24)

Free of recurrent disease

(n=279)

Hazard ratio [95% Cl],
p value

Male sex

Age

Age < 35 years
Hereditary PPGL [n=265]

SDHB mutation

62.5% (n=15)
46.8 + 13.52
16.7% (n=4)
60.9% (n=14/23)

33.3% (n=8/24)

47.0% (n=131)
516 + 16.15
17.2% (n=48)
32.6% (n=79/249)

2.2% (n=6/279)

1.87 [0.82-4.27), 0.131
0.99* 0.96-1.01], 0244
0.89 (0.30.2.59], 0.824
2.72 [1.17-631], 0.018}

15.46 [6.45-36.80], <0.0001+

Hypertension 83.3% (n=20) 71.3% (n=199) 2.21 [0.75-6.47], 0.116
Diabetes 30.4% (n=7) 26.2% (n=73) 1.56 [0.64-3.79], 0.346
Obesity 12.5% (n=3) 16.5% (n=46) 0.75 [0.22-2.51], 0.628
Cardiovascular disease 42% (n=1) 14.0% (n=39) 0.32 [0.04-2.39], 0.184
Cerebrovascular disease [n=301] 4.2% (n=1) 4.7 (n=13) 0.79 [0.11-5.85], 0.811
Smoker [n=265] 17.4% (n=4) 26.1% (n=63) 0.61 [0.21-1.80], 0.346
Systolic blood pressure at diagnosis 1359 + 28.48 138.2 + 25.57 1.00* [0.98-1.02], 0.754
Diastolic blood pressure at diagnosis 80.5 + 14.59 82.0 + 16.22 1.00* [0.97-1.02], 0.741
Secretory phenotype [n=223] 0.51 [0.12-2.23], 0.331
-Only adrenaline 2.39 [0.95-6.04], 0.069
-Only norepinephrine 0.51 [0.19-1.36), 0.165
-Mixed

Urine metanephrine (SD) 6.7+ 21.72 6.6+ 15.20 1.00* [0.97-1.03], 0.908
Urine normetanephrine (SD) 32.8+ 66.7 5.5+ 8.66 1.02* [1.01-1.03], <0.0001F
Urine epinephrine (SD) 0.6 +0.37 49+ 8.84 0.37* [0.16-0.89], <0.00011
Urine norepinephrine (SD) 6.5+ 9.15 4.7 £12.66 1.00* [0.98-1.04], 0.606
Plasmatic metanephrine (SD) 32+5.19 4.9 £ 6.50 0.95* [0.83-1.08], 0.381
Plasmatic normetanephrine (SD) 7.7 £9.22 4.5 £ 5.60 1.04* [0.98-1.11], 0.282
Tumour size (mm) 65.7 +7.85 463 +31.27 1.10 per each 10 mm [1.04-1.17], 0.018

Tumour >40 mm

Bilateral tumors
Sympathetic paraganglioma
Open adrenalectomy

PASS score [n=70]

69.6% (n=16/23)
0%

33.3% (n=8)
37.5% (n=9)

38+3.25

49.3% (n=132/268)
5.0% (n=14)

255% (n=7)

11.1% (n=31)

2.9 +250

2.34 [0.96-5.70], 0.050
Not calculable

11.9 [5.02-28.08], <0.0001
3.62 [1.58-8.29], <0.003

1.27 per each increase in unit [0.91-1.77],
0.158

PASS, Pheochromocytoma of the Adrenal gland Scaled Score; PPGL, pheochromocytomas and sympathetic paragangliomas; SD, standard deviations; *refers to each increase in unit; 1 refers to
statistically significant results; **for variables with missing data, the number of patients with available data is described in brackets.
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Interval (years)

Patients in follow-up

mulative incidence

dent interval

2-4

4-6

6-8

8-10

10-12

303

229

177

131

93

68

0.051

0.065

0.077

0.110

0.110

0.135

0.026

0.007

0.007

0.018

0.000

0.015

0.013-0.040

0.000-0.016

0.000-0.016

0.000-0.035

Not calculable

0.000-0.044
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Somatic NF1
Germline NF1 mutation mutation

1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
IIII III II II I Sex ([male;  female)
I I NA  NA NA I I Family history of PPGL([llyes)

I I I II IIIII Bilateral PCC and/or PGL (Jllyes)
I III III IIIII Personal history of NF1 (lllyes)

NA  NA NA Family history of NF1 (' yes)

AR+ [+« [R « o« + o« ] < « |+« E i

PRKAR1A I
H3F3A I
SDHB
ATRX I

I Truncating mutation I Missense mutation (pathogenic)
Splice-acceptor/donor mutation I Missense mutation (unknown significance)

I Start codon mutation
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Peripheral steroids Wild-type ARMC5 (n=9) Mutant ARMC5 (n=6) p value

F 117.2 [92.8, 153.5] 119.6 [83.0, 163.8] 0.77
E 16.1 [14.1, 17.7 139 [12.3,18.4 0.55
Cort 1.8 [0.8,3.7] 2.5 [1.6,17.8] 0.18
11dF 0.97 [0.45, 1.19 0.48 [0.35, 1.04 0.53
DHEAS 314.0 [221.0, 795.4] 119.0 [45.4, 284.1] 0.06
T 0.13 [0.07, 0.20 0.06 [0.04, 0.15 0.18
A 0.77 [0.32, 1.50 0.27 [0.13, 0.51 <0.05
DHEA 0.85 [0.33, 1.66 0.48 [0.13, 0.67 0.13
170HP 0.19 [0.15, 0.28 031 [0.12, 0.47 0.53
DOC 0.07 [0.04, 0.12 0.04 [0.04, 0.31 0.75

