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Medullary thyroid cancer (MTC) accounts for ~4% of all thyroid malignancies. MTC derives from the neural crest and secretes calcitonin (CTN) and carcinoembryonic antigen (CEA). Unlike differentiated thyroid cancer, MTC does not uptake iodine and I-131 RAI (radioactive iodine) treatment is ineffective. Patients with metastatic disease are candidates for FDA-approved agents with either vandetanib or cabozantinib; however, adverse effects limit their use. There are ongoing trials exploring the role of less toxic immunotherapies in patients with MTC. We present a 61-year-old male with the diagnosis of MTC and persistent local recurrence despite multiple surgeries. He was started on sunitinib, but ultimately its use was limited by toxicity. He then presented to the National Cancer Institute (NCI) and was enrolled on a clinical trial with heat-killed yeast-CEA vaccine (NCT01856920) and his calcitonin doubling time improved in 3 months. He then came off vaccine for elective surgery. After surgery, his calcitonin was rising and he enrolled on a phase I trial of avelumab, a programmed death-ligand 1 (PD-L1) inhibitor (NCT01772004). Thereafter, his calcitonin decreased > 40% on 5 consecutive evaluations. His tumor was subsequently found to express PD-L1. CEA-specific T cells were increased following vaccination, and a number of potential immune-enhancing changes were noted in the peripheral immunome over the course of sequential immunotherapy treatment. Although calcitonin declines do not always directly correlate with clinical responses, this response is noteworthy and highlights the potential for immunotherapy or sequential immunotherapy in metastatic or unresectable MTC.

Keywords: medullary thyroid cancer, CEA, calcitonin, immunotherapy, PD-L1 inhibitor


INTRODUCTION

Medullary thyroid cancer (MTC) accounts for ~4% of all thyroid malignancies. It is a neuroendocrine tumor deriving from the neural crest-derived parafollicular or C cells of the thyroid gland (1). About 75% of MTC cases are sporadic and the remaining 25% present as part of an autosomal dominant inherited disorder. Activating mutations of the RET (Rearranged during Transfection) proto-oncogene are characteristic, with germline activating RET mutations seen in fMTC (familial MTC) and MEN (multiple endocrine neoplasia) 2a/MEN2b (2–4). MTC most often produces both immunoreactive calcitonin (CTN) and carcinoembryonic antigen (CEA), which are used as tumor markers (5). The growth rate of MTC is estimated by using RECIST v.1.1 (Response Evaluation Criteria in Solid Tumors); however, it can also be determined by measuring serum levels of CTN and CEA over multiple time points to determine doubling time, which play an important role in the follow-up and management of MTC. Calcitonin doubling times of >2 years seem to be associated with a better long-term prognosis than those of <6 months (6, 7).

The role of immunotherapy in MTC is not fully studied. However, previous studies have identified evidence of T-cell infiltration on MTC (8). Dendritic cell (DC)-based immunotherapy was also given in patients with solid tumors including MTC and it was reported that vaccination with autologous tumor-pulsed DCs generated from peripheral blood was safe and can induce tumor-specific cellular cytotoxicity (9). Schott et al. (10) reported that subcutaneous injection of calcitonin and CEA loaded DC vaccine in patients with metastatic medullary thyroid cancer showed clinical benefit. Calcitonin and CEA decreased in 3 of 7 patients and one of these patients had complete regression of detectable liver metastasis and reduction of pulmonary lesions. A phase I study using the heat-killed yeast-CEA vaccine (GI-6207) was performed at the National Cancer Institute (NCI) (11). A total of 25 patients were enrolled in a classic phase I design at 3 dose levels. One patient with MTC had a significant inflammatory response at the sites of her tumors and a substantial and sustained antigen-specific immune response. Furthermore, the relatively low toxicity profile of therapeutic cancer vaccines could be advantageous compared to approved tyrosine kinase inhibitors (TKIs) for some patients with indolent recurrent or metastatic MTC. Here we present a case of a patient with recurrent MTC who was enrolled on a clinical trial with yeast-based vaccine targeting CEA. Upon surgical resection after vaccine, his tumor was found to express programmed death-ligand 1 (PD-L1), which may explain the patient's subsequent reponse to a PD-L1 inhibitor.



CASE PRESENTATION

We report a 61-year-old male who initially presented with an enlarging anterior neck mass that was biopsied and found to be consistent with the diagnosis of MTC (no known somatic or germline mutation of the RET proto-oncogene). Subsequently, he underwent a total thyroidectomy with bilateral neck lymph node dissection. He then had multiple local recurrences, resulting in a total of five neck surgeries, the last one occurring 12 years after diagnosis. Based on the elevated CTN levels and persistent local recurrence, he then started systemic treatment with off-label sunitinib 13 years after diagnosis (12). While on sunitinib his CTN levels nadired to 199 pg/ml (reference <10 pg/ml), down from 461 pg/ml 6 months after starting treatment. He continued for 5 years and then stopped due to side effects. His CTN levels after discontinuing sunitinib rose to 2,243 pg/ml.

On follow-up imaging studies, there was no evidence of distant metastases and he presented to the NCI with disease involving his thyroid bed and cervical nodes, most of which were not amenable to resection. He then enrolled on a clinical trial with yeast-based therapeutic cancer vaccine targeting CEA (a phase 2 study of GI-6207 in patients with recurrent medullary thyroid cancer; NCT01856920) (8, 13). During a 6-month protocol–mandated surveillance, he had a CTN of 2,225 pg/mL and CEA of 11.9 ng/mL (reference 0.8–3.4 ng/mL) that increased to 5,964 pg/mL and CEA of 20.6 ng/mL (CTN doubling time of 135 days). During the subsequent 3-month vaccine period, his doubling time improved to 530 days (nadir CTN was 4,503 pg/mL and CEA 19 ng/mL). He then chose to have elective surgery to remove a neck lymph node and, per protocol, the vaccine was discontinued.

Approximately 3 months after surgery, his calcitonin had risen to 9,765 pg/ml and CEA 17.1 ng/mL and the patient was enrolled on a phase I trial of avelumab, a PD-L1 inhibitor (phase I, open-label, multiple-ascending dose trial to investigate the safety, tolerability, pharmacokinetics, biological, and clinical activity of avelumab (MSB0010718C), a monoclonal anti-PD-L1 antibody, in subjects with metastatic or locally advanced solid tumors (NCT01772004)) (14). He then had five consecutive declines in his calcitonin to 5,732 pg/ml and CEA levels remained overall stable at 22.0 ng/mL while on the immune checkpoint inhibitor avelumab, a > 40% decline not previously seen in his NCI clinical course (Figure 1A). Response assessment by RECIST v1.1 reported stable disease (Figure 2).


[image: Figure 1]
FIGURE 1. (A) Five consecutive declines in the patient's calcitonin levels while on the immune checkpoint inhibitor, a > 40% decline. (B) Robustly positive PD-L1 staining after surgical resection of a neck lymph node after vaccine (higher power on the right).
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FIGURE 2. Cross sectional imaging studies with computed tomography of the neck (A) prior to PD-L1 administration and (B) after a 40% decrease in calcitonin, showing stable thyroid bed recurrence.


These findings coincided with an immune-related adverse event (asymptomatic rise in grade 3 lipase) that led to protocol-mandated treatment discontinuation. A subsequent analysis of the patient's lymph node resected post-vaccination revealed that the tumor was PD-L1 positive (Figure 1B). No baseline sample was available for evaluation given that the patient was diagnosed over 15 years prior to the latest surgery (15).


Immune-Analysis

Sufficient cryopreserved peripheral blood mononuclear cells (PBMCs) were available from this patient to analyze CEA-specific CD4+ and CD8+ T cell responses before vaccination, and after six and seven vaccinations with yeast-CEA, corresponding to 3 and 4 months, respectively; PBMCs were also examined 15 days following one cycle (administered every 2 weeks for 30 days) of avelumab (Figure 3A). This assay involves intracellular cytokine staining (ICS) following a period of in vitro stimulation (IVS) with overlapping 15-mer peptide pools encoding the tumor-associated antigen CEA or the negative control pool HLA, as previously described (16, 17). The patient did not have pre-existing CEA-specific T cells, but displayed a notable increase in CEA-specific T cells 3 months following yeast-CEA vaccination; following subtraction of background and any value obtained prior to vaccination, there were 488 CD4+ cells producing IFNγ and 438 CD4+ cells producing TNF per 1 × 106 cells plated at the start of the stimulation assay. As visualized in the dot plots of Figure 3B, the CD4+ CEA-specific cells included multifunctional cells, or cells producing >1 cytokine. The increase in CEA-specific T cells was not seen at the two later time points evaluated.


[image: Figure 3]
FIGURE 3. Induction of CEA-specific T cells and changes in peripheral immune cell subsets. (A) Schema showing the timing of sequential immunotherapies and immune assays. (B) CEA-specific T cells were identified in PBMCs by intracellular cytokine staining following a period of in vitro stimulation with overlapping 15-mer peptide pools encoding for the tumor-associated antigen CEA or the negative control peptide pool HLA. Dot plots of IFNγ and TNF production by CD4+ T cells showing induction of multifunctional CEA-specific T cells (producing >1 cytokine) at 3 months. (C–G) PBMCs were assessed for the frequency of 123 immune cell subsets over the course of immunotherapy. The most notable fluctuations were observed after initiation of avelumab (indicated by black arrow). The frequency over time of Tregs (C), cDC (D), pDC (E), MDSC (F), and B cells (G), indicated as a percentage of total PBMCs.


The frequency of 123 PBMC subsets was also evaluated in this patient over his course of treatment at the National Cancer Institute using 11-color flow cytometry on cryopreserved PBMC as previously described (Supplemental Table 1) (18, 19). PBMCs were assayed prior to vaccination, 3 and 4 months following yeast-CEA vaccine, as well as at time points pre and post (15 and 42 days) avelumab (Figure 3A). Using 50% change as a cutoff, the first fluctuation in immune cell subsets was observed 4 months following vaccination with yeast-CEA, and included an increase in regulatory T-cells (Tregs) (51%), an inhibitory immune subset, compared to pre-vaccine levels (Figure 3C). After the patient completed vaccine and underwent surgery and prior to the initiation of avelumab, the patient had 92% more Tregs (Figure 3C) and 57% more conventional dendritic cells (cDC) (Figure 3D), a subset that is involved in antigen presentation, compared to pre-vaccine levels. The most dramatic fluctuations in immune subsets were noted at the time point after 6 weeks of avelumab, and included decreases in Tregs (Figure 3C), cDC (Figure 3D), and plasmacytoid DC (pDC, Figure 3E) compared to pre-avelumab therapy levels. pDC are tolerogenic DC, exhibiting poor immunostimulatory ability, and their interaction with T cells often favors the generation of Tregs (20). Increases in myeloid derived suppressor cells (MDSCs) (Figure 3F), another immune suppressive subset, and B cells (Figure 3G) were also noted after avelumab, compared to pre-avelumab levels. There were no alterations in the CD4+, CD8+, natural killer (NK) or NK-T compartments noted at any time point examined.




DISCUSSION

For many years, doxorubicin was the only US Food and Drug Administration (FDA)–approved treatment for patients with advanced thyroid cancer; however, response rate in patients with MTC is up to 20% with significant toxicity (21–23). Recently, in advanced MTC, several TKIs, such as axitinib, cabozantinib, gefitinib, lenvatinib, imatinib, motesanib, sorafenib, pazopanib, sunitinib, and vandetanib, have been studied in phase I, II, and III clinical trials. Vandetanib, an oral inhibitor of VEGFR (vascular endothelial growth factor receptor), RET, and EGFR (epidermal growth factor receptor) (24, 25) was approved by the FDA in April 2011 after a phase III trial demonstrated improved median progression-free survival (PFS) compared to placebo (hazard ratio 0.45, 95% CI 0.30–0.69) and overall response rate of 45% (26). Cabozantinib, an inhibitor of hepatocyte growth factor receptor (MET), VEGFR2, and RET, was approved by the FDA in 2012 after a phase III trial demonstrated improved median PFS of 11.2 months relative to 4 months in the placebo group (5, 27, 28). The impact of toxicity on patients was clearly indicated and for cabozantinib 70% of patients required dose reductions and 65% required dosing delays (27). Therefore, toxicity of FDA-approved TKI agents limits their use in patients with small volume, asymptomatic, or indolent disease (26). Furthermore, no clear data exist from these studies that either agent impacts overall survival. In addition, RET-specific TKIs in development are Selpercatinib (previously LOXO-292) and Blue-667 with more specific RET-targeting activity. These agents have demonstrated evidence of efficacy in early trial results (29, 30); however, further treatments are warranted with less toxicity.

Evidence for cell-mediated immunity to tumor-specific antigens has been found in medullary thyroid cancer (31) and early studies suggested that MTC-specific T cells exist (32, 33). Emerging data suggest that the immune system may be relevant in the treatment of MTC (34–36). Furthermore, immune-based treatments have been studied. Dentritic cell–based immunotherapy was given in patients with solid tumors, including MTC, and it was reported that vaccination with autologous tumor-pulsed DCs generated from peripheral blood was safe and can induce tumor-specific cellular cytotoxicity (9).

This case report may demonstrate the potential for therapeutic cancer vaccines to synergize with immune checkpoint inhibition sequentially in MTC and that principle could be applied as well to other cancers that may have tumor microenvironments (TMEs) devoid of baseline immune recognition. The therapeutic cancer vaccine in this trial was a heat-killed yeast-based vaccine designed to stimulate an immune response against CEA. After a phase I trial demonstrated safety (transient injection site reaction was the most common adverse event) and preliminary evidence of immunologic and clinical activity, a phase II study was developed in MTC (NCT01856920) (11). The phase I study included a patient with MTC who had substantial inflammation at sites of disease that followed 3 months of the vaccine (11). It is also possible that the patient's previous sunitinib is relevant in this case report. In a model using CEA-transgenic mice bearing CEA tumors, continuous sunitinib followed by vaccine increased intratumoral infiltration of antigen-specific T lymphocytes, decreased immunosuppressant Tregs and MDSCs, reduced tumor volumes and increased survival. The immunomodulatory activity of continuous sunitinib administration can create a more immune-permissive environment (37).

Despite the significant recent advances of anti-PD-1 and anti-PD-L1 therapy, they still impact only a minority of patients whose TMEs express those molecules at baseline. One hypothesis is that sequential use of vaccine can drive immune cells to the TME, resulting in an adaptive reaction by tumor cells (potentially from the presence of cytokines produced by active immune cells in the TME); upregulating PD-L1 and perhaps defining a role for anti-PD-L1/PD-1 therapies in patients who may not have otherwise benefited from such immunotherapies (38, 39). Based on this perspective, combining or sequencing vaccines with anti-PD-L1/PD-1 therapies could broaden the clinical benefit for all patients with immunologically “cold tumor microenvironments” (devoid of reactive immune cells) to enhance the clinical efficacy among cancer patients with a variety of tumor types. This case may provide an example of how increasing peripheral T-cell activation with vaccines can enable immune cells to then migrate to the TME and improve response rates to anti-PD-L1/PD-1 therapies (8, 13). Indeed, existing data with the FDA-approved therapeutic cancer vaccine for prostate cancer, sipuleucel-T, indicate that vaccine did increase T cells in the TME after treatment (40).

Induction of CEA-specific T cells was noted in the peripheral blood of this patient following vaccination with yeast-CEA, but not at later time points. It is possible the CEA-specific cells homed in on the TME inducing PD-L1 expression subsequently seen on the tumor. In addition, fluctuations in the peripheral immunome were noted in this patient over the course of therapy with yeast-CEA vaccine and subsequent avelumab therapy; these changes included both immune-potentiating and immune-suppressive alterations, with the most notable fluctuations occurring after several administrations of avelumab. The increase in suppressive elements may be a compensatory mechanism induced to tamper down the immune activation induced by the different immunotherapy treatments. However, as this patient had metastatic disease, it is unknown whether the changes in the peripheral immunome were directly induced by the sequential immunotherapy regimens or potentially related to disease progression.

As with all case reports, these presentations have limitations: the fact that the patient did not have a biopsy at baseline, prior to starting the vaccine, limits understanding of the baseline TME. Thus, it is unclear if the vaccine drove PD-L1 expression or if it was pre-existing in this patient. Little data exist for the presence of PD-L1 expression on MTC tumor cells. To further complicate this case's assessment, the patient was previously treated with sunitinib, which has been able to deplete Tregs, which alone or in combination with vaccine could have impacted the PD-L1 status of this patient (37). Nonetheless, data gleaned from using immunotherapy in such a rare disease are worth greater examination.

Although a decline in calcitonin does not directly correlate with clinical responses in this case or in MTC in general, the magnitude and consistency of the decline are noteworthy amidst data that suggest the predictive value of calcitonin doubling time and disease progression (41). Also, many patients with MTC have disease recurrence solely defined by serum tumor markers. In these patients, the opportunity to impact calcitonin kinetics with immunotherapy may decrease the pace of the disease and delay progression to overt metastasis requiring systemic therapies (TKIs) that are associated with toxicity or ultimately metastatic disease-related morbidity. Despite the effectiveness of TKIs in MTC, opportunities for immunotherapy clinical development may provide patients with additional treatment options that are less toxic and could thus be used earlier in the disease process.
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Purpose: The occurrence of parathyroid carcinoma (PC) and atypical parathyroid neoplasm (APN) in multiple endocrine neoplasia type 1 (MEN1) is rare. The present paper reports the cases of 3 MEN1-PC/APN patients at our center and discusses the prevalence in a Chinese MEN1 cohort.

Methods: This report is a retrospective analysis of 153 MEN1-associated primary hyperparathyroidism (MEN1-HPT) patients at our center, which included 3 MEN1-associated PC/APN (MEN1-PC/APN) patients. The clinical manifestations, biochemical indices, pathological findings, and therapy have been summarized along with the report of the genetic testing of the 3 patients.

Results: Of the 153 MEN1-HPT patients, 1 (0.7%) was histopathologically diagnosed with PC and 2 (1.3%) with APN. Three heterozygous mutations were identified in the 3 MEN1-PC/APN patients (c.917 T > G, c.431T > C, and c.549 G > C). The cumulative findings of 3 cases with 18 previously reported MEN1-PC/APN cases revealed that the mean serum calcium (Ca) level was 3.15 ± 0.44 mmol/L and the median parathyroid hormone (PTH) level was 327 pg/mL (214.1, 673.1), both of which were significantly higher as compared to the respective levels in non-PC/APN MEN1 patients at our center [Ca: 2.78 mmol/L [2.61, 2.88], PTH: 185.5 pg/mL [108.3, 297.0]; P = 0.0003, 0.0034, respectively].

Conclusion: MEN 1-PC/APN is a rare disease, with a prevalence of only 2.0% among the MEN1-HPT cohort at our center. The affected patients recorded higher serum Ca level and PTH levels than those with MEN1-associated benign tumors. However, the diagnosis of MEN1-PC/APN is based upon pathology most of the times.

Keywords: multiple endocrine neoplasia type 1, parathyroid carcinoma, atypical parathyroid neoplasms, prevalence, Chinese population


INTRODUCTION

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant hereditary syndrome that is characterized by the presence of endocrine tumors affecting the parathyroid, pancreas, and pituitary. In addition, some of these patients also develop adrenal adenoma (AA), carcinoid tumors (CT), angiofibroma, lipomas, collagenoma, and meningiomas (1). MEN1 is diagnosed based on the clinical or genetic criteria, and it has a prevalence of ~2–20 cases in 100,000 (1). Primary hyperparathyroidism (PHPT) is the most common manifestation of this syndrome, recorded in >95% of cases, with ~100% penetrance at the age of 50 years (2). The most frequent pathological type of MEN1-associated PHPT (MEN1-HPT) is parathyroid hyperplasia, which often involves multiple glands simultaneously (3, 4).