Data are presented with median [Q1, Q3]. , cortisol; 11dF, 11-deoxycortisol; 170HP, 17-hydroxyprogesterone; E, cortisone; DOC, 11-deoxycorticosterone; Cort, corticosterone; DHEA,
dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; A, androstenedione; T, testosterone.
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Steroids ~ Successful catheterization® AV/PV 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Prog 1317 LAV/PV 667 37674 753 1858 1006 1246 390 156 104762 647 1826 100 1996 100 2301 160 2936
12117 RAV/PV 476 2023 659 2208 4839 1767 1974 162 184127 99975 100 100 1090 100 3020 140 100
170HP 17n7 LAV/PV 1422 16600 1160 512 1230 16275 983 1886 4625 1434 1754 858 1414 2L18 2527 1826 8020
1617 RAV/PV 974 1913 1261 868 3448 18745 3846 504 3813 16219 525 1588 986 880 2597 1901 190
21dF 1317 LAV/PV 1491 064 813 009 260 9011 205 4701 347 411 1927 100 666 849 370 189 958
1417 RAV/PV 1250 269 607 427 1190 12363 1073 1558 495 3488 598 100 420 309 100 500 081
11dF 17n7 LAV/PV 1356 4062 3148 1269 458 11275 1339 5808 5477 1165 1607 1020 941 2427 2219 1326 3608
16117 RAV/PV 1705 742 2734 989 1676 15392 5779 1245 1638 7981 569 1650 722 1004 2148 1059 144
F 16/17 LAV/PV 405 529 305 381  Ll4 2752 375 1538 948 249 373 217 235 313 399 387 978
1217 RAV/PV 431 236 188 224 513 3321 010 388 181 904 163 265 207 200 350 251 096
1017 LAV/PV 083 167 365 280 LIS 682 13 523 255 18 241 089 204 144 253 230 527
n7 RAV/PV 097 139 320 326 172 689 31l 214 096 387 145 074 194 117 201 155 093
poc 1617 LAV/PV 1076 7538 8450 1197 732 10728 380 4174 2338 1075 1710 896 906 1065 1545 143 3314
1517 RAV/PV 1233 617 6850 9.0 1511 16157 2250 1291 2924 35806 577 1068 530 454 1903 129 100
Cort 1717 LAV/PV 1634 2043 855 1078 249 10197 1088 5665 4802 745 1345 904 521 1617 156 1297 7242
16/17 RAV/PV 1399 297 637 600 1200 14145 5768 1695 1655 10361 344 1049 435 679 1052 767 139
Aldo 1417 LAV/PV 860 2955 014 016 52414 3898 - 3697 - 088 2791 1183 688 582 601 694 8142
1517 RAV/PV 735 545 315 016 038 4634 - 1668 - 799 541 1452 1705 574 601 3220 678
DHEA 177 LAV/PV 709 866 777 213 262 6338 1089 459 1139 609 1709 412 236 1050 999 1107 1938
15/17 RAV/PV 374 931 1684 169 434 6338 2350 364 2984 1766 545 389 746 520 842 1962 131
DHEAS on7 LAV/PV 082 105 L19  Ll6 102 195 120 097 103 108 148 125 L7 123 130 100 142
onz RAV/EV L0 109 13 LIl 122 189 132 126 100 133 113 100 LI 107 L4 100 087
A 17n7 LAV/PV 2211 928 591 676 1183 15902 1507 2916 2580 1526 2057 727 1053 1881 2582 2180 37.20
16117 RAV/PV 1777 583 638 1051 1541 18217 5251 1117 2022 4689 601 1415 1439 732 1753 2663 124
T 817 LAVV 172 246 204 077 162 467 130 262 153 141 184 207 080 214 194 246 262
517 RAV/PV 144 183 282 072 338 822 226 146 130 391 108 153 096 L0 195 172 148
DHT n7 LAVAV 074 064 221 119 100 121 48 015 095 100 100 100 100 100 100 100 100
onz RAV/PV 101 L2 130 L2 100 110 104 015 137 100 100 100 100 100 100 100 100
E2 2n7 LAV/PV 135 016 129 094 006 058 16l 075 263 100 100 100 100 195 783 100 100
3n7 RAV/PV 169 008 108 087 030 018 476 094 957 100 100 1379 100 030 035 100 100

“Number of samples with successful catheterization (selectivity index>2); AV, adrenal vein; PV, peripheral vein; LAV, left adrenal vein; RAV, right adrenal vein; Prog, progesterone; 170HP, 17-hydroxyprogesterone; 21dF, 21-deoxycprtisol; 11dF, 11-
deoxycortisol; F, cortisol E, cortisone; DOC, 11-deoxycorticosterone; Cort, corticosterone; Aldo, aldosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; A, androstenedione; T, testosterone; DHT, dihydrotestosterone; E2,
estradiol. The six steroids with the highest SI values are marked in bold.
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Lateralization Index based on DHEA

II’\?:. Surgery Clipic_al Bioch_en_)ical

F roquon emisson F E  1ldF  Cot DOC T A DHEAS 170HP
1 Right ADX Yes Complete
2 Left ADX NA NA L ] T Rk
3 Left ADX No Persistence
4 Bilateral ADX Yes Complete 4=<LIright<10
k] Bilateral ADX Yes Complete
6 Partial bilateral ADX Yes Complete 2<LlIright <4
i/ Left ADX Yes Complete -
8 Left ADX NA NA <
9 Left ADX Yes Complete
10 Right ADX No Persistence ‘
11 Left ADX Yes Persistence 2ELIJefsa,
12 Right ADX Yes Complete
13 Left ADX Yes Complete - - - 4Ll left <10
14 Partial Right ADX Yes Complete
15 No surgery NA NA 10<LIleft <15
16 Left ADX Yes Complete NA NA
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Variable Patients (n

Female sex 51.8% (n=157)
Age (years) 52 (range 18-81)
Hereditary PPGL [n=265] 35.1% (n=93)
Hypertension 72.3% (n=219)
Systolic blood pressure at diagnosis 133 (range 96-220)
(mmHg)
Diastolic blood pressure at diagnosis 80 (range 50-135)
(mmHg)
Diabetes 26.4% (n=80)
Fasting plasma glucose levels (mg/dL) 101 (range 70-283)
Obesity 16.2% (n=49)
Body mass index, kg/m2 [n=272] 25.7 (range 17.6-43.9)
Cardiovascular disease 13.2% (n=40)
Cerebrovascular disease [n=301] 4.7% (n=14)
Smoker [n=265] 25.3% (n=67)
Glomerular filtration rate (ml/min/ 85 (range 38-165)
1.73m’%)

Catecholamine phenotype [n=223] 32.7% noradrenergic; 17.9%

adrenergic; 48.4% mixed and 1%

dopaminergic
Urine metanephrine (SD) [n=175] 1.4 (range 0-85)
Urine normetanephrine (SD) [n=153] 2.4 (range 0.1-70)
Urine epinephrine (SD) [n=203] 1.4 (range 0-42)
Urine norepinephrine (SD) [n=212] 1.6 (range 0.1-46.5)
Urine dopamine (SD) [n=164] 0.5 (range 0-8.4)
Plasmatic metanephrine (SD) [n=68] 1.5 (range 0-31.6)
Plasmatic normetanephrine (SD) [n=67] 3.4 (range 0.3-35.9)
Tumor size (mm) [n=292] 42 (range 10-136)
Tumor >40 mm [n=292] 51.0% (n=149)
Bilateral tumor 4.6% (n=14)

PPGL, pheochromocytomas and sympathetic paragangliomas; SD, standard deviations.
Normal range for systolic blood pressure at diagnosis: <140 mmHg; for diastolic blood
pressure: <90 mmHg; for fasting plasma glucose: <100 mg/dL; for glomerular filtration rate:

>90 ml/min/1.73m”, *For variables with missing data, the number of patients with available
data is described in brackets.
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303 patients with PPGLs (288
pheochromocytomas and 15
sympathetic paragangliomas)

MEDIAN FOLLOW-UP TIME 5 YEARS

279 free of recurrent disease 24 with recurrent disease
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PBMAH vs Controls