In contrast, in sync with the tendency of malignant pathology, the occurrence of parathyroid carcinoma (PC) and atypical parathyroid neoplasm (APN) as the causes of PHPT in MEN1 is a rare possibility. Until date, only 17 MEN1-associated PC (MEN1-PC) cases and only 1 MEN1-associated APN (MEN1-APN) case have been reported in the literature, accounting for a prevalence rate of 0.28–1% among MEN1 patients (5, 6). However, these literature are limited to the Caucasian population, and the corresponding data relevant to the Chinese or other Asian population remains lacking.

In this report, we have summarized the clinical manifestations, treatments, and genetic backgrounds of 3 MEN1-PC/APN patients admitted to our center as well as have reported the prevalence of MEN1-PC/APN in a Chinese cohort of MEN1 patients.



MATERIALS AND METHODS


Subjects

Between 1999 and 2019, 153 MEN1-HPT patients belonging to 148 families were diagnosed at the Department of Endocrinology, The Peking Union Medical College Hospital (PUMCH), Beijing. Among them, 112 patients underwent surgical treatment for MEN1-HPT, of which 3 were pathologically diagnosed with PC or APN.



Diagnosis

The diagnosis of MEN1 was established by one of the 3 criteria, namely (2, 4): (i) Clinical criteria: the occurrence of two or more major MEN1-associated endocrine tumors [i.e., parathyroid tumor, pancreatic endocrine tumor (PET), and pituitary adenoma [PIT]]; (ii) Genetic criteria: the identification of a germline MEN1 mutation, who might be asymptomatic with no biochemical or radiological manifestations of MEN1; and (iii) For the first-degree relatives of MEN1-patients: The occurrence of one MEN1-associated tumor.

The diagnostic criteria for PC relied on finding lesions with vascular invasion, perineural invasion, capsular penetration, and/or documented metastases (7). The APN was diagnosed for parathyroid tumors partially sharing some of the atypical features in PC, but not meeting all the histological criteria of PC (6).



Clinical Investigation

The clinical data were retrospectively collected, including general characteristics, clinical manifestations (e.g., bone involvement, urinary system damage, gastrointestinal symptoms, and hypercalcemia crisis), treatment strategies, pathological features, and follow-up (postoperative recurrence and metastasis). Bone involvement included bone pain, pathological fracture, and the X-ray features of PHPT characterized by bone resorption (such as subperiosteal absorption and osteitis fibrosa cystica). Bone mineral density (BMD) was measured by dual-energy X-ray absorptiometry (DXA; GE-Lunar, USA). Urolithiasis or renal calcification was assessed via ultrasound application.

The hypercalcemia crisis was defined as a serum total calcium (Ca) level of ≥3.5 mmol/L, and it is usually associated with development of acute signs and symptoms of hypercalcemia (8). The definition of recurrence was presentation of hypercalcemia after a disease-free period of at least 6 months after parathyroidectomy (9).



Laboratory Examinations

Biochemical indices including serum Ca, phosphorus (P), alkaline phosphatase (ALP), and 24-h urine Ca (24-hUCa) were measured with the Beckman Automatic Biochemical Analyzer (AU5800; Beckman Coulter). Ionized-Ca (iCa) levels were measured with a blood-gas analyzer radiometer (ABL800 FLEX; Denmark). The serum parathyroid hormone (PTH) level was measured via chemiluminescence (ADVIA Centaur; Siemens, Germany). Serum 25-dihydroxyvitamin D (25OHD) value was measured using an electrochemiluminescence immunoassay (e601; Roche Cobas, Germany). Normal reference ranges for indices: serum Ca: 2.13–2.70 mmol/L. serum iCa: 1.08–1.28 mmol/L, serum P: 0.81–1.45 mmol/L, ALP: 30–120 U/L, PTH: 13–65 pg/mL, 25OHD: 30–50 ng/mL, 24hUCa: <7.5 mmol.



DNA Isolation and Gene-Mutation Analysis

Genomic DNA was extracted from the peripheral blood lymphocytes using the QIAamp Blood DNA Kit (Qiagen; Hilden, Germany). All coding exons and exon-intron boundaries of the MEN1 were amplified via polymerase chain reaction (PCR), followed by Sanger sequencing which was performed as previously prescribed (10).



Statistical Methods

Statistical analysis was conducted using the Medcalc software (Version 18.2, Ostend, Belgium). All the MEN1-HPT patients at our center, except for the 3 MEN1-PC/APN patients, were placed into the non-PC/APN group. All the 18 reported MEN1-PC/APN cases and 3 from our center were placed in the PC/APN group. All data that were normally distributed were described by mean and standard deviation, and group differences were compared using independent t-tests. Data that were non-normally distributed were described in median and 25th and 75th interquartile ranges (Q25, Q75), while group differences were compared using rank-sum tests. The pathological results of the patients were clearly diagnosed by 2 pathologists. For patients with multi-glandular involvement, if the pathological findings were different for different lesions, the diagnosis was based on the findings of the more malignant areas. P < 0.05 was considered to be statistically significant.




RESULTS


Clinical Data and Genetic Screening of MEN1-PC/APN Patients at Our Center

A total of 153 patients with a clinical and/or genetic diagnosis of MEN1-HPT were identified at our center. Of these, 112 patients (73.2%) underwent surgical treatment, of whom 45 had hyperplasia (40.2%), 64 had adenomas (57.1%), 2 had APN (1.8%), and 1 had PC (0.9%).

The mean disease onset age in the non-PC/APN group (n = 150) was 43.0 ± 15.5 years (range: 12–77 years), with a median course of PHPT of 6 years (range: 2 weeks−35 years). This group included 87 women (58%) and 63 men (42%). The involvement of the gastrointestinal tract, urinary tract, and bone were noted in 32, 74, and 70 patients in the non-PC/APN group (21.3, 49.3, and 46.7%), respectively. Bone involvement included 29 cases with bone pain, 14 cases with pathological fracture, 12 cases with subperiosteal absorption, 5 cases with osteitis fibrosa cystica and 43 cases with osteoporosis measured by DXA. The median serum Ca level was 2.78 mmol/L (2.61, 2.88), median PTH was 185.5 pg/mL (108.3, 297.0), and median 24-h UCa was 7.68 mmol (5.09, 10.28) in this group.

Table 1 summarizes the general characteristics of the 3 MEN1-PC/APN patients. The age at which the disease onset was noted in all 3 cases was >49 years (the mean onset age of the non-PC/APN group was 43.0 ± 15.5 years) with a relatively long course of disease. All the 3 patients had other MEN1 diseases, including PET, PIT, and AA. Table 2 presents the clinical manifestations and preoperative biochemical markers of the 3 patients. All of them had nephrolithiasis, 2 had bone pain with osteoporosis, and 1 presented with gastrointestinal symptoms such as nausea and vomiting. None of the 3 patients demonstrated hypercalcemia crisis. Table 3 summarizes the details of the surgical methods, histopathological features, and postoperative follow-up of the 3 patients.


Table 1. General characteristics of MEN1-PC/APN cases in our center.
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Table 2. Clinical manifestations and biochemical indices of MEN1-PC/APN cases in our center.
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Table 3. Treatment and follow-up of MEN1-PC/APN cases in our center.
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Case Report
 
Case 1

A 51-year-old woman presented with recurrent nephrolithiasis since 1992, along with bone pain-induced restricted movement since 2013. Her laboratory investigations revealed hypercalcemia (3.15 mmol/L, normal range: 2.13–2.70 mmol/L) and elevated serum PTH levels (2,136 pg/mL, normal range: 13–65 pg/mL). Ultrasonography detected bilateral renal calculi. Accordingly, in 2013, the patient underwent left superior parathyroidectomy for the pathology parathyroid adenoma in other hospital. Her postoperative serum Ca level was 1.96 mmol/L and PTH level was 22.8 pg/mL (decreased 98.9%). Until 2019, she experienced recurrent nephrolithiasis, with a serum Ca level of 2.56 mmol/L, iCa level of 1.31 mmol/L, and PTH level of 2189.4 pg/mL. Her BMD, as measured by DXA, was 1.232 in the lumbar spines 1–4 (T score 0.7), 0.887 in the femur neck (T score −0.2), and 0.823 in the total hip (T score −1.1). The parathyroid 99mTc-sestamibi scanning revealed multiple lesions. Meanwhile, 3 abnormal nodules (of size ~1.3 × 1.1 cm) were detected in the pancreatic tail through Gadolinium-enhanced abdominal MRI. Moreover, nodular masses were detected in both the adrenal glands. No significant abnormalities were recorded in the pituitary MRI. Genetic testing of MEN1 revealed a heterozygous mutation: c.917T > G (p.L306R, exon 6). The patient had a family history of MEN1 (2 daughters and 1 grandson, 1 elder sister and her son, and 2 younger sisters and one of their sons were clinically diagnosed with PHPT, involving mutation at the same site in MEN1). Since the patient was diagnosed as recurrence of MEN-HPT, she underwent the second parathyroidectomy, whereby all of the remaining left inferior, right inferior, and superior parathyroid glands were removed and the left inferior parathyroid tissue (measuring 0.3 × 0.3 × 0.4 cm) were auto-planted into the right sternocleidomastoid muscle. The pathology was found to be atypical parathyroid neoplasm of the right superior and right inferior glands (Figure 1), along with the adenoma of the left inferior gland. Her postoperative serum Ca and PTH (decreased 97.1%) levels reverted to the normal since the first day after surgery, without any complications. At 1-year follow-up, the patient showed no signs of recurrence or metastasis, and no new disease associated with MEN1 appeared.


[image: Figure 1]
FIGURE 1. Atypical parathyroid neoplasm (patient 1). (A) 10× magnification, the tumor grows as multiple nodules with fibrous bands; (B) 100× magnification, the tumor cells are arranged in sheets or glands.




Case 2

A 52-year-old woman presented with a 10-year history of recurrent nephrolithiasis since 1995. In 2005, her laboratory investigations detected hypercalcemia (3.35 mmol/L), hypercalciuria (22.56 mmol/d), and elevated serum PTH levels (561 pg/mL). Her ultrasound detected bilateral renal calculi. She reported no bone pain or any history of fracture. BMD, as measured by DXA, was 0.998 in lumbar spines 1–4 (T score −0.9), 1.027 in the femur neck (T score 0.9), and 0.993 in the total hip (T score 0.3). At the age of 51 years, the patient was diagnosed with macroprolactinomas and the chiasmal compression and visual impairment occurred in a short period of time, the patient required pituitary adenoma resection by a single nostril transsphenoidal approach. The patient had no family history of MEN1, nephrolithiasis, or fractures. The genetic testing of MEN1 revealed a heterozygous mutation: c.431T>C (p.F144S, exon 2). The patient, accordingly, underwent parathyroidectomy for the removal of her left superior and right inferior parathyroid glands—the pathology being atypical parathyroid neoplasm. Her postoperative serum Ca and PTH (decreased 87.5%) levels reverted to the normal since the first day after surgery, without any complications. At her 3-year follow-up, the patient showed no signs of recurrence or metastasis, and no new disease associated with MEN1 appeared. However, the patient has been lost to follow-up since 2008.



Case 3

A 49-year-old man presented with a 12-year history of recurrent nephrolithiasis since 2004. In 2015, his laboratory investigations revealed hypercalcemia (2.83 mmol/L) and elevated serum PTH levels (380 pg/mL). His ultrasonography detected bilateral renal calculi. His BMD measurement findings by DXA were 1.005 in lumbar spines 1–4 (T score −0.2), 0.83 in the femur neck (T score −0.5), and 0.815 in the total hip (T score −1.2). During the disease course, the patient often suffered from acid reflux and epigastric pain, occasionally accompanied with melena. The contrast-enhanced computed tomography (CT) of his abdomen revealed a highly-vascular lesion in the pancreatic head. The patient was accordingly diagnosed with pancreatic neuroendocrine tumors, for which he underwent 125I particle implantation and pancreatic biopsy—the pathology being pancreatic neuroendocrine tumors. Meanwhile, a subcutaneous mass of abdominal wall and mediastinum lesion (as per chest CT imaging of a 2.6 × 3.4-cm mass in the right mediastinum) were detected during his regular medical examinations. The patient underwent mediastinal mass resection and abdominal mass resection—the pathology being atypical carcinoid (mediastinum) and lipoma (abdominal wall). The patient had a family history of gastrointestinal diseases: his father died of gastric perforation at the age of 65 years, while his elder brother died of stomach cancer. Genetic testing of MEN1 revealed a heterozygous mutation: c.549G>C (p.W183C, Exon 3). After clinical and genetic diagnosis as MEN1, the patient underwent left inferior and right superior parathyroidectomy—the pathology being carcinoma. His minimum postoperative serum Ca level was 2.39 mmol/L, while the minimum PTH level was 89 pg/mL (decreased 76.6%). After a year of surgery, his serum Ca level increased to 2.93 mmol/L, while the PTH level was 134 pg/mL. Although the parathyroid 99mTc-sestamibi scanning identified a new lesion in the left superior gland, the patient refused to undergo a second surgery. During the 4-year follow-up, the patient experienced only occasional diarrhea, and his serum Ca level ranged between 2.8 and 3.0 mmol/L, while his PTH level ranged between 120 and 150 pg/mL. No new disease associated with MEN1 appeared during follow-up period.




Comparison of the PC/APN Group vs. the Non-PC/APN Group

A total of 18 MEN1-PC cases and 1 MEN1-APN case have been reported previously (3, 5, 6, 11–21). Table 4 summarizes the general characteristics, biochemical marker, treatments, histopathological features, and MEN1 genetic testing of the PC/APN group (n = 21). Multiple types of gene mutations were detected in the MEN1-PC/APN cases, mainly belonging to missense mutations, followed by nonsense mutations, deletion mutations, insertion mutations, and duplicated mutations. The mean disease onset age of the PC/APN-group patients was 49.7 ± 10.4 years, and the group included 10 women and 11 men. In this group, the mean serum Ca level was 3.15 ± 0.44 mmol/L, and the median PTH level was 327 pg/mL (214.1, 673.1). Both the serum Ca and PTH levels were significantly higher in the PC/APN group than in the non-PC/APN group (Ca: 2.78 mmol/L [2.61, 2.88], PTH: 185.5 pg/mL [108.3, 297.0]; P = 0.0003, 0.0034, respectively), while the mean disease onset age was similar between the two groups (P = 0.065).


Table 4. MEN1-PC/APN reported in the literature and the present study (3, 5, 6, 11–21).
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DISCUSSION

PC is a rare endocrine malignant tumor, with an estimated prevalence rate of 0.005% of all reported cancer cases (22). Until date, <2,000 cases of PC have been reported in the literature (22), which accounts for <1% of all cases of PHPT in the Western countries and among the Caucasian population (23). However, in the Chinese population, carcinoma accounts for 5–7% of PHPT cases (24, 25). The occurrence of parathyroid malignant tendency tumors (PC/APN) in MEN1 is a rare phenomenon, and its prevalence has so far been reported in only 2 centers in the USA. Of the 348 MEN1 patients reported by Mayo Medical Center, only 1 (0.28%) had a pathological diagnosis of PC (5). In addition, of the 291 MEN1 patients reported by the MD Anderson Cancer Research Center, only 3 (1%) had parathyroid malignant-tendency tumors (0.7% for PC and 0.3% for APN) (6). In this study, of the 153 MEN1-HPT patients admitted to our center, 2 had APN (1.3%) and 1 had PC (0.7%), with a total prevalence rate of 2.0%. The proportion of both sporadic PC and MEN-PC/APN is relatively high in the Chinese population, probably due to factors such as race and lifestyle (25).

As such, the total number of cases of MEN1-PC/APN patients in the literature and at our center has come to 21. Twelve of these patients have serum Ca level >3.0 mmol/L (Table 4) and PTH level about 5-times of the upper limit of the reference range. As compared with that in the non-PC/APN group at our center, the serum Ca and PTH levels of the MEN1 patients were significantly higher in the MEN1-PC/APN group. Singh et al. reported the clinical data of 11 MEN1-PC patients and compared them with those of 510 PC cases unrelated to MEN1 (5). They found no significant differences with respect to the gender, age, and PTH levels between the two groups (5, 26, 27). These results suggest that the clinical features of MEN1-PC/APN are more similar to those of sporadic PC than to those of MEN1-benign parathyroid tumors. Therefore, MEN1 patients showing a high level of serum Ca and PTH levels should be considered as potential PC/APN cases.

The MEN1-PC/APN patients in the current study presented with a near-normal BMD, which is different from the previous study (20, 21). Because of the small sample size, it could only reflect the individual's condition and might not be consistent with the typical characteristics of MEN1-PC/APN. Eller-Vainicher et al. have reported that MEN1-related PHPT (MHPT) patients showed lower BMD of the lumbar spine and femoral neck than sporadic PHPT (SHPT) patients, even though MHPT patients exhibited milder biochemical presentation than their SHPT counterparts (28). Therefore, increased severity of bone loss in MHPT patients could be partially attributed to the combination of other endocrine dysfunction components, including hypercortisolism, hyperprolactinemia, hypogonadism, and GH deficiency, which also exert negative effects on bone mineralization (29). However, in the previous study of our center, there were no differences between MHPT and SHPT were observed in bone indices as measured using both DXA and high-resolution peripheral computed tomography (HR-pQCT) (4, 30). Therefore, more research is needed in the future to clarify the bone changes in MHPT patients, especially MEN1-PC/APN patients.

Eleven of the 21 MEN1-PC/APN cases carried 9 MEN1 mutations, 2 of which belonged to the same MEN1 family (c.1252 G> A, p.D418 N, exon 9). In this study, the mutation of the PC patient was the same as that in a previously reported PC patient (c.549 G> C, p.W183C, exon 3) (19). Two MEN1 mutations were identified in APN patients (c.917 T> G and c.431T> C). The cases of MEN1-PC/APN were too limited to analyses for the genotype–phenotype relationship, necessitating the analysis of more number of cases for an elaborate study in the future.

The diagnosis of PC and APN depends on the histopathological features, which were relatively complicated and challenging to decipher (21, 31). Presently, the morphological characteristics of PC mainly includes fibrous bands arranged in a trabecular design, mitotic activity, enlarged nucleoli, and capsular and vascular invasion (32). Among all these features, capsular and vascular invasion is considered the most relevant one to indicate tumor recurrence and distant metastasis, and is hence the most reliable evidence for the diagnosis of malignant tumors (33). Moreover, it is believed that immunohistochemical analysis can improve the diagnostic accuracy of PC. The loss of expression of parafibromin combined with those of protein gene product 9.5 (PGP 9. 5) and galectin-3 have also been reported to be common in PC. Moreover, Ki-67 index is usually >5% in malignant tumors. The histopathological characteristics of APN, as a particular pathological type between adenoma and carcinoma, are also not clearly defined. It is generally believed that APN can be diagnosed based on the presentation of some atypical features of carcinoma, except for the lack of the invasion to the neighboring structures (6). Neither of the 2 MEN1-APN patients at our center reported metastases or adhesion with the adjacent tissues, and their pathological findings revealed active growth, mitoses, and thick fibrous bands, but no capsular or vascular invasion. For these 2 patients who were diagnosed with APN, longer term follow-up is required to clarify the biological behavior of their pathology. Interestingly, in case PC is pre-operatively suspected, to prevent the risk of needle tract implantation metastases and the tissue diffusion caused by capsule rupture, fine needle aspiration should be avoided (34, 35).

The surgical removal of abnormally overactive parathyroid glands in MEN1-HPT patients is a definitive treatment (2). As quite a few MEN1-HPT cases involved multiple glands and were susceptible to relapse, the Clinical Practice Guidelines for MEN1 recommend subtotal parathyroidectomy (SPTX, removing at least 3.5 glands) as the first choice of treatment (2). Total parathyroidectomy (TPTX) with auto-plantation can be considered in case of extensive parathyroid lesions. The incidence of hypoparathyroidism after the local resection of parathyroid was reduced in a previous study; however, the recurrence rate was 3.11-times more than that of SPTX or TPTX (36). There is no guideline available for MEN1-PC/APN, considering its relatively rare nature. All the 21 cases of MEN1-PC/APN so far have undergone 1–3 surgeries, and 1 of these even received postoperative radiation therapy for thyroid invasion. Only 1 patient undertook TPTX as the first operation and 2 patients as the second operation, and, in both the situations, no recurrence or metastasis was recorded after TPTX. Seven patients underwent a single gland parathyroidectomy as the first operation, 5 of whom had metastases (of the neck and sternum, mediastinum, lung, thyroid, and esophagus), and 1 of them had a recurrence. All of the metastases/recurrence patients had a second operation, except for 1 who had no report of a subsequent treatment. It is important for the surgeon to be aware of the appearance of PC during surgery. However, PC/APN is often not conclusively identified even during the operation. Based on the accumulated experiences, if MEN1-PC/APN is pre-operatively suspected, it is recommended that a surgical approach be selected in accordance with the nature of PC. Clayman et al. and Shane et al. suggested the following surgery plan: (1) Completely remove the lesion and its adhesion tissues (including the anterior cervical muscle group, esophageal muscle group, and recurrent laryngeal nerve) to avoid tumor rupture and overflowing; (2) also remove the ipsilateral thyroid lobe, paratracheal lymph node, and superior mediastinal lymph node; and (3) if the evidence suggests the involvement of central lymph nodes, the VI level of cervical lymphadenectomy should be performed (37, 38).

More importantly, the management of postoperative patients remains challenging. Both, the recurrence of PC/APN and the proliferative growth of the remaining glands can cause postoperative hypercalcemia. Therefore, if postoperative hypercalcemia is identified, the reason for its occurrence should be clarified immediately. Due to the proliferative growth of the remaining glands, it is suggested that only limited resections be performed via minimally invasive surgery (6). However, if there is sufficient evidence supporting possible PC/APN recurrence in the surrounding tissues, the approach should be open and involving adequate exposure (6).

The authors acknowledge that this study has some limitations. For instance, this being a retrospective study conducted in a single center, there is a possibility of information and confounding biases attributable to the small sample size and overlooked/missed data. However, considering the rarity of MEN1-PC/APN, even a small cohort has the potential to provide valuable data and experience to clinicians.

In summary, MEN1-PC/APN is a relatively rare disease, with an overall prevalence rate of only 2.0% in a Chinese MEN1-HPT cohort. This rate is slightly greater in Chinese population than that reported for Caucasian population. The serum Ca and PTH levels in patients with MEN1-PC/APN are usually greater than in those with MEN1-associated benign parathyroid tumors. However, MEN1-PC/APN is often not conclusively identified pre-operatively and the diagnosis based upon pathology most of the times. If this disease is pre-operatively suspected, surgical treatment is best recommended following PC.
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Gemcitabine plus Capecitabine (Gem/Cape) is a frequently adopted second line chemotherapy for metastatic adrenocortical carcinoma (ACC), but only a minority of patients is destined to obtain a clinical benefit. The identification of baseline predictive factors of efficacy is relevant. We retrospectively analyzed clinical data from 50 consecutive patients with metastatic progressing ACC treated between 2011 and 2019. Patients received intravenous Gemcitabine and oral Capecitabine on a metronomic schedule. Previous mitotane therapy was maintained. Clinical benefit (partial response + stable disease) at 4 months was 30%, median progression-free survival (PFS) and disease-specific survival (DSS) from Gem/Cape start were 3 and 8 months, respectively. Among clinical variables evaluated before the start of Gem/Cape, presence of ECOG performance status ≥1 [HR 6.93 95% confidence interval (CI) 0.03–0.54, p.004] and neutrophil-to-lymphocyte ratio (NLR) ≥5 [HR 3.88, 95% (CI) 0.81–0.90, p.003] were independent indicators of poor PFS at multivariate analysis. Conversely, surgery of primary tumor, the presence of lung or lymph-node metastases, blood mitotane level, anemia, and the Advanced Lung cancer Inflammation index (ALI) failed to be independently associated. This study confirms that the Gem/Cape schedule is modestly active in heavily pretreated ACC patients (28% received at least two previous chemotherapy lines). NLR and performance status (PS) are easily available clinical parameters that are helpful to identify patients not likely to derive significant advantage from Gem/Cape chemotherapy.
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Introduction

The clinical management of patients with metastatic adrenocortical carcinoma (ACC) remains a challenging issue for a number of reasons. First, while there are patients with a relatively indolent disease that can be controlled by either mitotane monotherapy or locoregional treatments, the majority of cases displays more aggressive and highly proliferating disease that requires the adoption of systemic chemotherapy (1, 2). Second, according to the results of the FIRM-ACT trial the current first line chemotherapy for locally advanced or metastatic ACC, namely the EDP-M schedule, offers a median progression-free survival (PFS) of 5.1 months (3). Although there is a small proportion of long lasting responder patients, this median PFS indicates that approximately 50% of patients will require additional treatments in the 6 months following EDP failure (4). Third, the EDP regimen administration is associated to manageable but consistent toxicities which causes not all patients can be treated with full dose intensity because of age, performance status (PS), or comorbidity limitations. These patients will require less intensive, alternative schedules following EDP. Fourth, because of its rarity, ACC is an orphan cancer in terms of new drugs selection and thus, very few options exist after failure of standard first-line chemotherapy and the reported overall response rate and duration of response are exceedingly dismal (5–8).

In 2005, based on evidence derived from single case reports, an international consensus conference suggested to incorporate gemcitabine [20,20-difluorodeoxycytidine (Gem)] as a promising agent in the treatment of ACC (9). In a phase 2 clinical trial, 28 patients with advanced ACC were treated with Gem combined with fluoropyrimidines [capecitabine (Cape) or 5-fluorouracil (5FU)] (10). In this pilot study, the overall response rate (CR+PR) was 7%, the disease control rate (CR+PR+SD) was 46.3% and the median progression-free survival was 5.3 months. In a retrospective analysis of a German and Italian series of 145 advanced ACC patients treated outside a clinical trial, Gem/Cape chemotherapy was associated with a disease control rate in approximately 30% of patients and a clinical benefit (disease stabilization or response to therapy for ≥4 months) in approximately 20% of patients (11). These results confirmed that this regimen was moderately active and well tolerated in the real-world practice. To date there is a general consensus in using Gem-Cape chemotherapy as a second line approach in ACC patients after failure of EDP (1).

A central issue in the management of patients with advanced cancers is the preservation of quality of life (QOL) (12). Thus, the prescription of a palliative treatment should be guided by factors enabling the clinician to pre-select the potential responder patient avoiding unnecessary toxicity to the others (13, 14). However, while several studies focused on identification of clinical and pathological indicators (such as the GRAS parameters in the modified ENSAT classification) as adjunct prognostic factors in the setting of advanced ACC (15), less attention has been paid to select patients that have a realistic chance of obtaining benefit from chemotherapy. To address this issue, we analyzed a series of patients with advanced ACC treated with Gem and Cape with the aim of identifying clinical characteristics and laboratory parameters that can easily be found in the daily clinical practice, to be used as predictive factors of efficacy.



Materials and Methods


Study Design, Patients Selection, and Treatment

This is a retrospective analysis of consecutive patients treated outside a clinical trial at the Medical Oncology Department of the Spedali Civili of Brescia. The study was approved by the Institutional Ethical Review Board (ID: NP 3776/2019) and conducted in accordance with the principles of the Declaration of Helsinki. The decision of starting Gem/Cape chemotherapy was taken within the ACC tumor board discussion for each single case. Patients were included in this retrospective analysis with the following main inclusion criteria: histologically confirmed diagnosis of ACC; clinical, biochemical, and radiological evidence of disease progressing after first–line treatment and not eligible of loco-regional therapies; measurable disease; life expectancy of at least 3 months, age ≥18 years; ECOG performance status (ECOG PS) 0-2; adequate organ function; ability to sign an informed consent.

Main exclusion criteria were: previous treatment with gemcitabine and/or fluoropyrimidines; known hypersensitivity to gemcitabine and/or fluoropyrimidines; history of previous neoplasm within 5 years. The primary objective was to identify clinical and biochemical indicators predictive of response to therapy in terms of progression-free survival (PFS). Secondary endpoints were best objective response, toxicity and disease-specific survival (DSS) analysis from Gem/Cape chemotherapy.

Clinical and biochemical parameters were calculated both at initial diagnosis of ACC and before initiation of Gem/Cape chemotherapy. They included: sex, age, medical history pre- and post-Gemcitabine treatment, ECOG performance status (PS), and the Charlson’s Comorbidity Index (CCI) score (16), routine laboratory tests measured at baseline including the mitotane plasma levels, absolute count of white blood cells (WBC), relative counts of neutrophils and lymphocytes, hemoglobin value, platelets absolute count, and the neutrophils-to-lymphocytes ratio (NLR) categorized as <5 or ≥5, derived NLR {dNLR: calculated as [neutrophil count/(leucocyte-neutrophil count)]} (17).

In addition, we assessed the Lung Immune Prognostic Index (LIPI index) which combined the dNLR and LDH levels and categorized patients into three prognostic subsets based on the following cutoffs: dNLR ≤ 3 and LDH ≤UNL; dNLR ≥3 or LDH≥ULN; dNLR≥3 and LDH≥ULN which defined good, intermediate, poor prognostic groups, respectively (17).

The Advanced Lung cancer Inflammation index (ALI index) was calculated as BMI × ALB/NLR. Patients were divided into the low-ALI and high-ALI groups according to the median value (18).

The treatment schedule was based on the regimen previously published by Sperone et al. (10). Briefly, Gem was administered at 800 mg/sqm over 30 min. intravenous infusion on days 1 and 8 every 21 days, and oral Cape was given at 1500 mg/daily continuously. All patients received concomitant mitotane with the goal of maintaining the 14–20 mg/L target plasma concentration. Chemotherapy was continued until disease progression or unacceptable toxicity. Dose reductions or withdrawal of one drug was permitted according to the clinician’s decision.



Evaluation of Response and Toxicity

Minimum work-up at baseline included physical examination, biochemical and hormonal assessment, and tumor-parameters assessed by imaging techniques not older than 6 weeks. Imaging included total body computed tomography (CT) or FdG-positron emission tomography (CT/PET) or regional nuclear magnetic resonance (MNR). Biochemical and hormonal profiles were assessed at the beginning of each cycle. Radiological assessment was repeated every 12 weeks with the same imaging parameter technique and evaluation of response was classified according to RECISTv1.1 criteria as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). Clinical benefit was defined as stable disease (or better response) lasting at least 4 months. Toxicities were registered during treatment and follow-up and were graded using the Common Terminology Criteria for Adverse Events (CTCAE), version 4.03.



Statistical Analysis

Descriptive statistics were used to analyze clinical indicators. Continuous variables were categorized by identification of optimal cut-off values. Associations between categorical variables were assessed by two-sided chi-square or Fisher tests as appropriate. PFS and DSS were calculated as the time elapsed from start of Gem/Cape to the first radiological evidence of PD or to the date of death related to ACC, respectively. Survival curves were generated with the Kaplan–Meier method and compared with the log-rank test (Mantel-Cox). Clinical variables with a potential prognostic value at univariate Cox regression (enter level p ≤.05) were included in the multivariate Cox model. Results are given as hazard ratio (HR) with 95% confidence intervals (95% CIs). A Bonferroni correction was applied in the multivariate Cox model to correct for multiple comparisons with a small sample size and the new significance level was set at p.006. For all other tests the statistical significance was conventionally set at p <.05. All analyses were performed with Statistical Package for Social Science (SPSS Software, Version 23.0, IBM SPSS Statistics, Chicago, IL, USA).




Results


Patients Clinicopathological Characteristics, Treatment, and Toxicity

From January 2011 to December 2019, 50 patients with advanced ACC were sequentially treated with Gem/Cape chemotherapy. Patients characteristics are summarized in Table 1. At initial diagnosis 50% of the patients had an ENSAT stage IV tumor and 52% had hormonal hypersecretion, respectively. The majority (84%) of patients underwent surgery that was radical (R0) in less than 30% of them. Median Ki67 proliferation index was 25%. All patients received postoperative mitotane therapy. Disease progression/relapse occurred in both visceral and non-visceral anatomical sites in 64% of patients and the most frequent anatomic sites were the lungs, liver, extra-liver abdominal sites and lymphnodes. The most frequent metastatic pattern was represented by lung, liver and abdominal lesions in 26% of patients. The vast majority of patients (70%) had received at least one previous line of chemotherapy for advanced disease and the median time from diagnosis to Gem/Cape chemotherapy was 19 months. Before starting Gem/Cape, more than 60% of the patients had disease-related symptoms (ECOG PS ≥1) and displayed a Charlson’s Comorbidity Index score≥5 indicating the presence of at least 3 significant comorbidities. Ten (20%) patients displayed clinical signs of steroid excess. Mitotane levels were available for 45 (90%) patients and 64% of them had a mitotane concentration below the therapeutic range. Laboratory abnormalities showed anemia (Hb <12 g/dl) in 61% of patients while total leukocytes and platelets were within normal range in 27 (66%) and 23 (64%) of cases, respectively. NLR above 5 was observed in 21 (42%) cases. Eight patients (16%) without baseline LDH or dNLR were excluded from the LIPI index calculation. Among the 42 (84%) evaluable patients, 16 (38%) had good LIPI, and 25 (59%) had intermediate-poor LIPI. We additionally calculated the ALI index in the 50 patients in which NLR, BMI, and ALB were available: 25 patients (50%) had an ALI index below-equal the median value (40), the remaining 25 had greater values. No other biochemical parameters are reported because of missing values in >50% of cases.


Table 1 | Patients clinical and pathological characteristics at initial diagnosis and at start of Gem/Cape chemotherapy.




All patients received combination chemotherapy with both Gem and Cape. A median number of 3 cycles (range 1–17) was administered and the median dose intensity (median mg/sqm administered/mg/sqm calculated per cycle) of Gem and Cape was 93 and 100%, respectively. Treatment was overall well tolerated with all grades asthenia in 33% of patients and grade 3–4 adverse events being reported in less than 10% of patients. In this subgroup of patients, CTCAE grade 3–4 anemia and neutropenia were the most frequent adverse events.



Response to Therapy and Survival Analysis

All patients were eligible for response and survival. After a median follow-up of 8 months (last update December 2019), all patients but one had progressed with a median PFS of 3 months (range 0.5–23.5) and 45/50 (90%) were dead with a median DSS of 8 months (range 0.5–72) (Figure 1). No complete responses were observed. Analysis of best response included 7 (14%) partial responses and 12 (24%) stable diseases. In a landmark analysis at 4 months from Gem/Cape start, 30% of patients obtained a clinical benefit (PR+SD) (Table 2). Clinical benefit was however transient and 18% and 4% of patients were progression-free at 6 and 12 months, respectively. After progression, 17 (34%) and 7 (14%) patients further received 1 and ≥2 lines of chemotherapy, respectively.




Figure 1 | Kaplan-Meier curves of progression-free survival (PFS) (A) and disease-specific survival (DSS) (B) for the whole series.




Table 2 | Analysis of activity of Gem/Cape chemotherapy.





Analysis of Predictive and Prognostic Factors

Two sets of variables were evaluated: traditional prognostic clinico-pathological variables (including ENSAT stage, Ki67, resection status, hormonal hypersecretion) at initial diagnosis and patients clinical characteristics before the start of Gem/Cape chemotherapy (including ECOG PS, comorbidities, pattern of metastases distribution) and laboratory abnormalities. All sets of variables were tested for their predictive and prognostic value in terms of PFS and DSS. Included variables are summarized in Tables 3 and 4. Among the variables at initial diagnosis only no-frontline surgery of the primary tumor resulted predictive of shorter PFS during Gem/Cape therapy at univariate analysis (p.014). Clinical variables evaluated before the start of Gem/Cape associated with a higher risk of progression at univariate analysis included: ECOG PS ≥1 (p <.0005), lung metastases (p.040), lymph-node metastases (p.015), neutrophils >70% (p.015), lymphocytes <20% (p.009), neutrophils/lymphocytes ratio (NLR) ≥5 (p.015), Hb <12 g/dl (p.017), ALI index lower than 40 (median value) (p.038), and low mitotane concentrations during Gem/Cape chemotherapy (p.036). At multivariate analysis, no-frontline surgery (HR 2.67, 95% CI 1.00–7.10, p.049), presence of symptoms and pain (ECOG PS ≥1) (HR 6.93, 95% CI 1.86–25.79, p.004) and NLR >5 (HR 3.88, 95% CI 1.57–9.54, p.003) remained significant as independent predictors of poorer PFS. Finally, after Bonferroni correction only ECOG PS ≥1 and NLR >5 maintained a statistical significance (p <.006). Mitotane plasma concentrations and the metastatic sites pattern did not show a prognostic value either for PFS or for DSS. When looking at variables with potential impact on DSS, ENSAT stage IV at initial diagnosis (p.049), time-to Gem/Cape start <19 months (p.008), ECOG PS ≥1 (p.012), and low mitotane concentrations during Gem/Cape chemotherapy (p.037) were significant at univariate analysis. However, none of these covariates maintained a statistical significance at multivariate analysis.


Table 3 | Uni- and multivariate analysis of clinico-pathological factors predictive of progression-free survival (PFS).




Table 4 | Uni- and multivariate analysis of clinico-pathological factors prognostic of disease-specific survival (DSS).






Discussion

In this paper we performed a retrospective analysis of ACC patients treated with Gem/Cape chemotherapy outside a clinical trial. This series is representative of patients treated with second-line chemotherapy for metastatic ACC who are encountered in the daily clinical practice. Our analysis confirms results from two previous published series (10, 11). Gem/Cape resulted a moderately active regimen with a clinical benefit rate (CBR) at 4 months of 30%, median PFS of 3 months, and median DSS of 8 months. CBR, PFS, and DSS observed in the present series were inferior to those obtained in the Sperone et al. trial (CBR 46%, median PFS 5.3 months, median DSS 9.8 months), while the Henning et al. series reported a lower CBR (20.8%) a similar PFS (median 3 months) and longer DSS (median 10 months) than the present study. Patient selection could account for the differences observed. Patterns and severity of toxicities were also comparable and overall indicate a good tolerability of this schedule. It is well known that PFS is influenced by treatment efficacy while survival mainly depends on disease aggressiveness and efficacy of subsequent treatment lines. We assumed here PFS as surrogate of Gem Cape efficacy. We found that, with the exception of surgery of the primary tumor (no-surgery HR 2.67, p.049), none of the most important ACC prognostic factors (including ENSAT stage, Ki67 value, hormonal hypersecretion) evaluated at initial diagnosis had any impact in predicting PFS of patients submitted to Gem/Cape chemotherapy and were not associated with DSS. Despite the number of previous chemotherapy lines failed to be associated with outcome, patients who received Gem/Cape after more than 19 months from diagnosis had a better DSS. It should be noted that patients addressed to a second-line therapy are a selected subset who have not died early or have not had a significant deterioration in performance status after the previous treatment lines and therefore represent a subset with better response rates and overall prognosis.