Gene
ADIPOQ
FABP4
PLINI

PPARG

Discovery

Cohort

(PBMAH)
QPCR

5.8 50

23 55

2.9 41

20 17

Validation Cohort
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-6.1
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Cortisol

s o Cortisol
Age at Sex baseline  24h midnight .
: - . 5 after 1 m reservation
N diagnosis [% ACTH Urine Cortisol Dexametaasone methods thhe tieela
[years] female] [pmol/L]  [nmol/ [nmol/L]
[nmol/L]
day]
Normal 09-134 138-414 <41 <50
Range
Discovery cohort
Controls
(normal |8 | > 50 NA NA NA NA RNA Yeq; aryo
48,58 QPCR
adrenals)
61 06 994 156 250 RNA Seq,
PBMAH | 1
0 [soe8 @ [0.40.7) [61951256] [9.3:21.1] [206:481] QPCR e
Validation cohort
52 0.4 1684 16.0 386
CPA 7 los7 & [0.40.8] [14492120) | [12.7243] [326:431) QPCR e
BADX- 2 105 211 211 373
c 8| prs 7 (7812.0]  [19492338]  [12027.3]  [233622) QPCR. a7
47
APA U (i 70 NA NA NA NA QPCR cryo
Normal 00 \a NA NA NA NA NA QPCR aryo
adrenals
PBMAH | 11 ° 100 b b 126 123 3 RNASeq | FFPE
56:62 [05:0.9] [254; 530] 8.2 159] [110:373]

Data are given as median with 25th and 75th percentile in brackets. APA, Aldosterone producing adenoma; CPA, cortisol producing adenoma; BADX-CD, Bilateral adrenalectomized patients
with persistent Cushing’s Disease. PBMAH, Primary Bilateral Macronodular Hyperplasia.
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Before mitotane 12 months 24 months 36 months

(n=24) (n=17) (n=14) (GE0))
Haemoglobin 13.5 13.0 122 124 139 13.9 0.041
(g/dl) (12.5-14.8) (11.1-13.5) (11.1-12.9) (11.8-13.8) (12.8-14.6) (12.9-14.4)
Haematocrit 402 385 36.5 386 40.9 41.1 0.048
(%) (37.7-43.2) (33.2-40.6) (334-37.9) (35.6-40.9) (36.9-42.7) (38.4-42.2)
Creatinine (mg/dl) 0.8 0.8 0.7 0.9 L1 0.8 0.106
(0.7-1.1) (0.5-1.0) (0.6-0.8) (0.8-13) (0.8-1.3) (0.7-1.0)
BMI 23.6 245 254 23.8 232 239 0.322
(kg/m?) (222-25.9) (22.3-25.9) (22.4-26.1) (21.9-25.2) (22.7-26.0) (22.4-26.3)
i 3.8 77 7.8 4.7 43 36 0.043
(ng/ml) (2.5-5.9) (3.9-11.6) (3.8-11.7) (2.7-8.8) (2.9-6.1) (2.6-7.4)
SHBG (nmol/l) 55.0 126.0 1525 157.5 195.0 194.0 0.010
(22.0-66.0) (65.5-213.5) (78.0-192.5) (98.8-234.8) (158.8-406.8) (126.0-402.0)
cFT 653 53.5 47.5 36.6 18.3 17.7 0.017
(pg/ml) (57.2-78.2) (23.5-109.9) (23.5-87.0) (11.5-67.3) (5.9-28.5) (9.2-25.3)
TT < 3.5 ng/ml 9/24 (37.5%) 4/21 5/22 6/17 5/14 4/10 0.538
(19.0%) (22.7%) (35.3%) (35.7%) (40.0%)
cFT < 63 1/6 9/15 10/14 9/11 8/9 6/6 0.037
pg/ml (16.7%) (60.0%) (71.4%) (81.8%) (88.9%) (100.0%)
E2 24.0 250 27.0 320 25.0 25.0 0.402
(pg/ml) (15.5-29.0) (14.0-32.8) (19.0-39.5) (20.5-45.0) (16.0-26.0) (19.6-29.0)
Androstenedione 0.9 12 0.9 0.4 0.3 0.6 0.048
(ng/ml) (0.8-2.3) (0.4-2.7) (0.4-2.1) (0.3-0.9) (0.2-0.7) (0.2-0.9)
DHEAS (pg/ml) 0.5 02 0.2 02 0.2 02 0.110
(0.2-355) (0.2-0.6) (0.2-0.5) (0.2-15) (0.2-05) (0.1-2.1)
170H-P (ng/ml) 15 19 20 L5 12 12 0.093
(1.2-1.9) (1.5-2.6) (1.4-3.0) (0.9-2.0) (0.6-1.6) (0.4-1.9)
Mitotanemia (mg/ - 8.0 95 132 144 14.3 0.018
1) (3.8-11.2) (6.3-13.9) (10.8-17.2) (11.0-16.5) (10.0-19.0)

Data are expressed as median (IQR) for continuous variables and as absolute number (%) for categorical variables. Comparison between continuous variables was performed with ANOVA test
for repeated measures (including post-hoc Tukey’s analysis); a comparison between categorical variables was performed with chi-square test. IQR, interquartile range; T, total testosterone;
SHBG, sex hormone binding globulin; cF'T, calculated free testosterone; E2, estradiols DHEAS, dehydroepiandrosterone; 170H-P, 17-hydroxy progesterone; BMI, Body Mass Index; significant
data in bold.
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Serum mitotane 3 mo 3 mo 6 mo 6 mo 12 12 mo. 24 mo. 36 36 mo.

levels (mg/  >14mg/ (mg/ > 14mg/ mo > 14 mg/ > 14 mg/ mo > 14 mg/
L) L L) L (mg/ L L. (mg/ L
L) (]
TT (ng/ml) 0298 -0.401 0271 -0.446 0231 -0.364 0093 0301 -0.351 0218
*
SHBG (nmol/l) 0342 0.586 0.420 0.626 -0.086 0.126 0429 0.504 0714 0577
* *
FT (pg/ml) 0414 0537 -0.441 -0.713 -0.200 0252 0214 -0.126 0.000 0707
-
Hypogonadism 0,505 0.632 0276 0.486 0.186 0260 0215 0183 0.635 0.688
* p * N -

Correlation between variables was performed with Spearman correlation. TT, total testosterone; SHBG, sex hormone binding globulin; cFT, calculated free testosterone; mo, months. Number of
patients: 3 mo=21; 6 mo=22; 12 mo=17; 24 mo=14; 36 mo=10.

*Correlation is significant at p=0.05 (two-tail).

** Correlation is significant at p=0.01 (two-tail).

significant data in bold.
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Age at diagnosis (years) 52.5 (42.8-58)

BMI (kg/m?) 24.5 (22-25.8)
Smoking habit Current smokers 3 (12.5%)
Past smokers 9 (37.5%)
Alcohol habit Regular drinkers 7 (29.2%)
Occasional drinkers 5 (20.8%)
ACC side (left) 15 (62.5%)
ACC secretion Non-secreting ACC 14 (58.3%)
Only cortisol 5 (20.8%)
Cortisol + adrenal androgens 2 (8.3%)
Cortisol + aldosterone 1 (4.2%)
Cortisol + estrogens 1 (4.2%)
Only estrogens 1 (4.2%)
Metastatic ACC 15 (62.5%)
Hypogonadism 10 (41.7%)

Data are expressed as median (IQR) for continuous variables and as absolute number (%) for
categorical variables. IQR, interquartile range; BMI, Body Mass Index; ACC, adrenocortical
carcinoma.
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Hypogonadal patients (N=10)