In this series, mitotane plasma concentration was not predictive of response and survival. Whether mitotane in association with chemotherapy should be continued or not beyond the first line is a matter of controversy (1). The absence of any predictive or prognostic role of plasma mitotane levels in our patient series, confirming a previous observation (11), supports the notion that the drug is not effective in this context and could be withdrawn. When considering patients clinical characteristics at Gem/Cape start, a more precise definition of those destined to have a poor outcome emerged. The pattern of metastatic sites showed a poor predictive value of PFS for lung, liver, and lymph nodal metastases at univariate analysis but not after adjusting for multiple comparisons. None of them showed to be prognostic for DSS. Surprisingly, the Charlson’s Comorbidity Index score ≥6 which defines patient’s vulnerabilities at baseline had no impact on PFS and DSS. Our result is in part in contrast with a much larger observation in all ACC patients from the US National Cancer Database in which a Charlson-Deyo comorbidity score >2 was associated with a poorer prognosis (19). On the other hand, the presence of tumor-associated symptoms (ECOG PS ≥1) was highly correlated with a poor PFS (HR 6.93, p.004). While the term “symptoms” is very generic, in our series the symptomatic patient often had pain, discomfort from organ compression or insufficiency, signs of anemia and of systemic inflammation (such as fever). The predictive role for PFS of PS might seem obvious and has wide consensus in clinical oncology. However, its meaning is to practically help the clinician to select patients that have a chance to obtain a benefit from chemotherapy sparing the others in which deterioration of QOL would be the inevitable result. Identification of laboratory parameters of sensitivity to one specific drug has traditionally failed in ACC patients regardless of the nature of the drug, chemotherapy, immunotherapy or molecular target-agent, as a consequence of a low frequency of highly responder patients and the rarity of the disease (20–22). Henning et al., investigated in ACC patients receiving Gem-based chemotherapy the prognostic and predictive role of the tissue expression of the human equilibrative nucleoside transporter type 1 (hENT1) and the subunit M1 of ribonucleotide reductase (RRM1), two enzymatic activities involved in response or resistance to Gemcitabine. Their results showed that both biomarkers were not useful as predictive markers of activity in patients receiving Gem-based chemotherapy (11). The current study additionally investigated the prognostic and predictive value of laboratory characteristics that can be easily found or calculated from clinical records. We found that presence of anemia, high neutrophils and low lymphocytes relative counts and the NLR ≥5 before the start of Gem/Cape chemotherapy were poor predictive factors for PFS at univariate analysis. Among them, only NLR maintained an independent predictive significance at multivariate analysis (HR 3.88, p.003). This observation is based on a very limited number of patients and has, therefore, a weak inferential power. NLR, however, has already shown to be a significant prognostic factor both in ACC (23, 24) and in other neoplasms (25, 26). Further interest of NLR in ACC derives from the fact that it may be increased from endogenous cortisol and/or from exogenous steroid replacement therapy that is a frequent condition in ACC patients (27). In our series NLR correlated with PFS but not with DSS thus appearing to be a predictive factor of Gem/Cape efficacy and not a prognostic factor. ALI and LIPI biomarkers have been described in patients with lung cancer (17, 18) and their role is still unknown in ACC patients. With regard to ALI biomarker, we found a predictive role in terms of PFS at univariate but not at multivariate analysis. Conversely, the LIPI index failed to be significantly associated with PSF and DSS.

In conclusion, the present analysis has some limitations linked to its retrospective nature and the limited number of patients. Nevertheless, it confirms the modest efficacy of Gem/Cape chemotherapy as second or further line of treatment for metastatic ACC patients. Gem/Cape should not be prescribed in patients with poor PS, rapidly progressing ACC and/or with high NLR as they are unlikely to obtain a benefit from this regimen. In line with this, it is unlikely that patients with newly diagnosed, full-blown ACC might derive significant benefit in first line. As Gemcitabine has potential as a demethylating agent and hypermethylation is a distinctive feature of aggressive ACC, in the future tumor methylation status could be evaluated as predictive factor of sensitivity to Gemcitabine. Further investigation is required to best integrate clinical and molecular data to address the correct ACC patient to the correct treatment.
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Background

Pheochromocytoma (PHEO) clinical manifestations generally mirror excessive catecholamines secretion; rarely the clinical picture may reflect secretion of other hormones. Watery diarrhea, hypokalemia and achlorhydria (WDHA) is a rare syndrome related to excessive secretion of vasoactive intestinal peptide (VIP).



Clinical Case

A 73-year-old hypotensive man affected by adrenal PHEO presented with weight loss and watery diarrhea associated with hypokalemia, hyperchloremic metabolic acidosis (anion gap 15 mmol/l) and a negative urinary anion gap. Abdominal computed tomography scan showed a right adrenal PHEO, 8.1 cm in maximum diameter, with tracer uptake on 68GaDOTA-octreotate positron emission tomography. Metastasis in lumbar region and lung were present. Both chromogranin A and VIP levels were high (more than10 times the normal value) with slightly elevated urine normetanephrine and metanephrine excretion. Right adrenalectomy was performed and a somatostatin analogue therapy with lanreotide started. Immunostaining showed chromogranin A and VIP co-expression, with weak somatostatin-receptor-2A positivity. In two months, patient clinical conditions deteriorated with severe WDHA and multiple liver and lung metastasis. Metabolic acidosis and hypokalemia worsened, leading to hemodynamic shock and exitus.



Conclusions

A rare case of WDHA syndrome caused by malignant VIP-secreting PHEO was diagnosed. High levels of circulating VIP were responsible of the rapidly evolving clinical picture with massive dehydration and weight loss along with severe hyperchloremic metabolic acidosis and hypokalemia due to the profuse untreatable diarrhea. The rescue treatment with lanreotide was unsuccessful because of the paucity of somatostatin-receptor-2A on VIP-secreting PHEO chromaffin cells.





Keywords: pheochromocytoma, watery diarrhea hypokalemia achlorhydria syndrome, arterial hypotension, vasointestinal peptide (VIP), metabolic acidosis



Introduction

Pheochromocytomas (PHEO) and sympathetic paragangliomas are rare neuroendocrine tumors arising from chromaffin cells in the medulla of the adrenal glands or from neural crest-derived ganglia. PHEO are usually functional and secrete catecholamines (1). They may manifest with an array of clinical symptoms including headaches, sweating, palpitations, paroxysmal or persistent hypertension, and various signs or symptoms related to catecholamines secretion or, in rare cases, to isolated or combined release of other hormones such as somatostatin, renin, adrenocorticotropic hormone, parathyroid hormone, erythropoietin, enkephalins, calcitonin, neuropeptide Y (2–4). Watery diarrhea associated with hypokalemia and achlorhydria (WDHA) characterizes a rare syndrome first described by Verner and Morrison in 1958 (5) linked to hypersecretion of vasoactive intestinal peptide (VIP). Such a clinical situation was also termed pancreatic cholera because of severe diarrhea resembling those related to Vibrio cholera infection. VIP is a 28-amino acids peptide, member of the secretin/glucagon/pituitary adenylyl cyclase-activating peptide hormone superfamily. VIP is able to regulate gastric acid secretion, intestinal contractility and anion secretion, exocrine pancreas release, vasodilation by acting on two G-protein-coupled receptors VPAC1 and VPAC2 (6). Enteric anion secretion depends from VPAC1 receptor-mediated adenylyl cyclase and protein kinase A activation leading to cystic fibrosis transmembrane conductance regulator stimulation, responsible for the secretion of both Cl- and HCO3- in the ileum and colon (7–9). WDHA associates with severe metabolic acidosis due bicarbonate wasting but also with abnormal glucose tolerance due to VIP-mediated glycogenolytic effect on the liver, with hypercalcemia and tetany-related hypomagnesemia due to diarrhea. The patients also experience facial flushing because of VIP vasodilating effect. VIP-secreting tumors usually originate in the pancreas or much more rarely along the sympathetic chain or in the gut and the skin (10, 11). Here, we report an emblematic case of intractable and refractory WDHA syndrome in a patient with a VIP-secreting malignant adrenal PHEO.



Case Report

A 73-year-old Caucasian man was referred to our hospital for evaluation of a right PHEO, diagnosed two months before at another hospital, after the identification of a large retroperitoneal mass on abdominal computed tomography (CT). At that time, the patient experienced abdominal discomfort, unintentional weight loss of approximately 5 Kg within the previous 3 months, associated to sporadic episodes of watery diarrhea. At admission to our hospital, the patient was moderately dehydrated and tachypnoic. He denied any history of headache, palpitations, sweating, or hypertension. He reported episodes of watery diarrhea, up to 5-6 times a day and 2-3 times a week, without blood or mucus. He also had no relevant familial history of endocrine nor cancer diseases but only a paternal history of arterial hypertension. Physical examination showed blood pressure (BP) of 100/67 mmHg and heart rate of 88 beats/min; no significant orthostatic pressure gradient was measured. BP values, evaluated on several occasions, were 94/58 and 91/62 mm Hg. Laboratory tests showed a hypokalemia (3.3 mmol/L) with metabolic acidosis (pH 7.29, HCO3- 19 mmol/L), a serum magnesium level of 1.5 mg/dl and fasting blood glucose of 149 mg/dl. A 24-h urinary sample showed only a slight increase in normetanephrine excretion, 638 μg (normal values: 162-528/day), while metanephrine and methoxytyramine resulted within normal range. Serum chromogranin A was elevated (1028 ng/ml, normal values 20-100), as well as neuron-specific enolase level (NSE 35.7 nl/ml, normal values 1.0-13.5). Plasma cortisol, adrenocorticotropic hormone, thyroid-stimulating hormone, thyroxine, parathyroid hormone, and calcitonin were within the normal ranges. Contrast enhanced abdominal CT scan confirmed the presence of inhomogeneous right adrenal mass measuring 8.1 x 7.7 x 7.9 cm (Figure 1A). A 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) coupled with CT showed an area of high uptake (maximum standardized uptake value, SUV max 8.6) in the right adrenal gland, with a prevailing peripheral signal and central hypoactivity, and another area of high uptake (SUV max 9.6) in the lumbar region suspicious of lymph node localization (Figures 1B, C). In addition, 68GaDOTA-octreotate (DOTATATE) PET confirmed the peripheral high uptake (SUV max 6) in the right adrenal gland and the high uptake area (SUV max 3.7) in the lumbar region; a high uptake (SUV max 4.5) was also detected at the base of the left lung (Figure 1D). Based on these results, patient diagnosis was metastatic adrenal PHEO. Intravenous fluid infusion, sodium bicarbonate, potassium aspartate, magnesium sulphate supplementations were started allowing an improvement of clinical condition and blood pressure levels. Then, after 10-days pre-operative treatment with low dose alpha1-adrenergic antagonist doxazosin (given just before bed), he underwent surgical resection of the tumor. The patient had an uneventful postoperative course, except for sporadic watery diarrhea. Gross examination revealed a 10x8x6 cm brownish-yellow, friable adrenal mass. Histology showed a highly cellular tumor made up of monotonous medium-sized cells with discrete nuclear pleomorphism and mild hyperchromasia. Mitotic figures were above 3/10 high power fields, with some atypical mitoses. The cells were arranged in nests with areas of diffuse growth in more than 10% of the tumor. Confluent areas of necrosis were present. Foci of capsular and vascular invasion were noted as well as extension into periadrenal adipose tissue. The histological features were consistent with a malignant PHEO, with a PASS score (Pheochromocytoma of the Adrenal Gland Scaled Score) of 20 (Figures 2A–D), indicating a high risk of aggressive cellular behavior (PASS≥4). DNA genetic analysis of the patient with a next generation sequencing (NGS) approach using Trusight One Sequencing Panel by Illumina, revealed a synonymous single nucleotide variant of gene SDHA [rs6555055, NM_004168.2:c.619A>C, (p.Arg207=)] indicated by ClinVar database as associated to “probably benign” catecholamine-secreting PHEO (12). The patient was discharged in satisfactory clinical condition. Therapy with lanreotide, a somatostatin analogue, at a dose of 60 mg once a month was initiated. At 2 months, multiple metastatic pulmonary and hepatic nodules were identified on CT scan (Figures 3A–D). The patient once again experienced abdominal discomfort, 4 kg weight loss, yet only sporadic watery diarrhea. Peptide receptor radionuclide therapy and sunitinib, a multi-targeted receptor tyrosine kinase inhibitor, were scheduled. In the meantime, lanreotide therapy was increased to 120 mg once a month. However, after about one month, the patient was re-admitted with a 10-day history of severe watery diarrhea, up to 20 times in 24 hrs, accompanied by nausea, vomiting and occasionally quick flushing. At presentation, he was suffering and markedly dehydrated. Physical examination showed BP of 90/67 mmHg, heart rate of 120 beats/min, the pulse was fast and weak, the breath was fast and short, the skin cold and clammy, and the urination was decreased. Laboratory tests were as follows: blood urea nitrogen 96 mg/dl; serum creatinine 3.5 mg/dl; Na+ 136 mmol/l; K+ 2.5 mmol/l; Cl- 115 mmol/l; pH 7.08; HCO3- 5.5 mmol/l; Pa CO2 30 mm Hg; Pa O2 67 mm Hg; lactate 5 mmol/l (normal values 0.5-2.2); serum anion gap 15 mmol (corrected for serum albumin levels 16 mmol); urine anion gap was negative. Serum prealbumin was 29 mg/dl (normal values 15-35) and albumin 3.9 g/dl (normal values 3.5-5.0). At that time, serum chromogranin A was 2896 ng/ml and neuron-specific enolase 49.6 ng/ml. Twenty-four hours urinary normetanephrine excretion was 920.4 μg, while metanephrine resulted at 432.6 μg (normal values 64-302 μg/day). VIP plasma levels were measured, and circulating values were more than 10 times the upper normal limit (1285 pg/ml, normal values 18-100). Cardiac ultrasound showed a reduced left ventricular ejection fraction (35%). Due to the emerging clinical picture, histological sections were re-evaluated with additional immunostainings. Sections were stained with the following primary antibodies: anti-Chromogranin A (clone LK2H10 ready to use; Ventana-Roche), Anti-Vasoactive intestinal polypeptide -VIP (rabbit 1:500; Biogenex) and anti-Somatostatin Receptor 2A -SSTR2A (rabbit 1:100; Bio-Trend). The sections were immunostained with HRP Polymer (Optiview DAB IHC Detection kit; Roche) in accordance with the manufacturer’s specifications. Negative controls consisted of substituting normal mouse serum for the primary antibodies. A set of sections adjacent to these used for single labelling with VIP, was used for double labelling with Chromogranin A. The second antibody was immunostained with AP Polymer (Ultraview Universal Alcaline Phosphatase Red Detection Kit; Roche). Permanent red chromogen was used for staining development. Immunostaining revealed strong positivity for neuroendocrine marker chromogranin A and VIP (Figures 2E, F); a large number of cells co-expressed chromogranin A and VIP (Figure 2G). Weak was the positivity for SSTR2A (Figure 2H). A diagnosis of VIP-secreting PHEO was rendered. The patient was then transferred to the intensive care unit. He was managed with intensive intravenous fluid hydration, potassium salts and bicarbonates, as well as with octreotide (0.1 mg/8 h s.c.), sunitinib 50 mg/day and loperamide. However, his diarrhea worsened with further exacerbation of metabolic acidosis (pH 6.99, HCO3- 4.3 mmol/l), leading to hemodynamic instability and shock. He died five days later.




Figure 1 | Abdominal computed tomography scan and Positron emission tomography imaging. Contrast-enhanced abdominal CT scan showed inhomogeneous right adrenal mass measuring 8.1 x 7.7 x 7.9 cm (A). A 18F-fluorodeoxyglucose PET-CT showed an area of high uptake in the right adrenal gland, with a prevailing peripheral signal and central hypoactivity, and in the lumbar region suspected of adenopathic localization (B, C). A 68GaDOTA-octreotate (DOTATATE) PET confirmed previous localizations and also detected a high uptake are at the base of the left lung (D).






Figure 2 | Sections from right adrenal gland Morphologic analysis with hematoxylin-eosin staining in (A–D) at different magnification. Panels show a pheochromocytoma, with a typical zellballen pattern of growth (A, 20X), with perivascular cell cuffing around a blood vessel called pseudo-rosette pattern (B, 20X), with neoplastic cells inside vascular spaces (C, 20X), and at greater magnification (D, 40X), an atypical mitotic figure. Positive immunohistochemical staining of Chromogranin A in Panel (E), VIP (F) and anti-Somatostatin Receptor 2A (SSTR2A, H). Double immunostaining showing the co-expression of Chromogranin A (brown) and VIP (red) (G).






Figure 3 | Metastatic diffusion at chest and hepatic computed tomography scan. Contrast-enhanced abdominal and chest computed tomography scan showed the appearance of multiple metastatic pulmonary and hepatic nodules (A–D).





Discussion

Our patient represents a new case of WDHA syndrome caused by a malignant VIP-secreting PHEO with massive dehydration, severe hyperchloremic metabolic acidosis and hypokalemia due to the profuse diarrhea. VIP-secreting PHEO is an extremely rare tumor and from the first description given in 1975 by Lowry et al, only about twenty five cases of PHEO associated with WDHA syndrome have been reported, so far (13–20).

As a general rule, the clinical manifestations of PHEO are very challenging to interpret, reflecting the prevailing hormonal secretion by chromaffin cells, generally represented by catecholamines. In the present case, the modest increase in normetanephrine and metanephrine levels did cause the classic picture of PHEO with arterial paroxysmal or persistent hypertension, headaches, palpitations, anxiety, and diaphoresis. As the main secreted hormone was VIP, diarrhea and arterial hypotension were the main clinical manifestations. VIP elicits a potent vasodilation not only of the splanchnic circulation (gastric, small intestine and colon), but even systemically through a direct effect on VPAC2 receptor of vascular smooth muscle and through VPAC1 receptor-mediated nitric oxide release from endothelial cells (21). VIP systemic vasodilating effect, largely exceeding the vasoconstrictor effect of catecholamines, associated to diarrhea-related volume depletion contributes to the hypotension observed in our patient (14, 16). Episodic facial flushing reported by our patient could be the result of VIP direct arterial skin vasodilatory effect.

Watery diarrhea, hypokalemia, metabolic acidosis due of enteric bicarbonate loss and hypo- or rarely achlorhydria are clinical features of VIP-secreting tumors and generally begin several years before diagnosis. Our patient reported sporadic diarrhea and body weight loss just 3 months before, followed by a rapid clinical worsening. The accelerated time course of WDHA syndrome is a feature of VIP-secreting PHEO compared to pancreatic islet cell tumor, bronchogenic carcinomas, and medullary thyroid carcinomas secreting VIP (14, 16, 17). The clinical condition is clearly dependent from VIP effect on intestinal secretion and motility and inhibition of gastric acid secretion through gastrin release reduction. In a physiologic situation, VIP, derived from the subsequent cleavage and metabolic steps of 170-amino-acid precursor prepro-VIP, is released from several population of enteric nerve terminals, both cholinergic and non-cholinergic, from myenteric and submucosal nerve plexi of gastrointestinal tract, from cholinergic nerves in the pancreatic islet, and from enteric lymphoid tissues (6, 22). Following enterocyte VIP-mediated VPAC1 receptor activation, HCO3-, Cl- and water secretion is stimulated in the ileum and colon but mainly in the duodenum by the apical Cl-/HCO3– exchanger and the cystic fibrosis transmembrane conductance regulator (9). Pancreatic secretion of HCO3- is also increased by VIP (23). In our case the autonomous and non-regulated release of massive amount of VIP by the malignant and metastatic PHEO led to refractory and fulminant diarrhea with severe fluid, potassium and bicarbonate depletion (7–9, 24). A severe hyperchloremic metabolic acidosis with a serum anion gap of 16 mmol and a negative urine anion gap [(Na++K+)-Cl-] was observed in our case. To avoid a wrong interpretation of the acid-base disorder it is important to remember that clinicians still refer to a normal range of the serum gap anion [Na+- (Cl-+ HCO3-)] between 9 and 16 mmol/l but this is no longer true because of the change of measuring electrolyte techniques that brought normal values ​​to lower ranges (4-11 mmol/l) (25). A 16 mmol/l of serum anion gap is just slightly above the normal range and this is an important issue because such a disturbance along with the negative urine anion gap would indicate that kidney is still able to excrete ammonium, and the cause of metabolic acidosis is mainly ascribed to the severe loss of bicarbonates related to VIP-mediated secretory diarrhea. However, while this is the most plausible explanation, we must consider some other factors that can interfere with the acid-base disorder in our case. The patient had an acute reduction in renal function from excessive volume depletion and arterial hypotension. Two conditions have to be taken into account; first, the acute renal functional reduction, that can interfere and reduce the significance of the urinary gap as an indicator of ammonium ion secretion. Second, the arterial hypotension can increase the serum anion gap by the generation of serum lactate, despite being modest the rise observed in our patient (26). Furthermore, a high generation of serum lactate could also be linked to excessive cell proliferation by the VIP-secreting malignant PHEO (27). Therefore, a mixed acidosis both with normal and high serum anion gap can better describe the acid-base disturbance of our patient as also evidenced by the excessive reduction of plasma bicarbonates compared to the slight increase in the serum anion gap. Severe metabolic acidosis determines hemodynamic and inflammatory consequences impairing cardiac contractile function and inducing arterial hyporeactivity through nitrogen and oxygen reactive species generation, altered catecholamine and intracellular calcium signaling (28–32). The altered glucose tolerance of our patient is also related to the effect of VIP high circulating levels, stimulating glucagon release and activating liver glycogenolysis, and to acidosis-mediated insulin resistance development, although a contribution of the modest catecholamines excess cannot be excluded (33, 34).

Based on the concept that neuroendocrine tumors widely express somatostatin receptors and as recommended by Food and Drug Administration and reported in literature (35, 36), we treated our patient with lanreotide acetate, a synthetic cyclical octapeptide analog of somatostatin to inhibit VIP release and improve the WDHA syndrome. Octreotide has been reported to inhibit VIP release from pancreatic tumors reducing diarrhea in 75% of cases (37) and in a case of WDHA syndrome caused by a VIP-producing PHEO to be able to reverse a shock condition (14). The inefficacy of lanreotide treatment in our case was probably due to the paucity of SSTR2A on VIP-secreting PHEO cells observed at immunohistochemistry (Figure 2H), as previously reported (19). The combined treatment with sunitinib, a multi-targeted receptor tyrosine kinase inhibitor, reported to be efficacious by Lebowitz-Amit et al. in terms of rapid and complete clinical response, did not show any favorable effects (17). Tumor progression and metastatic expansion in the liver and lung with massive release of VIP, unresponsive to therapies, precipitated the WDHA syndrome and patient clinical condition until his death.

In conclusion, our case showed a rare case of WDHA syndrome due to metastatic VIP-secreting PHEO, with an aggressive clinical behavior and high PASS score. Surgery did not completely eradicate the cancer and the scarcity of SSTR2A expression on tumor cells made the treatment with lanreotide unsuccessful. In order to promptly face clinical symptoms and tumor progression, careful attention should be paid to correctly interpret any non-classic symptoms of PHEO, producing and releasing in rare cases classes of hormones other than catecholamines.
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Adrenocortical carcinoma (ACC) is a rare malignancy with an incidence of 0.7–2.0 cases/million habitants/year. ACCs are rare and usually endocrinologically functional. We present the case of a 59-year-old woman who experienced abdominal fullness for 6 months and increased abdominal circumference. A large pelvic tumor was observed. She underwent cytoreductive surgery and the pathological test results revealed local tumor necrosis and prominent lympho-vascular invasion. Neuroendocrine carcinoma was the first impression, but positivity for synaptophysin, alpha-inhibin, transcription factor enhancer 3 (TFE-3), calretinin (focal), and CD56 (focal) and high Ki-67-labeling proliferating index (>80%) confirmed the diagnosis of ectopic ACC. Ectopic primary aldosteronism could not be excluded. However, we did not perform saline infusion test or captopril test due to poor performance status. When pathological test reports reveal neuroendocrine features not typically found in the organ being examined, IHC staining should be performed to rule out ectopic ACC. Whether the ectopic ACC is functional or not requires complete survey.
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Introduction

Adrenocortical carcinoma (ACC) is a rare malignancy with an incidence of 0.7–2.0 cases/million habitants/year. It occurs at any age, with two peaks in the first decade of life and between 40 and 50 years. Women are frequently affected (55–60%) (1). The adrenal glands are of dual embryological origin. The adrenal cortex is derived from the coelomic mesoderm of the urogenital ridge, and the adrenal medulla arises from the neural crest tissue (2). Ectopic adrenal rests exist along the migration path of adrenal cortex development, and these anatomic sites include the celiac plexus, kidney, ovary, broad ligament, testis, and spermatic cord (3, 4). The brain, lungs, and stomach have been reported to be rare sites of ectopic rests (3, 4). Ectopic adrenal tissue is found in 50% neonates, and most of the ectopic rests undergo atrophy (5). The occurrence of adrenal rest tissue in adults is 1% (6).

Tumors arising from adrenal rests are uncommon and most of them are functional, resulting in endocrinopathy diagnosed pre-operatively (7). Non-functional tumors are also uncommon and are usually discovered incidentally or during autopsy (7). Malignancies arising from adrenal rests are extremely rare with very few cases reported (8), showing a mean patient age of 36.4 years (0.4–65 years) and equal sex distribution (female:male ratio, 7:6). Studies have reported tumors located in the retroperitoneum (n = 5), testis/scrotum (n = 3), liver (n = 2), kidney (n = 1), spinal cord (n = 1), and pelvis (n = 1); 62% of the tumors were functional, with Cushing’s syndrome as the most common presentation (8). Herein, we present the case of a 59-year-old woman with ectopic ACC in the ovary. Consent has not been obtained because the patient is deceased.



Case Report

Our patient was a 59-year-old woman who had no past medical history. She delivered three children and entered menopause at the age of 49 years. She complained of lower abdominal fullness for 6 months and increased abdominal circumference. She also experienced stress urinary incontinence, without dysuria, urinary frequency, or urinary urgency. She lost up to 3 kg of body weight in 1 month and had oedema in both feet. There was no fever, bowel habit change, nausea, vomiting, abdominal pain, or tarry/bloody stool. She visited a hospital where a giant pelvic mass was found. She was transferred to our hospital in April 2019. The initial laboratory work report is shown in Table 1. Profound elevated Lactate dehydrogenase (4123 IU/L, 98 – 192 IU/L), elevated Carbohydrate antigen 19-9 (39.34 U/mL, <37 U/mL) and Cancer antigen 125 (146.32 U/mL, <35 U/mL) was noted. Gynaecologic sonography showed a huge pelvic mass of approximately 22.5 × 13.3 × 16.1 cm in size. Computed tomography (CT) scans revealed a 23 × 17 × 21 cm heterogeneous mass occupying the lower abdomen and pelvic cavity with indistinct margin from the uterus and bilateral adnexa, suggestive of gynaecologic malignancy. There were multiple small peritoneal nodules, multiple enlarged para-aortic and bilateral iliac lymph nodes, and multiple small pulmonary metastases and lymph nodes over the left lower neck and left supra-clavicular regions (Figure 1). The visible liver and adrenal glands were unremarkable. She underwent optimal cytoreductive surgery for symptom relief. Left neck mass excision was performed. The initial pathological test report suggested suspected neuroendocrine carcinoma over bilateral ovaries, bilateral fallopian tubes, and the uterus, with omentum and lymph node metastasis. Right ovarian neuroendocrine carcinoma, stage IVB pT3cN1bM1, was the initially postulated diagnosis.


Table 1 | Laboratory test for ovary tumor.






Figure 1 | Image of pelvic tumor and metastasis. (A) Para-aortic lymph nodes and pelvic tumor. (B) Supraclavicular lymph nodes. (C) Sub-diaphragmatic seeding. (D) Lung metastasis.



She underwent postoperative chemotherapy with triweekly Etoposide (100mg/m2) and Cisplatin (100mg/m2). After consultation and discussion with another pathologist, the final pathological test report 2 months later showed ACC, probably arising from the adrenal cortical rest (Figures 2 and 3). Weiss score was 8 after discussion with pathologist. Hypertension with normal potassium level was noted during admission. She took amlodipine 5mg per day. The endocrine profile is listed in Table 2, which revealed normal aldosterone (12.8 ng/dL, 4.83–27 ng/dL) and decreased plasma renin activity (0.14 ng/mL/hr, 0.6–4.18 ng/mL/hr) level. ARR ratio was 91.4. Hence, ectopic primary aldosteronism could not be excluded. However, we did not perform saline infusion test or captopril test at that time because she was receiving chemotherapy and suffered from abdomen fullness, nausea and vomiting. She received dexamethasone as support therapy during chemotherapy. Leukopenia (900/µL) was noted. Cortisol and ACTH level was checked on the same day. Hence, the normal cortisol (10.54 μg/dL, 9.52–26.21 µg/dL) with elevated ACTH (70.26 pg/mL, 10–70 pg/mL) may be interpreted as acute illness. Follow up cortisol and ACTH level was 17.08 μg/dL and 20.15 pg/mL, respectively.




Figure 2 | Pathological findings of ovarian adrenocortical carcinoma. (A) A piece of tissue measuring 23 × 17 × 10 cm in size. (B) Sections of the huge ovary and uterine body tumor showing solid sheets and nests of tumor cells with monotonous morphology with large, centrally located nuclei and abundant cytoplasm. Focal tumor necrosis is present. Lymphovascular invasion is prominent. (C) Biopsy sample of the peritoneum cavity. (D) Lymph node metastasis: Lesion cells are arranged in thick trabeculae and in organoid pattern. They contain eosinophilic cytoplasm and small dark nuclei. High prevalence of mitotic figures is seen.






Figure 3 | Immunohistochemistry of ovarian adrenocortical carcinoma. (A) Chromogranin A 100×: negative; (B) Ki-67 200×: high Ki-67-labeling proliferating index (>80%); (C) Alpha-inhibin 100×: positive; (D) Calretinin 100×: focally positive; (E) CD56 100×: focally positive; (F) Synaptophysin 100×: focally positive; (G) TFE-3 100×: positive.




Table 2 | Hormone profile for ovarian adrenocortical carcinoma.



She received six courses of etoposide and cisplatin regimen and six courses of bevacizumab (900mg). However, LDH level elevated after completion of chemotherapy. Follow-up CT 6 months after the operation showed disease progression, with enlarged left supraclavicular and retrocaval lymph nodes, increased size of lung metastasis, and increased size and number of liver metastases and peritoneal seedings. She received mitotane 500mg per day 6 months after operation and mitotane was titrated to 1000mg per day. She used mitotane intermittently due to nausea, vomiting, poor appetite and dizziness. She was admitted to our hospital several times for poor appetite, vaginal bleeding, anaemia, and renal failure. She expired 9 months after cytoreductive surgery.



Discussion

We presented the case of a 59-year-old woman who was diagnosed with ectopic ACC in the ovary. Initial pathological studies revealed the presence of local tumor necrosis and prominent lympho-vascular invasion. The Ki-67 proliferation labelling index was very high (>80%). Immunohistochemically, tumor cells were focally positive for CD56 and synaptophysin but also focally positive for calretinin. Two months later, the pathologist confirmed the diagnosis of ectopic ACC based on positivity for synaptophysin, alpha-inhibin, TFE-3, calretinin (focal), and CD56 (focal) and a high Ki-67-labeling proliferating index (>80%), which was much higher than usual ACC. Melan-A and steroidogenic factor-1 (SF1) were not available in our hospital. Adrenal gland was unlikely to be the origin because there was no adrenal lesion identified in the serial image studies. Ectopic primary aldosteronism could not be excluded. However, we did not perform saline infusion test or captopril test at that time because she was receiving chemotherapy and suffered from abdomen fullness, nausea and vomiting. Hence, we would not define whether this ectopic ACC was functional or non-functional, which was our limitation. Mitotane was immediately considered when ectopic ACC was diagnosed. However, project application was required in Taiwan before we started mitotane. Despite that adjuvant radiotherapy (RT) is important for local tumor control (9), RT was not considered due to multiple distant metastasis in our patient.

To our knowledge, there were only two reported cases of ectopic adrenocortical carcinoma in the ovary. Chentli presented the case of a 34-year-old female referred for Cushing’s syndrome in the postpartum period. The adrenal origin of the ectopic tissue was confirmed by immunostaining positivity to inhibin-α, melan-A, steroidogenic factor-1 (SF1), and synaptophysin (10). In another study, a 4-year-old girl initially presented with signs of rapid (within 1 month) early puberty (breast development plus pubic and armpit hair) (11). A right ovary mass was noted when she was 15 years old. Pathological examination revealed a 20-cm ovarian steroid tumor. At 21 years of age, pulmonary metastasis was detected. Complete remission of lung metastasis was achieved 5 years after mitotane initiation. The medical history was suggestive of a slowly progressive tumor. The patient was alive for 10 years after the initial operation (11).

Adrenal tumors in the ovary may originate from transformation of the adrenocortical embryonic remnants that break off during adrenal migration or descent of gonadal cells (12). Ectopic adrenal adenomas/carcinomas may result from the mutation of ovarian tissue and its steroid enzymes and/or acquisition of aberrant receptors (13). This pathological situation induces the ovary to synthesize adrenal hormones (14). Steroidogenic factor 1 (SF-1) is the most valid marker of ACC (15). Ki-67 can help define the diagnosis and prognosis of ACC. The general agreement is that ACCs have a Ki-67 labelling index of ≥5% (16). Ki-67 is a powerful prognostic marker in both localized and metastatic ACC (17–19). Positivity for steroid receptor coactivator-1 (SRC-1), inhibin, calretinin, synaptophysin, and melan A and negativity for Pax8, chromogranin, and high-molecular weight cytokeratin (HMWCK) on immunohistochemistry (IHC) studies may help distinguish ACC from other tumors (20).

The 5-year survival of patients with ACC is, respectively, 60–80%, 35–50%, and 0–28% in cases of tumors confined to the adrenal space, locally advanced disease, and metastatic disease (21). There is limited knowledge on the incidence and prognosis of ectopic ACC. In previous studies, the 5- and 10-year survival of patients who underwent resection of ectopic ACC was 26–38% and 7%, respectively (22–24). Surgical resection is the mainstay of treatment (22, 25). Patients with early mortality were found to have high rates of cortisol-secreting tumors and positive resection margins and high disease stages with nodal or synchronous distant metastasis (22–24). The importance of surgery was further confirmed by long-term survival attained with repeat resection of local or distant tumor recurrence (22). According to the presented cases, diagnosis of ectopic ACC is challenging; 50–60% of patients with ACC show clinical hormone excess (21). Hypercortisolism or mixed Cushing’s and virilizing symptoms are observed in the majority of these patients (21).



Conclusion

We presented a rare case of ectopic ACC in the ovary. ACC is a rare disease, and ectopic ACC is even rarer. There is limited knowledge of its incidence and prognosis. When encountering hypercortisolism or mixed Cushing’s and virilizing symptoms without detectable adrenal nor pituitary tumors, ectopic tumor should be suspected. On the other hand, when pathological tests reveal atypical neuroendocrine feature of the organ, further IHC staining should be performed to rule out ectopic ACC. Whether the ectopic ACC is functional or not requires complete survey.
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Parathyroid carcinoma (PC) is an orphan malignancy accounting for only ~1% of all cases with primary hyperparathyroidism. The localization of recurrent PC is of critical importance and can be exceedingly difficult to diagnose and sometimes futile when common sites of recurrence in the neck and chest cannot be confirmed. Here, we present the diagnostic workup, molecular analysis and multimodal therapy of a 46-year old woman with the extraordinary manifestation of abdominal lymph node metastases 12 years after primary diagnosis of PC. The patient was referred to our endocrine tumor center in 2016 with the aim to localize the tumor causative of symptomatic biochemical recurrence. In view of the extensive previous workup we decided to perform [18F]FDG-PET-CT. A pathological lymph node in the liver hilus showed slightly increased FDG-uptake and hence was suspected as site of recurrence. Selective venous sampling confirmed increased parathyroid hormone concentration in liver veins. Abdominal lymph node metastasis was resected and histopathological examination confirmed PC. Within four months, the patient experienced biochemical recurrence and based on high tumor mutational burden detected in the surgical specimen by whole exome sequencing the patient received immunotherapy with pembrolizumab that led to a biochemical response. Subsequent to disease progression repeated abdominal lymph node resection was performed in 10/2018, 01/2019 and in 01/2020. Up to now (12/2020) the patient is biochemically free of disease. In conclusion, a multimodal diagnostic approach and therapy in an interdisciplinary setting is needed for patients with rare endocrine tumors. Molecular analyses may inform additional treatment options including checkpoint inhibitors such as pembrolizumab.
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Introduction

Parathyroid carcinoma PC is an orphan malignancy occurring in approximately 1%–5% (United States, Europe, Japan) of all patients with primary hyperparathyroidism (pHPT) (1–5). The main pre-operative challenge of PC is to raise the suspicion of malignant disease at diagnosis since clinical outcome and prognosis are largely dependent on the extent of primary surgery. Despite the combination of multiple diagnostic modalities, this rare tumor is often difficult to diagnose preoperatively (6–9). Moreover, diagnosis of malignancy is made in only 15% of the fast-frozen sections. So, in the vast majority of cases, only the final histology or a relapse provides the diagnosis (10).

The high rate of relapse is another considerable problem in PC patients. We have recently published a comprehensive clinical characterization of 83 PC cases and have demonstrated that within a median interval of 48 months 38.6% of cases relapsed (7). However, in case of biochemical recurrence, the precise localization of cancerous tissue is mandatory to enable surgical treatment. The calcimimetic drug cinacalcet is approved to control serum calcium and may be used in case of unsuccessful localization and/or advanced, non-resectable disease. Systemic antitumoral therapy has remained anecdotal (11).

To date, only very few cases of PC with abdominal tumor localization (peripancreatic lymph nodes: n=1, liver n= 6) have been described (12–14).

Here, we present the complex diagnostic workup and multimodal therapy in a 46-year old woman with the uncommon manifestation of abdominal metastases of PC.



Case Description

A 46-year old woman was referred to our endocrine tumor center in 2016 with the aim to localize the tumor causative of biochemical recurrence.

Primary surgery due to pHPT had been performed in 2004. Intraoperatively, PC was suspected and en-bloc-resection (hemithyroidectomy, parathyroidectomy and central lymph node dissection of the left side) was performed. PC was confirmed histopathologically and resection margins were free of tumor (R0). The patient experienced a permanent recurrent laryngeal nerve palsy at the left side as complication of the surgical procedure. She underwent postoperative adjuvant external beam radiation of the thyroid region at a total dose of 50.4 Gy. The patient was subsequently free of disease for 12 years.

In 2016, the patient experienced symptoms similar to those at initial diagnosis with thirst, fatigue and visual flashes. Serum calcium was elevated up to 3.4 mmol/L [reference range: 2.0–2.7mmol/L] and parathyroid hormone (PTH) was increased to 203 pg/mL [10–65pg/ml]. Medication with cinacalcet was initiated. Within the three subsequent months, the patient underwent cervical ultrasonography, CT and MRI of the neck and chest, [99mTc] Sestamibi-SPECT/CT, as well as [11C]methionine-PET-CT. None of these imaging modalities localized tumor recurrence. Additionally, the patient underwent re-exploration of the right neck and lymph node dissection of the right cervical lymph nodes. Histopathology was negative for PC and hypercalcemia persisted postoperatively.