BMI (kg/m?) 250 (22.5-25.0) 230 (21.0-27.0) 0.787
Age at diagnosis (years) 49.0 (41.5-57.0) 54.5 (41.8-64.0) 0.463
Smoking habit Current smokers 3(30.0%) 0 (0.0%) 0.061

Past smokers 2 (20.0%) 7 (50.0%) 0.061
Alcohol habit Regular drinkers 2 (20.0%) 5 (35.7%) 0.243

Occasional drinkers 1 (10.0%) 4 (28.6%) 0.243
Secreting ACC 5(50.0%) 5 (35.7%) 0.423
Metastatic ACC 6 (60.0%) 9 (64.3%) 0.825
Haemoglobin (g/dl) 13.5 (11.7-15.4) 13.6 (12.5-14.3) 0.777
Haematocrit (%) 41.1 (36.0-45.3) 394 (37.6-42.7) 0.549
Creatinine (mg/dl) 0.7 (0.5-0.9) 0.8 (0.7-1.1) 0.139
TT (ng/ml) 24 (14-3.1) 5.5 (4.0-6.8) 0.001
SHBG (nmol/l) 53.0 (24.8-65.5) 59.5 (30.3-71.5) 0.663
cFT (pg/ml) 65.3 (59.2-98.1) 974 (69.6-121.4) 0.125
E2 (pg/ml) 25.0 (18.0-26.0) 235 (12.8-32.0) 0.764
Androstenedione (ng/ml) 1.7 (0.9-3.6) 0.8 (0.6-1.1) 0.065
DHEAS (pg/ml) 3.7 (14-6.5) 0.3 (0.2-0.7) 0.001
170H-P (ng/ml) 34 (1.1-3.7) 14 (12-17) 0073

Data are expressed as median (IQR) for continuous variables and as absolute number (%) for categorical variables. A comparison between continuous variables was performed with Wilcoxon
test; a comparison between categorical variables was performed with chi-square test. IQR, interquartile range; BMI, Body Mass Index; ACC, adrenocortical carcinoma; TT, total testosterone;
SHBG, sex hormone binding globulin; cFT, calculated free testosterone; E2, estradiol; DHEAS, dehydroepiandrosterone; 170H-P, 17-hydroxyprogesterone; significant data in bold.
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NFT mutation V:f:‘/":’
P.(His2423GInfsTer4) NA; path
p.(Leu2323Pro) 19/20 path; VUS
p.(Ser15611le) 15/20 path; NA
P.(Ser1838TyrfsTer23) NA; NA
p.(Thr586ValfsTer18) NA; path
p-(Ser260llefsTer7) NA; NA
€5944-2A5G 6/6 path; path
€586+1G>A 6/6 path; path
Pp(Arg2258Ter) 7/8 path; path
p.(Met1?) 13/17 path; path
p.(Leul45GlInfsTer10) -
p.(Tyr2285Ter) 7/8 path; path
p.(1le429AspfTer2) NA; NA
€.2851-6_2851-3del NA; path

p.(His1826Arg) 19/20 path; VUS
P.(GIn2589Ter) o path; path
c6147+1G>A 6/6 path; path
p.(Tyr628LeufsTer6) NA; path
P.(GIn2373Ter) 7/8 path; path
P.(Arg681Ter) 7/8 path; path
p{(Gln1086Ter) 7/8 path; path
€6820-1G>T 6/6 path; NA
P.(Gly2379Arg) 17/20 path; VUS
p.(Leu134GlnfsTer20) NA; NA
c4333-1G>A 6/6; likely path
P-(Ser2181ValfrTer19) NA; path

gnomAD frequency

1/251120

2/282598

1/250690

4/251372

1/ 227062

NF1 LOH/2™ hit

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

dubious

Yes

Yes

No

Yes

Yes

nd
mutation

p(Gly374Glu) DLST
p.(Lys314Met) MDH2

p.(Lys314Met) MDH2

p-(Arg16Ter) PRKARIA
p.(Gly35Trp) H3-3A
p{(Gly374Glu) DLST
423+1G>A SDHB

P.(Arg808Ter) ATRX

Varsome/ ClinVar

18/20 path; path
15/20 path; NA

15/20 path; NA

7/8 path; path
15/19 path; NA
18/20 path; path
6/6 path; path

5/5 path; NA

gnomAD frequency

2/251464
6/251092

6/251092

2/251464

3/251374

No

No

*, previously reported case; Path, pathogenic; VUS, variant of uncertain significance; NA, not available; LOH, loss of heterozygosity; bold letters, somatic mutation; we used the
ENST00000358273 transcript to name the NF1 variants.
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Distant

e Age X Clinical features of NF1 Metanephrines

o | BilteralPCC | s || 3 v Café-au-lait spots, axilary and inguinal freckling, Lisch nodules, macrocephaly, intra- and extra - .

&MTC arachnoidal neurofibromas
2 | pCC No 25 | M | Yes | - Yes M>NM
3 | TAPGL No 76 | M | No - No NA
4 PCC No 39 M No = No NM>M
s Bilaeral PCC | No 45 F NA  Café-au-lait spots, skin fibromas, multiple GIST and axillary and inguinal freckling NA M&NM
6" [ PCC No 53 F No Unknown NF1 features Yes M
7 | PCC Yes 15 | F Yes | Skin neurofibromas Yes M
8 | PCC No 5% | M | No - No M>NM
: ) PCC | No 56 M No = No M>NM
10 PCC No 60 M | No - No NM>M
1 PCC No 43 F NA | - NA NA
12 PCC No 57 M No Neurofibromas, bilateral Lisch nodules, choroidal lesions Yes M>NM
13 Bilateral PCC Yes 6 M NA hMe:i::ei ;::::ber“otmamma over skin, freckles, intellectual disability (learning difficulties), NA M&NM
14 | Bilateral PCC | No 56 | F NA | Cafe-au-lait spots, typical fibromas NA M
15 PCC No 4 | M | No - No M
16 pCC No 51 M No - No
17 PCC No 39 | F No - No NM
18 | Bilateral PCC l No 42 F No Café-au-lait spots, malignant peripheral nerve sheath tumour, neurofibromas No M
19 | Bilateral PCC | No 2 | F No Café-au-ait spots, axillary and inguinal freckling, neurofibroma No M&NM
20 | Bilateral PCC No 48 F No Cafeé-au-lait spots, neurofibromas, inguinal freckling No M&NM
B mentrc o b ey omm e, st iodamamdml
22 | Bilateral PCC | No 4 | F Yes* | Café-au-lait spots, neurofibroma, axillary freckling Yes M&NM
23 [ pCC Yes 50 F No = No NM
24 PCC No 55 | F No - No M>NM
25 PCC l No 66 F Yes - Yes M
26 PCC Yes 6 M | No - No NM