Subsequently the patient presented herself at our institution. In view of the extensive previous workup we decided to perform [18F]FDG-PET-CT. Surprisingly, a pathological lymph node (17x24 mm) within the liver hilus showed slightly increased FDG-uptake (Figures 1A, B). Due to the unusual localization we questioned relationship with the recurrence of PC and performed selective PTH venous sampling that included the entire neck region, but also sampling from the liver veins in addition to V. cava inferior sampling (Figure 1C). Highest PTH was measured in the right V. hepatica with 758 pg/ml and a ratio of 1.3 compared to V. cava inferior. After laparotomy and preparation of the liver hilus, the lymph node was resected with intact capsule without any signs of infiltration (R0) in January 2017. Inspection revealed no further lymph node manifestations (Figures 1D, E). Intraoperative PTH dropped from 841 ng/L to 387ng/L The peri-and postoperative course was without any complications. The histological assessment of the resected tissue confirmed lymph node metastasis with blood vessel infiltration (V1) of PC (Figure 1F). Histological and immunohistochemical analyses were both consistent with parathyroid carcinoma (positivity for PTH, loss of parafibromin). Furthermore, we stained the lymph node sample for PD-L1 (antibody 28-8). In the tumor cell there was no specific membrane-bound positivity (TC Score 0; Cologne -Score for NSCLS) (15). No tumor associated PD-L1 positivity in the background inflammatory infiltrate was observed. Moreover, we analyzed the DNA-Mismatch-Repair-Protein MLH1, MSH2, MSHG, and PMS2. The results showed no evidence of microsatellite instability. In summary, this was a lymph node metastases of a PD-L1-negative, microsatellite stable parathyroid carcinoma.




Figure 1 | CT Imaging (A), [18F]FDG-PET-CT (B), Venous sampling V. hepatica (C), intraoperative localization (D), Resected lymph node (E), histological result at time of diagnosis recurrence (F), White arrow marks the lymph node metastases in the hilus of the liver.



After resection, Calcium decreased steadily from 3.4 mmol/L to 2.3 mmol/L. Cinacalcet was discontinued.



Systemic Treatment

Unfortunately, few days after discharge, PTH level and Calcium level increased slowly again requiring the use of cinacalcet. The medication was increased to a daily cumulative dose of 150 mg in the following weeks. Four months after resection, PTH rose to 912 ng/L and additionally, denosumab was required to adequately control serum calcium levels (2.6 mmol/l).

Abdominal ultrasonography indicated recurrent lymph node metastases in the hepatic hilus (Figure 2A) which was confirmed by [18F]FDG-PET-CT.




Figure 2 | Abdominal ultrasonography (A) [18F]FDG-PET-CT (B), photography surgery 10/2018, Lymph node metastases in situ (C) (white arrows mark the tumor), and the tumor localization in an anatomical drawing (D). CD, cystic duct; CBD, common bile duct; CHD, common hepatic duct.



The patient was included in NCT/DKTK MASTER (Molecularly Aided Stratification for Tumor Eradication Research), a multicenter, prospective observational study that is based on a common workflow for diagnostics, therapeutic decision making, and structured follow-up in patients with rare tumors failing standard treatment. The formalin-fixed paraffin embedded lymph node tissue obtained at surgery was utilized for whole exome sequencing and 412 single nucleotide variants (SNV) and 2 insertions/deletions (indels) were identified.

Because of the rapid recurrence in the same location, the fact that PTH levels had not returned to normal levels after resection of the previous metastases and in view of controlled serum calcium (2.6 mmol/L) only with 150 mg cinacalcet, we decided to initiate therapy with pembrolizumab on a compassionate use basis at 200 mg every three weeks. Pembrolizumab treatment was started in 09/2017 at a PTH serum concentration of 1,906 ng/L (Figure 3F). After four cycles of therapy, PTH dropped significantly (11/2017) to 613 ng/L and [18F]FDG-PET-CT showed stable disease four months later. Pembrolizumab was continued for six infusions every three weeks until [18F]FDG-PET-CT detected a lymph node bulk adjacent to the gallbladder (Figure 2B) in 07/2018. After evaluation of resectability, re-laparotomy was performed (10/2018) and the lymph node conglomerate of 3.4x2.0x3.2cm in lymph node station 12 was resected. There were no clinical signs of extra nodal tumor infiltration (Figures 2C, D). Intraoperative PTH dropped from 2864 ng/L to 64.3ng/L. Histology confirmed a conglomerate of lymph node metastases of the PC up to 3.8 cm in size exhibiting the same features as the initial specimen. The postoperative course of the patient was unremarkable. In the following months, the patient’s serum calcium and PTH levels increased slowly. The patient was normocalcaemic on intermittent medication with denosumab and had stable PTH levels between 197 und 332 pg/L until 06/2019. At this time a progress of increased serum calcium levels (2.8 mmol/L) and PTH (418 ng/L) was detected. A [18F]FDG-PET-CT was performed and showed a new lymph node recurrence near the diaphragm (Figures 3A–D). This lymph node was resected as well as a lymph node dorsal of the V. cava inferior in 01/2020 (Figure 3E). PTH dropped intraoperatively to 15.8 ng/L (preoperative: 1,831 ng/L). Due to postoperative hypocalcemia, the patient received decostriol (1,25-dihydroxycholecalciferol) at a dose of 0.5 µg twice a day and up to 3 g calcium P.O. per day which could be discontinued during the following 8 weeks. Until 10/2020 the patient was biochemically free of recurrence (serum calcium 2.4 mmol/L, PTH 42.7 pg/ml) without any medication. The whole course of PTH is shown in Figure 3F. Interdisciplinary discussion recommended watchful waiting and restaging in case of biochemical progression.




Figure 3 | CT Imaging (A, C), 12/2019), [18F]FDG-PET-CT (B, D), (white arrows mark the tumor), photography surgery 01/2020 E; K, Kidney; VC, Vena cava; AG, adrenal gland; PTH course is shown as time scale from the beginning of treatment in our hospital 2016 up to 2020. In this period, we performed three abdominal surgeries (red arrow) and the beginning of therapy within Pembrolizumab (green arrow) (F).





Discussion

The diagnostic workup and site directed therapy in case of recurrent PC remains challenging. Distant metastases and especially abdominal localization of PC, as presented in this case report, are highly uncommon (7). The review of the literature revealed case reports of distant metastases, specifically abdominal and brain metastases (12–14) (Table 1). Interdisciplinary management is crucial to enable focused surgical treatment and adequate medical treatment (16). In this case report, we presented an example for an interdisciplinary workflow in a patient with abdominal recurrent PC 12 years after primary diagnosis.


Table 1 | Unusual localizations of distant PC recurrence in the literature.





[18F]FDG-PET-CT and Selective Venous Sampling Improves Localization Diagnostics

After biochemical recurrence in our patient, tumor localization was not possible by various imaging techniques. However, [18F]FDG-PET-CT was able to visualize the unusual localization of abdominal recurrence. In several a case series, [18F]FDG-PET-CT has been shown to effectively localize PC manifestation sites at initial diagnosis, follow-up or recurrence (17). In the current literature, [18F]choline-PET-CT was compared in small series with [18F]FDG-PET-CT. In 2 cases [18F]FDG-PET-CT detected tumor manifestations in the liver and bone lesions in the pelvis, which was missed by [18F]FDG-PET-CT. The authors of that study discussed that the differences in choline and FDG uptake could be the differences in tumor proliferation and differentiation (18). Another case report demonstrated that [18F]FDG-PET-CT and [18F]choline-PET-CT are feasible, in (recurrent) PC (19). In summary, as long as there is no standardized diagnostic work-up especially in recurrent PC, whole body functional imaging should be considered for detecting uncommon tumor localization and to avoid repeated cervical surgery.

Furthermore, in our case the selective venous sampling was additionally performed to confirm this uncommon localization. Therefore, selective venous sampling was able to support the localization diagnostics and consecutively, the focused surgical approach we then performed.



Molecular Informed Systemic Treatment

Overall, only few reports have characterized the molecular landscape of PC. Using exome sequencing, Yu et al. (20) in a series of seven cases found an average of 51 somatic variants. This is in stark contrast to the findings in our patient who had high tumor mutational burden (TMBh). TMBh is increasingly recognized as a marker of response to immunotherapy (21) and related to the accumulation of tumoral neoantigens which increase the likelihood of response to inhibition of immune checkpoint molecules.

Molecular guided systemic treatment with pembrolizumab led to stable disease as best response on imaging and a marked clinical and biochemical benefit with a stabilization of serum calcium and drop of PTH for 9 months. Our case demonstrates that in rare tumors, molecular analysis may be useful to detect druggable targets. So far, no case of successful treatment of PC with immune checkpoint inhibitors has been described.



Targeted Surgical Resection Permitted Long-Term Disease Control

After the first two resections of parathyroid metastases, calcium normalization has been achieved. The patient was subsequently clinically and biochemically disease free for 9 months (at last observation 10/2020). Repeated surgery was able to control serum calcium supporting that every effort should be made to localize the disease and evaluate resectability (16, 17). It must be noted that our previous case series suggests that more extended primary surgery (parathyroidectomy and hemithyroidectomy) may be beneficial in lowering the rate of recurrence in general although it is unclear whether this is also true for the very rare distant metastases (7).



Patients Perspective

Our patient has been alive with a “chronic” disease over a long duration which required medical treatment for long periods of time. Uncertainty about prognosis, eventual diagnostic success and risk of surgery have contributed to the disease burden. The present outcome with biochemical remission has significantly improved the well-being of the patient.



Conclusion

Because manifestation of recurrent PC outside of the neck and chest is possible, whole body imaging for tumor localization is useful to allow for focused repeat surgery. The course of the disease in our patient with a recurrence after 12 years after primary surgery suggests that the tumor evaded immune recognition at a certain time point during disease progression which may also explain the unusual systemic spread of the disease. It is tempting to speculate that pembrolizumab treatment inhibited further progression of disease rendering surgical removal effective in a neo-adjuvant manner. A multimodal diagnostic approach and therapy in an interdisciplinary setting is needed for patients with rare endocrine tumors.
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A Commentary on 


Case Report: Abdominal Lymph Node Metastases of Parathyroid Carcinoma: Diagnostic Workup, Molecular Diagnosis, and Clinical Management
 By Lenschow C, Fuss CT, Kircher S, Buck A, Kickuth R, Reibetanz J, Wiegering A, Stenzinger A, Hübschmann D, Germer CT, Fassnacht M, Fröhling S, Schlegel N and Kroiss M (2021). Front. Endocrinol. 12:643328. doi: 10.3389/fendo.2021.643328



Introduction

In the issue of March 2021, Lenschow et al. reported the case of a 46-year-old woman with recurrent, programmed death-ligand-1 (PD-L1) negative, tumor mutational burden (TMB)-high parathyroid carcinoma (PC), who showed stable disease as her best response on imaging, and a three-fold drop in PTH after treatment with intravenous pembrolizumab (1).

Parathyroid carcinoma is a rare neuroendocrine tumour, accounting for <1% of all cases of primary hyperparathyroidism (2). While surgery represents the mainstay of treatment for both the primary tumour and metastasis, patients no longer amenable to surgical resection often receive unsatisfactory systemic therapies including cinacalcet, adjuvant radiotherapy, and alkylating agents (3).

In recent years, modulation of immune checkpoint proteins expression has been accounted as a prominent mechanism for tumour immune evasion and survival, thus paving the way for new therapeutic approaches (4). Of note, monoclonal antibodies targeting the programmed cell death-1 (PD-1)/PD-L1 and/or the cytotoxic T lymphocyte antigen-4 (CTLA-4)-B7 pathway, hereinafter collectively referred as immune checkpoints inhibitors (ICIs), have shown both clinical effectiveness and a favorable safety profile in patients with advanced solid tumours, and have been included in the treatment repertoire of several malignancies (5).

Given the remarkable results obtained by Lenschow et al. with the anti-PD-1 agent pembrolizumab in the above-mentioned case, we performed an extensive search for possible further relevant data sources, including a) full published articles in international online databases (PubMed, Web of Science, Scopus, and Embase); b) preliminary reports in selected international meeting abstract repositories (American Society of Clinical Oncology, ASCO; European Neuroendocrine Tumor Society, ENET; European Society for Medical Oncology, ESMO); c) registered clinical trials in the U.S. National Institutes of Health registry of clinical trials (http://clinicaltrials.gov) and in any primary register of the WHO International Clinical Trials Registry Platform (ICTRP).



Findings

	The search for full-published articles revealed 263 papers, two of which were pertinent to our aim (one of these being the article by Lenschow et al.). In 2020, Park et al. (6) reported the case of a 65-year-old man with recurrent hyperparathyroidism and histologically confirmed metastatic PC, who showed objective response as defined by the Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1) (7) after pembrolizumab administration. The tumour was assessed as PD-L1 negative by immunohistochemistry. Mutations in the MSH2 and MSH6 DNA mismatch repair genes, possibly resulting in high replication error at microsatellite loci, were found in tumour samples through comprehensive gene profiling analysis. Therefore, the patient was deemed eligible for treatment with pembrolizumab. Immune blockade of PD-1 resulted in sustained reduction of pulmonary metastatic tumour burden, with concurrent normalization of both calcium and parathyroid hormone levels.

	We found no preliminary reports in the above-mentioned international meeting abstract repositories.

	The search in clinical trial registers revealed two active trials, one of which fully matched our aim. NCT02834013 (DART: Dual Anti-CTLA-4 and Anti-PD-1 Blockade in Rare Tumors) is a Phase 2 study evaluating the effects of nivolumab plus ipilimumab (arm I) versus nivolumab alone (arm II) in patients with rare solid tumours (94 listed histotypes, including PC). The primary outcome is the RECIST v1.1 objective response-rate. Major secondary outcomes include incidence of adverse events, best response, clinical benefit rate, overall survival, and progression free survival. The present study status is “Recruiting.” However, according to a very recent update of the protocol, accrual of parathyroid gland tumours has been closed.





Discussion

To date, very limited evidence is available about the efficacy of ICIs in patients with PC. With this regard, some points should be taken into account.

PD-L1 expression in pre-treatment tumour samples has been proposed as a marker for clinical response to anti-PD-1/PD-L1 immunotherapy in patients with advanced malignancies, including melanoma, non-small cell lung cancer, kidney cancer, colorectal cancer, and castration-resistant prostate cancer (8, 9). Notably, immunohistochemistry-assessed PD-L1 expression was found in 4/18 patients (22.2%) with histologically confirmed PC (10), thus suggesting that immune checkpoint blockade may have a rationale in the treatment of this type of tumours. While PD-L1–overexpressing tumours tend to have more intense responses, experience with melanoma suggests that PD-1/PD-L1 blockade may be beneficial also in patients with low PD-L1 expression (11–13), therefore a negative PD-L1 status assessment should not definitively preclude the use of ICIs.

There is growing evidence that the TMB can also predict response to ICIs, with the high TMB-patients exhibiting a higher response rate to anti-PD-1/PD-L1 agents possibly due to increased neo-antigen load and T cell infiltration in the tumour microenvironment (14, 15). In a cohort of 16 patients with PC, Kang et al. have recently found three cases with high (>20 m/Mb) TMB through comprehensive genomic profiling (16). Given the higher response rate observed in the high TMB-patients, assessment of mismatch repair status and/or exome sequencing in tumour samples may help identify those patients possibly benefiting the most from administration of anti-PD-1/PD-L1 agents, in this way enabling a more personalized approach to treatment. The above-mentioned cases of PD-L1 negative, TMB-high tumours benefiting from pembrolizumab therapy further support this approach.

Moreover, PD-1 and CTLA-4 are acknowledged to exert non-redundant immunosuppressive effects (17). As there is robust evidence supporting a greater efficacy of the combined PD-1/CTLA-4 blockade over the two monotherapies in advanced solid cancer (18), the possible inclusion of patients with PC in the NCT02834013 trial is giving rise to great expectations. Of note, ICI two-drug combination therapy is under evaluation also in patients with other aggressive endocrine tumours (19–22).

As a further reason of interest, hypocalcemia due to immune-related hypoparathyroidism has been reported as a rare complication following anti-PD-1 therapy initiation in patients with non-parathyroid tumours (23, 24). As a result, mitigation of hypercalcemia could be hypothesized as a beneficial adjunctive effect of anti-PD-1 agents in patients with PC, irrespective of their imaging response assessment.

In summary, currently available treatments for patients with recurrent PC are insufficient. ICIs, which are considered a milestone in oncology, may provide hope for the future therapy of this rare cancer.
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Intracranial spread of a systemic malignancy is common in advanced staged cancers; however, metastasis specifically to the pineal gland is a relatively rare occurrence. A number of primary lesions have been reported to metastasize to the pineal gland, the most common of which is lung. However, metastasis of a bronchial neuroendocrine tumor to the pineal gland is a seldom-reported entity. Here, we present a 53-year-old female who presented with worsening headaches and drowsiness. MRI brain revealed a heterogeneously enhancing partially cystic mass in the pineal region. The patient had an extensive oncologic history consisting of remote stage IIA invasive breast ductal carcinoma as well as a more recently diagnosed atypical bronchopulmonary neuroendocrine tumor with lymph node metastases. She underwent microsurgical volumetric resection of the large pineal mass and a gross total removal of the tumor was achieved. Histopathology confirmed a metastatic tumor of neuroendocrine origin and the immunohistochemical profile was identical to the primary bronchopulmonary carcinoid tumor. Eight weeks after surgery, she underwent stereotactic radiosurgical treatment to the resection cavity. At 1-year follow-up, the patient remains clinically stable without any new focal neurological deficits and without any evidence of residual or recurrent disease on postoperative MRI. Metastatic neuroendocrine tumors should be considered in the differential diagnosis of pineal region tumors and aggressive surgical resection should be considered in selected patients. Gross total tumor resection may afford excellent local disease control. We discuss the relevant literature on neuroendocrine tumors and current treatment strategies for intracranial metastases of neuroendocrine origin.
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Background

The brain parenchyma is a common site for the dissemination of metastatic disease; however, metastasis to the pineal region is very rare with a reported incidence of 0.4–3.8% of all intracranial metastases (1, 2). Since Forster’s original description of the first case in 1858 (3), various primary malignant tumors have been reported to spread to the pineal region including esophageal, stomach, liver, colon, pancreas, kidney, bladder, prostate, thyroid, breast, melanoma, myeloma, and leukemia (4–6). However, there is only one case reported in the literature of a bronchial neuroendocrine tumor with metastasis to the pineal gland (7).

Neuroendocrine tumors constitute a heterogeneous group of malignancies that originate from neuroendocrine cells throughout the body, most commonly arising from the gastrointestinal tract, tracheobronchial tree, and bladder (8, 9). Complete surgical resection of the primary tumor as well as any metastatic deposits with a curative intent is often recommended in patients with limited extent of metastatic disease (8). However, there is a lack of consensus with respect to standard-of-care for unresectable advanced primary tumors or diffuse metastatic disease given a lack of prospective trials (8).

Here, we present a patient with a pineal region metastasis from a known primary lung carcinoid tumor. We discuss the relevant literature on the neuroendocrine tumors and current treatment strategies for intracranial metastases of neuroendocrine origin. To our knowledge, this is the second reported case in the literature.