*, previously reported case (ID 1: Gieldon et al. 2018; ID 5: Barbero et al. 2021; ID 6: Matas-Nadal etal. 2022); PCC, pheochromocytoma; TA, thoracic-abdominal; FH, family history; M,
metanephrine; NM, normetanephrine; Path, pathogenic; VUS, variant of uncertain significance; NA, not available; LOH, loss of heterozygosity; ¥, suspicious but not confirmed; MTC,
medullary thyroid carcinoma; GIST, gastrointestinal stromal tumor; PGL, paraganglioma; D, dopamine.
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No operation(157) | Open adrenalectomy
Combined operation(2) n=13
No CT before surgery(60) Training set
n=279
Patients with adrenal tumor Adrenalectomy by single RPLA
(2014.08-2020.12) center surgeons > =398
n=653 n=434
Internal validation set
n=119
TPLA
n=23
Excluded:(n=56)
No operation(42) Open adrenalectomy
Combined operation(1) n=2
No CT before surgery(13)
Patients with adrenal tumor Adrenalectomy by single RPLA Prospective
(2021.01-2021.12) center surgeons T —117 — validation set
182 =126 " =117
TPLA
n=7

Training set
=279

Internal validation set
n=119

Prospective
validation set
n=117

LASSO logistic
regression

Eleven influencing
factors

Internal

[ultivariate logistic

5 Nomogram
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validation
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RFA(Surgeon A):2.765cm?

|

Consisitency=0.983>0.750
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t
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Variables Odds ratio (95% ClI) P-value

preoperative colloid (ml) 1.834 (1.265-2.659) 0.001
Intr: ti 4.174 (1.882-9.258
ntraoperative vasopressor ( 9.258) b1
support
postoperation crystal (ml/kg/d) 1.087 (1.062-1.112) ‘ <0.001 ‘

CI, confidence interval.
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Case Age/  BMI Hyper- Diabetes UFC P-cortisol after P- LNSC Late-night Sa- Sa-cortisol after  Sa-cortisone after

no. Sex tension DST ACTH cortisone DST DST
Kg/ nmol/24- nmol/L pmol/  nmol/ nmol/L* nmol/L* nmol/L*
m’ hr* L* L*
1 35/F 25.1 No No 147 150 * 1.0 24 16.0 * 16" 92"
2 71/F 17.3 No No 191" 410" 03" 68" 36.0 " 51" 320"
3 69/F 252 Yes No 92 110" 18" 56" 16.0 * 10" 58"
4 61/F 314 Yes No 67 160 * - 1.4 16.0 * 0.5 44
5 67/M 312 No No 209" 66" 24 42" 18.0 % 0.6 4.9
6 66/F 339 Yes Yes 78 270~ - 13.0" 380" 17 120"
7 63/M 235 Yes No 131 260 " = 2.0 17.0 11" 11.0"
8 59/F 25.2 No Yes 236" 120 * 16" 2.1 5.5 34" 3.5
9 59/M 349 Yes No 80 120 * 29 23 16.0 * 0.7 57
10 66/F 26.8 Yes No 202 190 * 09" 22 18.0 " 0.5 49

*Reference ranges: UFC <136 nmol/L, P-ACTH 2-11 pmol/L, LNSC <3 nmol/L, Late-night Sa-cortisone <15 nmol/L, Sa-cortisol after DST <1 nmol/L, Sa-cortisone <5 nmol/L. Abnormal
results are marked in bold style and with ¥ (decreased) or * (increased).

ACTH, adrenocorticotropic hormone; BMI, body mass index; DST, 1-mg-dexamethasone suppression test; F, female; LNSC, late-night salivary cortisol; M, male; P, plasma; Sa, salivary;
UEC, urinary free cortisol.
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Age (years)
Women
BMI (kg/m?)
Diabetes

Hypertension

Post-DST P-cortisol >50 nmol/L
Post-DST P-cortisol >138 nmol/L
UFC

LNSC >3 nmol/L

Late-night Sa-cortisone >15 nmol/L
Post-DST Sa-cortisol >1 nmol/L
Post-DST Sa-cortisone >5 nmol/L

Categorical variables are presented as n/total n of patients (%) and continuous variables as mean ( + SD]

statistical differences between the groups.

CS ruled out (n=47)

40£17

0 (85%)
307 + 87
8 (17%)

15 (32%)

18/40 (45%)
4/40 (10%)
3/28 (11%)
4/45 (9%)
3/45 (7%)
7/43 (16%)
4/43 (9%)

CS (n=7)

58+8
6 (86%)
28852
2 (29%)
6 (86%)

6/6 (100%)
5/6 (83%)
3/6 (50%)
5/6 (83%)
5/6 (83%)
7/7 (100%)
717 (100%)

0.006
1.0
0.6
0.6

0.011

0.014

0.001

0.053
<0.001
<0.001
<0.001
<0.001

Sensitivity
100%
83%
50%
83%
83%
100%
100%

Specificity
55%
90%
89%
91%
93%
84%
91%

). Independent t-test, Chi-square test and Fisher s exact test were used to analyze

BMI, body mass index; CS, Cushing’s syndrome; DST, 1-mg-dexamethasone suppression test; LNSC, late-night salivary cortisol; P, plasma; Sa, salivary; UFC, urinary free cortisol.
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Case Age/ UFC P-cortisol after ~ P-cortisol at 11 P- LNSC Late-night Sa- Sa-cortisol after  Sa-cortisone after Final

no. Sex DST p.-m. ACTH cortisone DST DST diagnosis
nmol/24- nmol/L nmol/L pmol/  nmol/ nmol/L* nmol/L* nmol/L*
hr* I* L*

1 46/F 124 160 * 440 " 88 70" 280" L” 87" CD

2 57/F 49.6 170 * - 1.6 44" 114 32" 100" CPAA
3 69/F 125 - 250 " 13.0 2.8 300" 14" 180" CD

4 63/M - 830" 690 " 23.0" - - 27.0" 113.0" CD

5 62/F 860 " 821" - 140" 27" 78" 84" 53.0" ECS

6 52/F 660 " 430" - 02" 120" 56.0 " 72 44.0" CPAA
7 58/F 465 " 120" - 59 210" 60.0 " 49" 27.0" CD

*Reference ranges: UFC <136 nmol/L, P-ACTH 2-11 pmol/L, LNSC <3 nmol/L, Late-night Sa-cortisone <15 nmol/L, Sa-cortisol after DST <1 nmol/L, Sa-cortisone <5 nmol/L. Abnormal
results are marked in bold style and with * (decreased) or * (increased).

ACTH, adrenocorticotropic hormone; BMI, body mass index; CD, Cushing’s disease; CPAA, Cortisol producing pituitary adenoma; DST, 1-mg-dexamethasone suppression test; ECS,
Ectopic Cushing’s syndrome; F, female; LNSC, late-night salivary cortisol; M, male; P, plasma; Sa, salivary; UFC, urinary free cortisol.
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Definition of ACS No of Main findings Main conclusion Comments

patients
Masserini, Two of the following: Cortisol after 22 ACS of LNSC 5.1 nmol/l, had 23% LNSC is not suitable as  LNSC measured with immunofluorimetrical
2009, DST >83 nmol/l, 24-h UFC >193 103 AT sensitivity and 88% specificity ~ a screening test for assay
Milan, nmol/24 h, and morning ACTH (21%) for diagnosis of ACS ACS. May be used with
Ttaly <2.2 pmol/l. other tests to confirm
ACS
Palmieri,  Two of the following: Cortisol after 16 ACS of LNSC >2.8 nmol/l had 31% LNSC useful in LNSC measured with LC-MS/MS
2013, DST >83 nmol/l, 24-h UFC >193 70 AL sensitivity and 83% specificity ~ combination with DST
Milan, nmol/24 h, and morning ACTH (23%) for predicting ACS for diagnosing ACS, but
Ttaly <2.2 pmol/l. not useful as a single
criterion
Ceccado,  S-cortisol >138 nmol/L after DST, or 30 ACS of Median LNSC higher in Consider UFC together ~ Main focus is on UFC, not LNSC
2017, s-cortisol after DST 50-138 nmol/L 164 Al patients with ACS than non- with DST to reduce LNSC measured with a radio-
Padova,  and one of the following: ACTH <10 (18%) ACS, but without a reliable false-positives. immunometric assay
Ttaly ng/L, high LNSC, or high UFC cutoff LNSC not suitable as a
screening test for ACS
Ueland, S-cortisol >50 nmol/L after DST, 25 ACS of 13 of 25 patients with ACS had Post-DST Sa-cortisone  S-dexamethasone and salivary cortisol and
2017, low morning P-ACTH and at least 131 AT elevated post-DST Sa-cortisol ~ useful, especially for cortisone measured with LC-MS/MS.
Norway one ACS related comorbidity. and 23 had elevated Sa- diagnosing of Controls included and used to calculate
cortisone hypercortisolism reference ranges
Ceccato,  S-cortisol >50 nmol/L after DST 46 ACS of LNSC similar in patients with ~ LNSC not useful to Salivary cortisol and cortisone measured
2018, Ttaly 106 Al or without S-cortisol >50 discriminate between with LC-MS/MS
nmol/L after DST non-functioning Al and
ACS
Ueland, S-cortisol >50 nmol/L after DST 83 ACS of LNSC false-positive in 23/63 LNSC not useful to S-dexamethasone and salivary cortisol and
2020, 165 Al and false-negative in 38/69 discriminate between cortisone measured with LC-MS/MS.
Norway non-functioning Al and  Patients with low dexamethasone
ACS bioavailability and patients using oral
estrogens excluded
Araujo- S-cortisol after DST >138 nmol/L 19 ACS of LNSC >157 nmol/l had 88% LNSC has a low LNSC measured with Electroimmuno-
Castro, 197 Al specificity and 47% sensitivity  reliability for diagnosing ~chemiluminescence assay
2021, (10%) for identifying ACS. 25% ACS
Spain sensitivity for S-cortisol > 50
nmol/L

ACS, Autonomous cortisol secretion; ACTH, adrenocorticotropic hormone; Al, Adrenal incidentaloma; DST, 1-mg over-night dexamethasone suppression test; LC-MS/MS, liquid
chromatography tandem mass spectrometry; LNSC, late-night salivary cortisol; P, plasma; S, serum; Sa, salivary; UFC, urinary free cortisol.
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Patients who provided salivary samples for
measurement of cortisol and cortisone between
April 2018 and November 2020 (n=319)

Excluded due to other
indications for sampling
CS —follow-up (n=395)
Miscellaneous (n=18)
Unclear (n=13)

Valid indications for sampling
Adrenal incidentaloma (n=184)
Suspected CS (n=69)

Excluded due to:
Blood contamination (n=10)

Use of medications that affect cortisol
concentrations (n=9)
Non-specific final diagnosis (n=9)
Other reasons (n=6)*

Excluded due to:
DST results not available(n=10)

Patients with adrenal
incidentalom
(n=155)

Patients with suspected CS
(n=54)
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Non-functioning adrenal adenoma  Mild autonomous cortisol secretion  p

(n=145) (n=10)

Age (years) 62+ 12 62 + 10 1.0

Women 92 (63) 7 (70) 1.0

BMI (kg/m?) 285+58 275 +54 0.6

Diabetes 28 (19) 2(20) 1.0

Hypertension 67 (47) 6 (60) 04

Sensitivity ~Specificity

Post-DST P-cortisol >50 51 (35) 10 (100) <0.001  100% 65%
nmol/L

Post-DST P-cortisol >138 9 (6) 6 (60) <0.001 60% 94%
nmol/L

INSC >3 nmol/L 11 (8)* 4 (40) 0.009 40% 92%
Late-night Sa-cortisone >15 131(9)x* 9 (90) <0.001 90% 91%
nmol/L

Post-DST Sa-cortisol >1 12 (9)** 6 (60) <0.001 60% 91%
nmol/L

Post-DST Sa-cortisone >5 11 (8)** 6 (60) <0.001 60% 92%
nmol/L

Categorical variables are presented as n (%) and continuous variables as mean ( + SD). Independent t-test, Chi-square test or Fisher s exact test were used to analyze statistical differences
between the groups. **Not performed in two patients, **Not performed in three patients.
BMI, body mass index; DST, 1-mg-dexamethasone suppression test; LNSC, late-night salivary cortisol; P, plasma; Sa, salivary.
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Variables Vasopressor use <3d Vasopressor use >3d

N=116 N=118
Laparoscopy 101 (87.0%) 103 (87.3%) 204 (87.2%) 0.960
Intraoperative vasopressor 54 (46.6%) 101 (85.6%) 155 (66.2%) <0.001
support
Duration of surgery (minutes) 150 (120-180) 169 (120-210) 150 (120-205.2) 0.072
Total infusion volume (ml) 2500 (1725-3300) 3000 (2200-3800) 2600 (2000-3500) 0.001
Crystal (ml) 1775 (1300-2500) 2000 (1500-2800) 2000 (1400-2700) 0.018
Colloid (ml) 500 (500-1000) 750 (500-1000) 500 (500-1000) 0.003
RBC (U) 0 (0-0) 0(0-2) 0(0-0) 0.001
Plasma (ml) 0 (0-0) 0 (0-0) 0(0-0) 0.001
Urine output (ml) 500 (280-700) 680 (400-1000) 600 (350-800) <0.001
Furosemide (mg) 0 (0-0) 0 (0-0) 0 (0-0) 0.664
Estimated blood loss (ml) 100 (30-200) 150 (50-500) 100 (50-237) 0.003
Goal-directed fluid therapy 11 (9.5%) 14 (11.9%) 25 (10.7%) 0.555

Norepinephrine (mg) 0(0-0.2) 06 (0.1-2.1) 0.2 (0-0.8) <0.001
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Variables Vasopressor use <3d Vasopressor use >3d

N=116 N=118

Female 58 (50.0%) 61 (51.7%) 119 (50.9%) 0.795
Age (years) 54.5 (45.3-62.0) 53.0 (45.8-62.0) 52.5 (45.8-62.0) 0715
Body weight (kg) 67.1 £10.3 625+ 11.0 64.8 +10.9 0.645
BMI (kg/m2) 24.2 (21.8-25.4) 23.1 (20.8-24.6) 23.6 (21.4-24.8) 0.012
Diabetes mellitus 32(27.6%) 38 (32.2%) 70 (29.9%) 0.441
Coronary artery disease 15 (12.9%) 12 (10.2%) 27 (11.5%) 0.509
Hypertension 49 (42.2%) 50 (42.4%) 99 (42.3%) 0.984
Maximal size (cm) 4.4 (3.0-6.0) 5.0 (4.0-6.8) 49 (3.5-6.0) 0.003
ASA <0.001