Case Presentation


History and Physical Examination

A 53-year-old female presented to our emergency department with 3 weeks of progressively worsening headaches and drowsiness. No focal neurological deficits were present on examination. Relevant history included stage IIA invasive breast ductal carcinoma treated with left mastectomy and chemotherapy two decades prior. Moreover, 2 years prior to presentation, she was diagnosed with atypical bronchopulmonary carcinoid tumor with metastasis to level 5 lymph node and level 6A lymph node with extracapsular extension (T2aN2M0). She initially underwent treatment with octreotide and lobectomy followed by four cycles of adjuvant cisplatin and etoposide 2 years prior to presentation. Given her progressive neurologic symptomatology and history of malignancy, imaging was obtained to rule-out intracranial pathology.



Neuroimaging Findings

Computed tomography of the head demonstrated a hyperdense, partially cystic pineal region lesion with areas of calcification with supratentorial ventricular dilatation (Figure 1). Magnetic resonance imaging of the brain revealed a heterogeneously enhancing 3.9 × 2.6 × 3.1 cm mixed cystic and solid pineal mass extending into the posterior third ventricle and associated obstructive hydrocephalus (Figure 2). Metastatic work-up revealed a stable systemic disease burden.




Figure 1 | Pre-operative CT scan of the brain. (A–C) Non-contrast CT imaging demonstrating a heterogeneous mass with cystic features and calcification in pineal region causing obstructive hydrocephalus.






Figure 2 | Pre-operative MRI of the brain. (A–C) Post-contrast T1-weighted images demonstrating a heterogeneously enhancing 3.9 × 2.6 × 3.1 cm mixed cystic and solid pineal mass and consequential obstructive hydrocephalus. (D, E) T2-weighted images revealed a hyperintense cystic lesion and hypointense solid lesion with mass effect and compression of the cerebral aqueduct resulting in supratentorial ventricular dilatation and periventricular white matter signal abnormality. (F) FLAIR image demonstrated periventricular transependymal flow of cerebrospinal fluid indicative of acute hydrocephalus.





Neurosurgical Management and Postoperative Imaging

The patient was started on dexamethasone and medically optimized. Given her relatively young age, symptomatic obstructive hydrocephalus, and need for tissue diagnosis as well as local disease control, neurosurgical resection of the pineal region mass was recommended.

A stereotactic right parietal craniotomy with posterior interhemispheric transcallosal approach was utilized for volumetric resection of the large pineal mass. The patient tolerated the procedure well and without complication. Post-operatively, she exhibited a protracted course with transient neurologic symptomatology (i.e., mildly impaired short-term memory, wide-based gait), which subsequently resolved slowly over 3 months.

The patient underwent Cyberknife radiosurgical treatment to the resection cavity 8 weeks after surgery. A total of 27 Gy were delivered in three fractions using a total of 126 beams. Repeat MRI brain at 6-months and 1-year revealed no evidence of residual or recurrent disease (Figure 3).




Figure 3 | Post-operative MRI of the brain 12 months following surgery. (A–C) Post-contrast T1-weighted images demonstrating no evidence of residual or recurrent disease. (D, E) T2-weighted images showing resolution of the ventricular dilatation and flow voids from the internal cerebral veins. (F) FLAIR image showing minimal hyperintense signal surrounding the surgical resection cavity.





Histopathological Findings

Histopathology was consistent with metastatic atypical carcinoid tumor of pulmonary origin (Figure 4). Routine hematoxylin and eosin (H&E) stained sections demonstrated nests and sheets of cells with speckled chromatin and indistinct to small nucleoli. Thick fibrous bands separated the tumor cell nests. The morphologic appearance was identical to that of the primary lung tumor. Mitoses were present less than 10 per 2 square millimeters. Homer Wright rosettes were not seen. The tumor cells were strongly and diffusely reactive with synaptophysin and neuron specific enolase (NSE) immunohistochemical stains. Cytokeratin AE1/AE3 immunostain was strongly and diffusely reactive helping to exclude a primary pineal tumor. Moreover, glial fibrillary acidic protein (GFAP) and S100 immunostains were completely negative, further helping to exclude a primary pineal tumor which can have similar morphology. The Ki-67 proliferative index was 15%, slightly higher than the 7% labeling index noted in the original bronchopulmonary lesion. Comparatively, tumor morphology of the intracranial metastasis was identical to that of the known atypical bronchopulmonary carcinoid lesion diagnosed 2 years prior (Figure 5). The primary atypical bronchopulmonary carcinoid lesion stained positive for synaptophysin, CAM5.2, and cytokeratin AE1/AE3. Additional stains of the primary lesion including CK 5/6, CK7, CK20, p40, TTF-1, Napsin-A, and BRST-2 were negative. Necrosis was noted on histopathology and a mitoses count of no more than one per 2 square millimeters.




Figure 4 | Histopathological analysis of the resected pineal lesion. (A) Hematoxylin and eosin (H&E) stain with nested architecture and sheets of cells (original magnification, 40×). (B) H&E stain with sheets of cells with speckled chromatin and indistinct to small nucleoli with multifocal necrosis (original magnification, 200×). (C) H&E stain with mitotic figure (original magnification, 400×). (D) Strong immunostaining of tumor cells with synaptophysin (original magnification, 100×).






Figure 5 | Histopathological analysis of the primary atypical bronchopulmonary carcinoid tumor. (A) Hematoxylin and eosin (H&E) stain with nested architecture and sheets of cells (original magnification, 40×). (B) H&E stain with sheets of cells with speckled chromatin and indistinct to small nucleoli (original magnification, 200×).






Discussion

The pineal gland is a rare location for the spread of systemic metastasis. In fact, metastasis to this neuroendocrine secretory circumventricular organ has a reported incidence of 0.4–3.8% of all intracranial metastases (1, 2). Although lung cancer is the most common source of disease dissemination to the pineal gland, or epiphysis cerebri, various malignant tumors have been reported to spread to this site including esophageal, stomach, liver, colon, pancreas, kidney, bladder, prostate, thyroid, breast, melanoma, myeloma, and leukemia (4–6, 10). There is only one other report in the literature describing pineal gland metastasis from a bronchopulmonary neuroendocrine tumor (7).

Carcinoid tumors are a rare, diverse group of neoplasms that arise from endodermal precursor cells (11). These lesions primarily originate from the gastrointestinal tract and bronchopulmonary system in 54.5 and 30.1% of cases, respectively; nevertheless, they may also arise from a multitude of other organs such as the thymus, pancreas, liver, uterus, ovary, testes, bladder, and rectum (11, 12). Bronchopulmonary neuroendocrine tumors, arising from pulmonary neuroendocrine cells reside as individual cells or as clusters of cells, account for approximately 25% of all primary lung neoplasms (8). These lesions are classified into four distinct subtypes including: (i) well-differentiated, low-grade typical carcinoids; (ii) well-differentiated, intermediate-grade atypical carcinoids; (iii) poorly differentiated, high-grade large cell neuroendocrine carcinoma; and (iv) poorly differentiated, high-grade small cell lung cancer (8, 9). Although typical and atypical carcinoids are categorized as low- and intermediate-grade tumors, respectively, these tumors are capable of regional lymph node metastasis as well as spread to distant sites (8, 13–15). Indeed, 5–20% of typical carcinoids and 30–40% of atypical carcinoids are known metastasize. The most common sites of disease dissemination include regional lymph nodes, lung, liver, and bones (8). Brain metastases are an exceptionally rare finding in patients with neuroendocrine tumors with <5% of patients exhibiting intracranial involvement (16, 17). Furthermore, only 1.4% of metastatic brain tumors are of neuroendocrine origin, the majority of which derive from the lung (16, 17). Nevertheless, brain metastases portend a poor prognosis with a median overall survival of 8 months following initial diagnosis of intracranial dissemination (18). However, the most common cause of mortality in patients with intracranial involvement is attributable to the progression of systemic disease rather than sequelae associated with central nervous system dysfunction (11, 16–18).

Given the rarity of intracranial involvement of neuroendocrine tumors, there are no randomized or prospective data to base definitive treatment recommendations. Variable clinical outcomes have been reported in patients treated with neurosurgical resection, stereotactic radiosurgery, whole-brain radiotherapy (WBRT), or a combined treatment approach of intracranial carcinoid metastases (11, 16, 19, 20). Schupak and Wallner assessed treatment response of external-beam radiation therapy in 44 patients with metastatic or unresectable carcinoid tumors including eight patients with brain metastases (19). The authors found that none of the patients with brain metastases exhibited progression of their intracranial disease after radiation therapy with a median dose of 3,300 cGy. Rather, all eight patients ultimately died due to progression of systemic disease (19). Hlatky et al. analyzed treatment modalities and correlates of survival in 24 patients with brain metastases of carcinoid origin (16). The metastases were treated with WBRT alone in seven patients, surgical resection in 12 patients of which seven received adjuvant WBRT (16). The longest median survival (3.2 years) was observed in the cohort that underwent surgical resection plus adjuvant WBRT (16). Mallory and coworkers evaluated 15 patients with primary carcinoid tumors and intracranial metastases who were treated with either surgical resection (n = 12), stereotactic radiosurgery (n = 2), or WBRT (n = 1) (11). The cohort that underwent surgical resection as the primary treatment modality demonstrated longer progression-free intervals, yet this failed to reach statistical significance (p = 0.095) (9). Krug et al. retrospectively analyzed the clinicopathologic factors and outcome data in a cohort of 51 patients with neuroendocrine tumors with associated brain metastases (20). The authors found no significant difference in median overall survival in patients with brain metastases regardless of intervention. Median overall survival times for WBRT alone, surgical resection plus radiation, or observation were 8 months, 7 months, and 18 months, respectively (p = 0.72) (20). These data have begun to lay the groundwork for optimal treatment modalities for intracranial metastases of carcinoid origin; however, further prospective and randomized trials are necessary to define treatment guidelines.

Although carcinoid tumors have been reported to metastasize to various supratentorial and infratentorial locations, dissemination to the pineal gland is an exceedingly rare phenomenon with only one other report to date in the current literature (7). Grozinsky-Glasberg et al. described a 71-year-old male with brochopulmonary neuroendocrine tumor (unspecified subtype) metastasis to the pineal gland 10 years after initial diagnosis of the primary tumor (7). Endoscopic biopsy of the pineal lesion confirmed a diagnosis of bronchopulmonary neuroendocrine tumor. Of note, the intracranial metastasis exhibited a lower Ki-67 proliferation rate than that of the primary lesion (8 vs 20%) confirming heterogeneity of proliferation rates between primary and metastatic cells (7). The authors deemed the lesion inaccessible to surgical resection and instead referred for radiosurgery (unspecified type or dose) (7). The tumor regressed on follow-up imaging although no details were provided regarding follow-up neuroimaging findings or clinical status post-radiation.

In the present case, our patient was diagnosed with atypical bronchopulmonary carcinoid with regional lymph nodes metastasis 2 years prior to presentation. We pursued aggressive neurosurgical resection of the lesion with the intent of gross total resection followed by adjuvant stereotactic radiosurgery to maximize local disease control. One year from the initial operation, she remains clinically stable and follow-up MRI demonstrated no evidence of disease residual intracranially.

Pineal gland lesions are arguably one of the most challenging locations within the intracranial compartment to achieve gross total resection. However, as described herein, aggressive neurosurgical intervention upfront afforded local disease control intracranially at the cost of transient neurologic symptomatology that resolved in the following months. To our knowledge, the present case is first to describe successful neurosurgical resection of a pineal gland lesion of bronchopulmonary neuroendocrine origin. This case highlights a proof-of-concept that aggressive surgical resection of pineal region neuroendocrine metastasis in experienced hands should be considered in the appropriate patient population as gross total resection may afford excellent long-term local disease control.



Conclusions

We describe a unique case of bronchopulmonary neuroendocrine tumor metastasis to the pineal gland and our treatment approach. The present case demonstrates that neuroendocrine tumor metastasis should be considered in the differential diagnosis of pineal gland lesions. Although there are no standardized treatment guidelines for brain metastases of neuroendocrine origin, with each reported case we obtain a better understanding of the natural history and optimal treatment approach for these rare lesions. An aggressive management approach, including microsurgical resection of pineal region neuroendocrine metastasis, should be considered in carefully selected patients and can provide excellent long-term outcomes.
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There are many histological morphological types of papillary thyroid carcinoma (PTC), but the most frequently seen types are conventional. A single PTC commonly has a conventional and/or a variant morphological pattern. PTC with multiple (more than two) well-differentiated morphological patterns are extremely rare. We herein report the rare case of a 48-year-old male with initial diaphragmatic, pancreatic, and liver tumors from PTC. Then, the PTC was discovered following resection of these tumors, an ultrasound-guided fine-needle aspiration (US-FNA) cytology of a huge mass in the thyroid’s left lobe revealed a PTC. After postoperative recovery, physical and ultrasound examinations identified an irregular large nodule in the thyroid’s isthmus and left lobe, several swollen lymph nodes in the left neck, a mass in the left gluteus maximus, and several masses in both the bilateral parotid and salivary regions. The US-FNA’s pathological examination confirmed metastatic PTCs in the left gluteus maximus and bilaterally in the parotid and salivary glands. An 18-fluorodeoxyglucose positron-emission tomography and computed tomography scan revealed abnormal uptakes in numerous locations (e.g., thyroid’s isthmus and left lobe, bilateral parotid gland, and subcutaneous tissues). The patient underwent palliative therapy—including total thyroidectomy, bilateral central neck dissection, left lateral neck dissection, and excision of the bilateral parotid and salivary glands. A whole-body scan post-therapeutic radioactive iodine ablation revealed exclusive thyroid bed uptake. The patient subsequently underwent thyroid stimulating hormone (TSH) repression therapy and chemotherapy with lenvatinib, and thereafter achieved stable clinical conditions. Further histopathological analysis of the PTC revealed multiple differentiated morphological patterns in the single tumor located in the isthmus and left lobe of the thyroid, and in some metastatic lesions. Different metastatic lesions also presented different morphological patterns of PTC. In conclusions, we identified a new entity of PTC as a multiple differentiated variant of PTC (MDV-PTC) with an aggressive clinical nature.
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Background

Papillary thyroid carcinoma (PTC) is the most common thyroid carcinoma and has many histological morphological variants, but the conventional type is commonly observed. The variants of PTC as classified by the World Health Organization (WHO) 2017 guidelines are: papillary microcarcinoma, encapsulated, follicular, diffuse sclerosing, tall cell, columnar cell, cribriform-morular, hobnail, fibromatosis/fasciitis-like stroma, solid/trabecular, oncocytic, spindle cell, clear cell, and Warthin-like (1). The follicular variant of PTC is the most common after conventional PTC (2), and other variants, such as diffuse sclerosing, tall cell, columnar cell, and hobnail variant are less often observed. In addition, conventional PTC usually has favorable clinicopathologic features and an excellent prognosis. However, some variants of PTC—such as diffuse sclerosing, tall cell, columnar cell, hobnail variant, and solid variants—behave more aggressively than conventional PTC (3, 4). In a single tumor, PTC commonly presents as conventional and/or a variant morphological pattern. PTC with multiple (more than two) well-differentiated morphological patterns is extremely rare. We herein report a 48-year-old male who presented with a single thyroid tumor composed of conventional PTC morphology with co-existent multiple variant patterns of PTC, as well as cervical lymph node metastases and multiple distant metastases of multiple morphological patterns of PTC.



Case Presentation

A 48-year-old male was referred to the Pancreas Surgery Department of West China Hospital, Sichuan University for a mass of the pancreatic body and a nodule of the right liver as identified on abdominal ultrasound examination. The patient had not any significant findings in his past medical history except excision of superficial lipomyoma and pancreatitis. He had a history of smoking, but not drinking or drug abusing. He neither had exposure to radiation. Family history revealed the presence of lung cancer in his father. Subsequently, the patient underwent resection of a firm irregular masse (1.5 × 1.0 × 0.7 cm) located in the diaphragm, a firm irregular masse (measuring 2.5 × 2.0 × 1.5 cm) in pancreatic body, and three firm irregular masses (diameter: 0.5–0.8cm) on the surface of the liver on January 31, 2018. Pathological examination and immunohistochemical analyses of these excised tissues revealed metastatic PTCs. A subsequent cervical ultrasound examination revealed a huge mass (8.1 × 5.1 × 4.1 cm) in the left lobe of the thyroid, and an ultrasound-guided fine-needle aspiration (US-FNA) cytology revealed PTC.

The patient was referred to the Thyroid and Parathyroid Surgery Center of our institution for evaluation for thyroid surgery in June 2018 following a postoperative recovery period of more than four months. A physical examination showed an irregular large nodule in the isthmus and left lobe of the thyroid, a swollen lymph node in the left cervical lateral compartment, and a mass in the right parotid gland. An ultrasound reexamination revealed the following findings: a very large hypoechoic mass (7.3 × 5.9 × 5.1 cm) in the isthmus and entire left lobe of the thyroid, multiple hypoechoic nodules (about 0.2–0.3 cm) in the right lobe of the thyroid, several swollen lymph nodes in the left cervical lateral compartment, several masses in the bilateral parotid region, several nodules in the bilateral salivary region, and a mass in the left gluteus maximus. US-FNA’s histological results and immunohistochemical analyses confirmed the presence of metastatic PTCs bilaterally in the parotid gland, and bilaterally in the salivary gland. Both an 18-fluorodeoxyglucose positron-emission tomography and computed tomography scan were ordered for further evaluation and identification of possible occult metastases. The first revealed abnormal uptakes in the following locations: isthmus and left lobe of the thyroid (maximum standardized uptake value [max SUV]:25.22), bilaterally in the parotid gland (left max SUV:16.02, right max SUV:22.51), left salivary gland (max SUV:8.7), left cervical region (max SUV:15.6), bilaterally in the lungs (max SUV:13.41), pancreatic head (max SUV:17.12), right kidney (max SUV:8.71), multiple cones and ribs (max SUV:17.50), and muscles and subcutaneous tissues (max SUV:26.96) (Figure 1).




Figure 1 | Whole-body 18-fluorodeoxyglucose positron-emission tomography/computed tomography image showing that many regions in the patient’s body had widespread abnormal uptake.



The patient underwent palliative surgical therapy. Specifically, on July 2, 2018, the patient received a total thyroidectomy, bilateral central neck dissection, left lateral neck dissection, and bilateral excision of the parotid and salivary glands. A firm irregular tumor measuring 10.0 × 7.0 × 5.0 cm was observed intraoperatively. The tumor mass replaced the isthmus and left lobe of the thyroid. Additionally, it extended into the tracheoesophageal region and deepened into the superior mediastinum, invading the anterior cervical skeletal muscle. Furthermore, the tumor encapsulated and infiltrated the left recurrent laryngeal nerve and slightly infiltrated the left tracheal surface. Several swollen cervical lymph nodes were identified. The largest one measured 4.0 cm. Bilaterally in the parotid and salivary regions, there were many masses ranging from 0.5–3.5 cm. Of note, some of the masses invaded the facial nerve. Histological examination was performed postoperatively on the paraffin-embedded specimen. The results revealed PTC with multiple regional lymph node metastases, and distant parotid and salivary gland metastases. In addition, BARFV600E and TERT promoter mutation (C288T) were identified by next-generation sequencing in the primary thyroid tumor, the pancreatic and cervical lymph node metastases.

Postoperatively, the patient underwent TSH repression therapy (TSH < 0.10 mU/L) with oral administration of sodium levothyroxine (Euthyrox). Oral sodium levothyroxine treatment was suspended in August 2018 in preparation for radioactive iodine ablation therapy. RAI ablation therapy with 200 millicurie of I-131 was administered after two weeks. A whole-body scan following therapeutic RAI ablation showed uptake only in the thyroid bed and no uptake in any of the metastasizing lesions. Subsequently, the patient underwent continuous TSH repression (TSH < 0.10 mU/L) therapy with oral sodium levothyroxine. Additionally, he was treated with lenvatinib chemotherapy from December 2018. Computed tomography revealed that after more than 2 years of treatment, the number of metastatic lesions decreased. Additionally, serum thyroglobulin decreased to 15.84~50.60 ug/L (from 313.60 ug/L) as of December 31, 2020. The patient is currently alive with no apparent symptoms. Most of the above medical details have been presented in an other publication regarding the same case by Jing Y et al. (5), which can provide other more detailed medical information.