1 81 (69.8%) 75 (63.6%) 156 (66.7%)

it 35 (30.2%) 43 (36.4%) 78 (33.3%)
terazosin (mg) 5(0-8) 4.5 (0-22) 2 (0-16) 0.001
[ other antihypertensive agents 29 (25.0%) 31 (26.3%) 60 (25.6%) 0.824
low potassium 9 (7.8%) 7 (5.9%) 16 (6.8%) 0.580
crystal (ml) 0 (0-1500) 1225 (0-2500) 1000 (0-2000) <0.001
colloid (ml) 0 (0-500) 500 (0-1500) 250 (0-1000) <0.001
RBC (U) 0(0-0) 0 (0-0) 0 (0-0) 0.199
Plasma (ml) 0(0-0) 0 (0-0) 0 (0-0) 0.010
albumin (g) 0(0-0) 0 (0-10) 0 (0-0) <0.001

Continuous variables with normal distribution were reported as the mean + standard deviation (SD); non-normal continuous variables were expressed as median (interquartile range); categorical
variables were reported as number(percentage).
BMI, body mass index; ASA, American Society of Anesthesiologists.
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254 patients underwent adrenalectomy with postoperative pathological
indications of pheochromocytoma from May 2016 to 2022

20 patients excluded
5 bilateral pheochromocytoma
15 incomplete data

234 patients included in final analysis

postoperative use of vasoactive drugs

116 patients did not reach three days 118 for three days or more





OPS/images/fendo.2024.1336128/crossmark.jpg
©

2

i

|





OPS/images/fendo.2024.1336306/table3.jpg
Variable Sporadic PA

(n = 830)
Age, years 742 £ 11.51* | 233 56.5 + 4.76
+20.41*
% women 759% (n = 33.3% (n 41.3% (n = 342)
o =4)
Systolic blood 1544 151.6 150.3 + 21.86
pressure, mmHg +27.85 +20.08
Diastolic blood 99.4 +19.36* | 988 89.7 £ 13.52
pressure, mmHg +17.56
Hypokalemia, % 89.3% (n = 583% (n = 59.6% (n = 486/816)
25/28)* 7/12)
Serum K levels 2.6 +0.74* 3.1+£071* 3.8+ 1.67
(mEq/L)
PAC (ng/dL) 101.5 44.1 44.4 + 78.85
+80.73* +31.22
PRA (ng/mL/h) 0.18 + 1.40* 13 £ 1.31* 0.4 £ 0.86

FH, familiar hyperaldosteronism; PA, primary aldosteronism; PAC, plasma aldosterone
concentration; PRA, plasma renin activity. Normal ranges for serum K levels: 3.5 mEq/
mL-4.5 mEq/mL.

* symbol refers to statistically significant differences between FAH cases when comparing with
sporadic cases.
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Variable Sporadic

PA

(n = 830)
Age, years 33.6 £ 19.65 56.5 + 4.76 <0.001
% women 51.4% (n = 37) 41.3% (n = 342) 0.097
Systolic blood 154.6 + 31.05 150.3 + 21.86 0.230

pressure, mmHg

Diastolic blood 97.3 £21.16 89.7 £ 13.52 0.006
pressure, mmHg

Hypokalemia, % 53.9% (n = 59.6% (n = 0.373
35/65) 486/816)

Serum K levels (mEq/L) 3.5+ 0.56 3.8 +1.67 0.164

PAC (ng/dL) 43.3 £454 444 + 78.85 0.226

PRA (ng/mL/h) 0.82 £ 1.40 0.4 +0.86 0.017

FH, familiar hyperaldosteronism; PA, primary aldosteronism; PAC, plasma aldosterone
concentration; PRA, plasma renin activity. Normal ranges for serum K levels: 3.5 mEq/
mL-4.5 mEq/mL.

“*FH-II was genetically demonstrated in 18 out of the 73 patients (pathogenic variant in the
CCLN2 gene); in the other 55 patients, the diagnosed was based on the presence of >2
members of the same family with confirmed PA (6).
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Variable Sporadic

PA

(n = 830)
Age, years 33.6 £ 18.07 56.5 + 4.76 <0.001
% women 51.9% (n = 126) = 41.3% (n = 342) 0.003
Systolic blood 151.0 £ 20.05 150.3 + 21.86 0.689

pressure, mmHg

Diastolic blood 92.5 + 10.44 89.7 +13.52 0.007
pressure, mmHg

Hypokalemia, % 11.6% (n = 59.6% (n = <0.001
17/146) 486/816)

Serum K levels (mEq/L) 3.9 £ 0.50 3.8+ 1.67 0.304

PAC (ng/dL) 29.5 + 15.03 44.4 + 78.85 0.005

PRA (ng/mL/h) 1.3 £ 681 0.4 £ 0.86 0.004

FH, familiar hyperaldosteronism; PA, primary aldosteronism; PAC, plasma aldosterone
concentration; PRA, plasma renin activity. Normal ranges for serum K levels: 3.5 mEq/
mL-4.5 mEg/mL.
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Records identified from PubMed

Records assessed for eligibility
(n=268)

|

53 full text studies included: 25
articles about FHA-IL, 11 about
FHA-II, 14 about FAH-III and 3
about FAH-IV

(n=282) L5 14 duplicates removed

Review articles (n=61)

No FAH cases reported or about reports
about different topics or not description
of clinical data (n=142)

Type of FHA not reported (n=7)*
Description of the same cases (n=5)
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Literature research of FH cases 855 with PA included in the SPAIN-
(n=360 cases) ALDO registry in August 2023

Excluded due to positive genetic
study for FH or high suspicious of
FH (n=25)

246 FH-1 73 29 12 830 sporadic PA cases
FH-II FH-III FH-IV
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Variable

Risk Factors

Gender

Age

BMI

Side

Hypertension
Diabetes mellitus
Scoliosis

Coronary disease
Cerebral infarction
Hyperlipidemia
History of malignancy
History of operation
Hb

TD

DAK

DARP

DGV

RFA

Resection range
NFAT

PA

Cushing syndrome
PPGL
Myelolipoma

Cyst

Malignant tumor
Ganglioneuroma

Other pathological types

Assignments

Male=0, female=1
Continuous variable
Continuous variable
Left=0, right=1
No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1
Continuous variable
Continuous variable
Continuous variable
Continuous variable
Continuous variable
Continuous variable
Partial=0, Radical=1
No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1

No=0, Yes=1
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Variables Vasopressor use <3 X Vasopressor use>3 K

N=116 N=118
ICU 27 (23.3%) 41 (34.7%) 68 (29.1%) 0.053
Crystal (ml/kg/d) 26.2 (18.8-38.8) 57.4 (43.8-70.8) 42.4 (25.5-60.2) <0.001
RBC (U) 0 (0-0) 0 (0-0) 0 (0-0) 0.252
Plasma (ml) 0 (0-0) 0 (0-0) 0 (0-0) 0.189
24 h urine output (ml) 2150 (1500-2882) 2630 (2000-3400) 2400 (1752-3100) <0.001
Furosemide (mg) 0 (0-0) 0 (0-20) 0 (0-0) <0.001
Albumin (g) 0 (0-0) 0 (0-10) 0 (0-0) <0.001
Hospital stay after 7.0 (6.0-9.0) 10.0 (8.0-12.0) 8.0 (7.0-11.0) <0.001