The postoperative formalin-fixed, paraffin-embedded tissue blocks were selected and hematoxylin–eosin (HE) stained slides were cut for further identification of histopathological subtypes of PTC. The paraffin sections were read after HE staining by Jun Gao’s pathology team. These histopathological results showed that there were multiple differentiated morphological patterns in different sections and also in some of the same sections (Figure 2). Conventional morphological patterns of PTC were found in all sections. In addition, there was co-existence of columnar cell, tall cell, cribriform-morular, and solid/trabecular morphological patterns of PTC in the single tumor located in the isthmus and left lobe of the thyroid. There was co-existence of columnar, tall cell, and hobnail morphological patterns of PTC in cervical lymph nodes, and co-existence of columnar and tall cell morphological patterns of PTC in masses of the parotid and salivary glands. There was also co-existence of follicular and columnar morphological patterns of PTC in the single pancreatic mass, as well as co-existence of follicular, tall cell, and hobnail morphological patterns of PTC in masses of liver. Additionally, follicular and tall cell morphological patterns of PTC coexisted in a single mass of liver. There were columnar morphological patterns of PTC in a diaphragmatic mass. Table 1 summarizes these results.




Figure 2 | Hematoxylin and eosin image showing conventional (A, magnification, x200; B, magnification, x400 ), columnar (C, magnification, x200; D, magnification, x400 ), tall cell (E, magnification, x200; F, magnification, x400 ), cribriform-morular (G, magnification, x200; H, magnification, x400 ), solid/trabecular (I, magnification, x200; J, magnification, x400 ), follicular (K, magnification, x200; L, magnification, x400 ), and hobnail (M, magnification, x200; N, magnification, x400 ) morphological patterns.




Table 1 | Variant pathological patterns of PTC in different lesions.



This case report was approved by the Institutional Review Board of West China Hospital of Sichuan University, and the patient has provided written informed consent for publicly publishing the case details and accompanying pictures.



Discussion

With the exception of a conventional morphological pattern, only a variant morphological pattern of PTC is generally present in a single tumor. A single tumor with co-existing multiple variant morphological patterns of PTC is rare. Schopper HK et al. reported that a single thyroid tumor showed a combination of conventional PTC, follicular variant of PTC, clear cell variant of PTC, columnar cell variant of PTC, and poorly-differentiated thyroid carcinoma (PDTC) (6). In our present case, the single tumor showed multiple well-differentiated morphological patterns, including conventional, tall cell, columnar cell, cribriform-morular, and solid/trabecular morphological patterns. According to the present case and that reported by Schopper HK et al. (6), the entity may have multiple differentiating potential. Of course, it is possible that the multiple morphological patterns of PTC coexisted in initiation as a possibility of a supposed collision tumor. However, we think that the possibility of a collision tumor is less likely for five morphological components in a single primary tumor. In the present case, PDTC was not observed in the primary tumor. Most PDTCs arise from a follicular or PTC (7–10), and some PDTCs are de novo (11). Thus, our case may stand a good chance of dedifferentiation into PDTC.

In our present case, besides a single primary tumor presenting multiple well-differentiated variant carcinomas, some single metastatic foci also showed multiple variant carcinomas. The metastatic focus of the pancreas showed co-existence with columnar and follicular variant patterns of PTC, and one metastatic focus of the liver showed co-existence with tall cell and follicular variant patterns of PTC. The case reported by Schopper HK et al. showed that metastatic papillary clear cell carcinoma and columnar cell carcinoma were in juxtaposition in a lymph node deposit (6). However, the follicular variant pattern of PTC was not observed in the primary tumor. Furthermore, the hobnail variant pattern of PTC, which presented in a metastatic lymph node and a liver mass, was also not observed in the primary tumor. This indicates that metastatic lesions may also have multiple differentiating potential by imitating primary tumor behavior, thereby making the possibility of collision tumor less likely. Of course, it is possible that the follicular and hobnail variant patterns of PTC, which may be left out in examining the primary thyroid tumor, directly metastasize to lymph nodes and/or distant locations.

The case by Schopper HK et al. showed vascular invasion and extensive lymph node involvement of the primary tumor (6). Our case presented a more aggressive clinical behavior. The primary tumor has obvious extrathyroidal extension, invading the anterior cervical skeletal muscle, the left recurrent laryngeal nerve, and the left tracheal surface. Additionally, the patient had extensive cervical lymph node metastases and multiple distant metastases (including lung, bone, and other rare distant metastases). The aggressive clinical behavior may be relative to aggressive variants of PTC. Because the primary tumor contains multiple aggressive variant patterns of PTC, such as the columnar variant, tall cell variant and solid/trabecular variant (3, 4), and the histological morphological results of lymph node metastases and distant metastases were mainly columnar and tall cell variant patterns of PTC, co-existing multiple aggressive variant patterns of PTC may contribute to more aggressive behavior, which results in extrathyroidal extension, lymph node metastases, and early multiple distant metastases. The patient may have a poor prognosis based on these aggressive clinicopathological features. Published meta-analyses performed on PTC have shown that co-existent BRAFV600E and TERT promoter mutations have a synergistic effect on poor clinical outcomes (12, 13). In this case, TERT promoter and BRAFV600E mutations were simultaneously detected in the primary tumor, which also may contribute to a poor prognosis.

From our point of view, this present case is a distinct new entity and extremely rare. We defined the new rare entity as multiple differentiated variant of PTC (MDV-PTC). To the best of our knowledge, we are the first to define MDV-PTC. The diagnosis of MDV-PTC should meet the following criteria: 1) Diagnosis of PTC by conventional criteria, 2) two or more than two different morphological growth patterns existing in a single tumor, except for conventional PTC pattern. Some other variants of PTC, which were defined according to percentage of growth pattern, may present two growth patterns. For instance, the hobnail variant of PTC is defined by > 30% of cell with hobnail features, and 3) absence of poorly-differentiated carcinoma patterns. The fourth edition (2017) of the WHO Classification of Tumors of Endocrine Organs reclassified PDTC as an independent class (1). Also, PDTC is the absence of the conventional nuclear features of PTC according to the histopathological diagnostic criteria for PDTC listed in the Turin consensus proposal (14). Of note, the MDV-PTC should be deemed as an aggressive variant for having aggressive clinicopathological features, including large tumor size, wide extrathyroidal extension, and the presence of lymph node metastases and multiple distant metastases.



Concluding Remarks

We report an extremely rare new entity of PTC, and we firstly define the new entity as MDV-PTC. The MDV-PTC has an aggressive clinical behavior. However, additional future studies are needed to help us recognize the new entity.
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Background

In a recently published retrospective case series, Temozolomide was found active as second line approach in advanced ACC patients. The disease control rate obtained, however, was short-lived. We report here an ACC patient with extensive metastatic disease who obtained a remarkable long lasting response with this alkylating agent.



Case Presentation

a 22-year-old female patient with ACC presented at our Medical Oncology Department in poor general condition due the presence of extensive metastatic pulmonary involvement. The disease had progressed to etoposide, doxorubicin and cisplatin plus mitotane therapy. Second line temozolomide therapy was prescribed leading to a progressive improvement of patient general conditions. The disease restaging after 12 cycles revealed a complete response of lung lesions and the patient was free from progression for 14+ months.



Conclusion

Temozolomide therapy could be exceptionally efficacious in the management of ACC patients. The molecular mechanisms of sensitivity and resistance to this drug should be carefully studied, in order to select the patients destined to obtain a significant clinical benefit to the drug.
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Background

Adrenocortical carcinoma (ACC) is a rare and aggressive tumor with an incidence of 0.7-2 new cases per million populations per year (1). Surgery is the mainstay of therapy for localized diseases and patients with moderate to high risk of disease relapse and death are addressed to adjuvant mitotane therapy (2). The standard systemic treatment for advanced/metastatic tumors, not amenable to surgical resection, is the combination of etoposide, doxorubicin and cisplatin plus mitotane (EDP-M) (3). The results of a large multicenter randomized clinical trial have demonstrated that the efficacy of this regimen is limited with a disease response of about 25% and a median overall survival of 14 months (4). However, a single Institution case series, in which surgery of residual disease after EDP-M was systematically performed when feasible, revealed that few patients (7%) can obtain a pathological complete response and a long term disease control (5). These data suggest that EDP-M scheme can be sometimes very efficacious. Few options are available for patients with disease progression to EDP-M. Gemcitabine plus metronomic capecitabine is a second line approach recommended by international guidelines (1), but the efficacy of this regimen is modest (6). Several target therapies substantially failed to demonstrate activity in ACC (7, 8) and the role of immunotherapy is currently under investigation (9).

In a recently conducted retrospective study, single agent temozolomide was found active as second line approach in advanced ACC patients with a response rate observed in 20% of patients. The disease control rate obtained, however, was short-lived (10).

Here, we presented the case of a 22-year-old female patient with advanced ACC reporting a dramatic disease response to temozolomide therapy.



Case Presentation

A 22-year-old woman from Sicily presented in August 2019 at the Medical Oncology Unit of Santa Maria delle Croci hospital in Ravenna, Italy, with severe hypertension, hirsutism, oligomenorrhea, and epigastric pain. A CT scan showed a huge left adrenal mass (100x110mm) and multiple lung metastasis. Hormonal assessment revealed elevated plasma and urinary cortisol levels and elevated androgen levels. The patient’s general conditions were compromised due to a severe Cushing’s syndrome. A tumor biopsy was performed confirming the ACC diagnosis. The patient was immediately addressed to first line chemotherapy with the EDP-M regimen, administered in association with metyrapone, to rapidly obtain a control of hormone hypersecretion (11). A minimal disease response of lung metastases and no change of the primary tumor lesion was obtained after 2 chemotherapy cycles. The patient general conditions, however, consistently improved. Antineoplastic therapy was continued and, from the 3rd cycles onwards, mitotane serum levels had attained the therapeutic interval, ranging between 14.5 and 20.1 ng/ml. Unfortunately, a huge disease progression was observed at TC restaging after 5 cycles.

The patient was then referred to the Medical Oncology Unit in Brescia in January 2020. On admission her general conditions were poor (ECOG performance status 3). She suffered from uncontrolled pain, nausea, asthenia and dyspnea. Oxygen saturation was low (SpO2 88%), so continuous oxygen therapy was instituted.

The CT scan confirmed the voluminous left adrenal mass (160x110 mm in size) infiltrating the left kidney and revealed a dramatic disease progression in lung with multiple lesions affecting both hemithoraxes (Figure 1).




Figure 1 | Multiple pulmonary metastases and adrenal mass detected by CT Scan (January 2020).



Due her serious conditions we deemed the patient not eligible to further intravenous chemotherapy. She was then discharged and entrusted to home palliative care in Sicily with the prescription of oral temozolomide at the dose of 200 mg/m2/die given for 5 consecutive days every 28 days and daily. Megestrol acetate 160 mg every day was also concomitantly prescribed to support appetite and patient kenesthesis. Mitotane was continued.

Progressively, the patient general conditions improved with a normalization of oxygen saturation and pain control. Temozolomide therapy was well tolerated without any relevant toxicity. After 2 months her quality of life returned to normal and megestrol acetate was interrupted while continuing both temozolomide and mitotane therapies. The CT restaging performed in March 2020 showed a partial response of lung metastases with a minimal response of the adrenal mass. The extent of lung disease further decreased at a subsequent CT in June 2020. In September the patient returned to Brescia for a follow-up visit. A CT scan revealed a complete disease response of lung metastases and a partial response of the abdominal lesion with dimension reduction (60 mm) and necrosis increase (Figure 2). The FDG PET scan confirmed the complete response of the lung lesions and, as regard the abdominal mass, a small peripheral uptake was described with an extensive central area with no FDG (fluorodesoxyglucose) uptake (necrosis) (Figure 2).




Figure 2 | Complete response of the bilateral lung metastases and reduction of the primary adrenal lesion at the CT Scan after 8 cycles of temozolomide. FDG PET confirming the complete response of lung lesions and a small peripheral area of FDG uptake at the residual adrenal mass. (September 2020).



The last CT scan (December 2020) revealed a stable disease with respect to the previous control in September. At the last follow-up examination, on February 25th, the patient general conditions were excellent (ECOG performance status 0). She was still on Temozolomide treatment (12 total cycles) along with mitotane and was free from progression for 14 months.

A Next Generation Sequencing (NGS) analysis, with a wide panel of genes (genic variant in hotspot regions of 35 genes -AKT1, ALK, AR, BRAF, CDK4, CTNNB1, DDR2, EGFR, ERBB2, ERBB3, ERBB4, ESR1, FGFR2, FGFR3, GNA11, GNAQ, HRAS, IDH1, IDH2, JAK1, JAK2, JAK3, KIT, KRAS, MAP2K1, MAP2K2, MET, MTOR, NRAS, PDGFRA, PIK3CA, RAF1, RET, ROS1, SMO; amplification of 19 genes- ALK, AR, BRAF, CCND1, CDK4, CDK6, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, FGFR4, KIT, KRAS, MET, MYC, MYCN, PDGFRA, PIK3CA; rearrangements of 23 genes- ABL1, AKT3, ALK, AXL, BRAF, ERG, ETV1, ETV4, ETV5, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, MET, NTRK1, NTRK2, NTRK3, FDGFRA, PPARG, RAF1, RET, ROS1) was performed on biopsy tumor samples at diagnosis. A genic variant in CTNN1B exon 3 (p.Met14Leu) was found (Table 1). This variant has never been published as pathogenetic in literature and it is not present in ClinVar, whereas it is categorized as VUS (variance of uncertain significance) in the VARSOME database. O6-methylguanine-DNA methyl-transferase (MGMT) and progesterone receptor (PgR) expression could not be assessed, due to insufficient tumor materials.


Table 1 | Genic variant detected by NGS.





Discussion

Chemotherapy + mitotane (EDP-M) is modestly active as first first-line approach in the management of patients with advanced/metastatic ACC. At disease progression to EDP-M, the further administration of cytotoxic drugs gave disappointing results. At the best of our knowledge, this is the first ACC case that has obtained a dramatic response with a second-line chemotherapy. This result is even more relevant if we consider that the patient in question had an extensive disease burden and her performance status was very low. The latter condition is known to be an independent factor of poor efficacy of systemic antineoplastic treatments in general and ACC in particular (1).

It is certainly not clear why second-line temozolomide was particularly effective in this case. The drug was found to be able to induce a significant cytotoxic effect in ACC cells in vitro (12). However, in a recent Italian case series of pre-treated ACC patients, it proved to be moderately active with a disease response rate observed in 20% of treated cases, but poorly effective, as disease control was short lived (3.5 months on average) (10).

The addition of megestrol acetate for palliation may have contributed in the first weeks to support the patient’s performance status and favored the cytotoxic effect of temozolomide. A recent paper by our group has in fact demonstrated an antineoplastic effect of progesterone in ACC cell lines and primary ACC cultures (13). Unfortunately, due to insufficient tissue material, it was not possible to test the expression of the PgR and MGMT in the primary tumor, which are known predictors of efficacy of megestrol acetate and temozolomide, respectively. The NGS performed failed to provide a potentially valuable predictive parameter.

In conclusion, the exceptional and long lasting disease response obtained with temozolomide in this ACC patient, suggests that this drug can be very efficacious in this setting. Temozolomide deserve to be further tested in ACC patients with the aim of identifying predictive factors of efficacy in order to select the patients destined to obtain a significant clinical benefit to the drug.
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Succinate dehydrogenase (SDH) is a key respiratory enzyme that links Krebs cycle and electron transport chain and is comprised of four subunits SDHA, SDHB, SDHC and SDHD. All SDH-deficient tumors are caused by or secondary to loss of SDH activity. As many as half of the familial cases of paragangliomas (PGLs) and pheochromocytomas (PHEOs) are due to mutations of the SDHx subunits. Gastrointestinal stromal tumors (GISTs) associated with SDH deficiency are negative for KIT/PDGFRA mutations and present with distinctive clinical features such as early onset (usually childhood or adolescence) and almost exclusively gastric location. SDH-deficient GISTs may be part of distinct clinical syndromes, Carney-Stratakis syndrome (CSS) or dyad and Carney triad (CT). CSS is also known as the dyad of GIST and PGL; it affects both genders equally and is inherited in an autosomal dominant manner with incomplete penetrance. CT is a very rare disease; PGL, GIST and pulmonary chondromas constitute CT which shows female predilection and may be a mosaic disorder. Even though there is some overlap between CT and CSS, as both are due to SDH deficiency, CSS is caused by inactivating germline mutations in genes encoding for the SDH subunits, while CT is mostly caused by a specific pattern of methylation of the SDHC gene and may be due to germline mosaicism of the responsible genetic defect.
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Introduction

Succinate dehydrogenase (SDH - also known as mitochondrial complex II or succinate-ubiquinone oxydoreductase) is the only enzyme that is concurrently both a functional member of both the Krebs cycle (or citric acid or tricarboxylic acid cycle) and the electron transport chain (ETC), where it provides electrons for oxidative phosphorylation (1). It is comprised of four mitochondrial subunit proteins: SDHA, SDHB, SDHC, SDHD encoded by nuclear genes, mapped to 5p15.22, 1p36.13, 1q23.3 and 11q23.1, respectively (Figure 1). SDHA is a flavoprotein and SDHB is an iron-sulfur protein; together they make up the main catalytic component of the complex. The other two subunits, SDHC and SDHD are two integral membrane proteins that anchor the complex to the inner mitochondrial membrane (3, 4). Additionally, the succinate dehydrogenase assembly factor 2 (SDHAF2) is required for the flavination and thus normal function of SDHA (4).




Figure 1 | Succinate dehydrogenase (Complex II). Figure modified from Settas et al. (2).



Genetic alterations in any of the four SDHx genes (SDHA, SDHB, SDHC, SDHD) or SDHAF2 lead to SDH complex dysfunction and loss of SDHB expression (5). This loss of SDHB can be detected rapidly by immunohistochemistry (IHC) and thus, loss of immunohistochemical staining for SDHB is used as the hallmark of SDH-deficient tumors (6–9).



How Do SDHx Mutations Lead to Tumorigenesis?

It is not completely clear how the dysfunction of SDH leads to neoplasia; several mechanisms have been proposed. One of them is the activation of pseudohypoxia pathway (10). This mechanism implies that due to SDH deficiency, succinate is accumulated; this inhibits propyl hydroxylases (PHDs) resulting in induction of the hypoxic response despite normoxic conditions (pseudohypoxia) (11, 12). At the cellular level, the three α subunits of the hypoxia inducible factor-1 (HIF-1α, HIF2α, HIF3α), are hydroxylated by PHDs 1, 2 and 3 (also known as Egln2, Egln1 and Egln3), which are oxygen-dependent enzymes. The hydroxylated HIFαs are then targeted by von Hippel-Lindau (VHL) protein for degradation in the proteasome. In order for the HIFs to be recognized by the VHL, hydroxylation of two proline residues on HIFα is required by PHDs. In the case that the SHDx genes are mutated, propyl hydroxylases are inhibited by the accumulated succinate, hydroxylation of HIF-1αs is decreased and therefore they escape degradation. As a result, they translocate to the nucleus, they dimerize with HIFβ and create a complex that activates genes that induce angiogenesis, cell proliferation and glycolysis (12, 13). This mechanism was further supported by additional studies (12, 14–17). Additionally, besides succinate, the accumulation of reactive oxygen species (