Surgery(days)
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Variable Risk Factors Coefficient

X; BMI 0.0033
Xs Diabetes mellitus 0.1469
Xy Scoliosis 0.5200
X0 Hyperlipidemia 0.3623
X History of operation 0.1411
Xia TD 0.0025
X DAK -0.0078
p.on RFA 0.0004
X PA -0.0605
%5 PPGL 1.1655

Xo4 Myelolipoma 0.1949
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Gender
Male
Female
Age ()
BMI (kg-m)
Pathology
NFAT
PA
Cushing’s syndrome
PPGL
Myelolipoma
Cyst
Malignant tumor
Ganglioneuroma
Others
Side
Left
Right
Hypertension
No
Yes
Diabetes mellitus
No
Yes
Scoliosis
No
Yes
Coronary disease
No
Yes
Cerebral infarction
No
Yes
Hyperlipidemia
No
Yes
History of malignancy
No
Yes
History of operation
No
Yes
Hb (gL
TD (mm)
DAK (mm)
DARP (mm)
DGV (mm)
RFA (mm?)

Resection range
Partial
Radical
Operation time (min)
Blood loss (ml)
POHS (d)

Training set (n = 279)

130 (46.6)
149 (53.4)
51.00[42.00,58.50]
24.61(22.84,27.35)

115 (41.2)
81 (29.0)
29 (10.4)
21 (7.5)
11 (3.9)
10 (3.6)
4(1.4)
3 (L1)
5(1.8)

166 (59.5)
113 (40.5)

60 (21.5)
219 (78.5)

230 (82.4)
49 (17.6)

267 (95.7)
12 (4.3)

253 (90.7)
26 (9.3)

253 (90.7)
26 (9.3)

249 (89.2)
30 (10.8)

268 (96.1)
11 (3.9)

198 (71.0)

81 (29.0)
137.00[127.00,146.00]
20.80[15.10,30.40)
-10.00[-20.80,-2.70]
28.80[19.20,37.90]
8.00(3.50,14.00]
399.00[203.40,668.50]

Training set (n = 279)

251 (90.0)

28 (10.0)
110.00(85.00,150.00]
20.00(0.00,50.00]
7.00(6.00,9.00]

Internal validation set (n = 119) Prospective validation set (n = 117)

49 (41.2)

70 (58.8)
50.00[38.50,58.00]
25.35(22.88,27.91]

45 (37.8)
31(26.1)
12 (10.1)
12 (10.1)
4(3.4)
6 (5.0)
2(17)
1(0.8)
6(5.0)

72 (60.5)
47 (39.5)

26 (21.8)
93 (78.2)

92 (77.3)
27 (22.7)

112 (94.1)
7(5.9)

105 (88.2)
14 (11.8)

107 (89.9)
12 (10.1)

106 (89.1)
13 (10.9)

117 (98.3)
2(L7)

89 (74.8)
30 (25.2)

135.00[126.00,146.00]

22.00[15.50,35.20]

-12.80(-21.20,-5.20]

28.00[18.10,36.80]
6.00[3.00,12.00]

429.30[222.00,703.55]

60 (51.3)

57 (48.7)
51.00[39.00,58.00]
25.95(23.44,28.32)

38 (32.5)
43 (36.8)
17 (14.5)
(6.0)
(34)
(2.6)
(1.7)
(L.7)
(

1(09)

7
4
3
2
2

65 (55.6)
52 (44.4)

21 (17.9)
96 (82.1)

89 (76.1)
28 (23.9)

115 (98.3)
2(17)

98 (83.8)
19 (16.2)

107 (91.5)
10 (8.5)

102 (87.2)
15 (12.8)

109 (93.2)
8 (6.8)

80 (68.4)
37 (31.6)

137.00[127.00,146.00]

20.00[14.00,28.00]

-9.60[-17.60,-3.50]

28.70[18.40,40.00]
7.00[4.00,12.00]

370.30[237.30,635.80]

Internal validation set (n = 119) Prospective validation set (n = 117)

109 (91.6)
10 (8.4)

120.00[95.00,150.00]

20.00[10.00,50.00]
8.00(7.00,9.50]

105 (89.7)
12 (10.3)

98.00(76.00,130.00]

15.00(0.00,25.00]
6.00(2.00,7.00]

1214

0.400
2912
1.536

0.352

0.369

1335

1.351

1.957

0.082

0.184

2.024

0.603

0318
2621
1.642
0.587
0.628
0.627

0.152

5.015
0.763
15.683

0.298

0.671
0.055
0216

0.703

0.692

0.264

0.142

0.921

0.832

0.133

0.547

0.728
0.074
0.195
0.556
0.534
0.535

0.859

0.007
0.467
<0.001

BMI, body mass index; NFAT, non-function adrenal tumor; PA, primary aldosteronism; PPGL, pheochromocytoma and paraganglioma; TD, tumor diameter; DAK, distance from adrenal
tumor to upper pole of kidney; DARP, distance from adrenal tumor to renal pedicle; DGV, distance from great vessel to adrenal tumor; RFA, retrorenal fat area.

Others (pathology) include eosinophil tumor, teratoma, schwannoma, hematoma, tuberculoma, foreign body granuloma, retroperitoneal bronchial cyst, hemangioma.
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Complications I I IIa II1b IVa Summation

Fever 11 11
Hypokalemia 6 6
Hypofunction of cortex 5 5
Hyperkalemia 1 1
Mumps 1 1
Wound infection 1 1
Delayed bleeding 1 1 2
Incomplete ileus 1 1
Deep venous thrombosis 3 1 4
Foreign body granuloma 1 1
Systemic inflammatory response syndrome 1 1
Disturbances of vital signs (requiring ICU management) 24 24

Total 26 5 1 1 25 58
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Variables

Gender

Age

BMI

Pathlogy

Side

Hypertension
Diabetes mellitus
Scoliosis

Coronary disease
Cerebral infarction
Hyperlipidemia
History of malignancy
History of operation
Hb

TD

DAK

DARP

DGV

RFA

Resection range

Forest plot

OR(93% CI)
0.511(0.334-0.779)
1.001(0.984-1.018)
1.076(1.018-1.138)
1.185(1.066—1.320)
0.713(0.461-1.096)
1.036(0.627—1.740)
2.595(1.558—4.336)
2.932(1.157-7.750)
1.962(1.008-3.799)
1.355(0.669-2.670)
2.595(1.369-4.962)
2.427(0.79-7.6810)
1.654(1.048-2.603)
1.004(0.992-1.016)
1.022(1.010-1.035)
0.979(0.965-0.993)
0.983(0.969-0.997)
0.994(0.965—1.022)
1.001(1.000-1.001)
1.196(0.584-2.369)

P Value

0.002
0.942
0.010
0.002
0.126
0.892
0.000
0.024
0.045
0.387
0.004
0.118
0.030
0.530
<0.001
0.004
0.015
0.665
0.001
0.613





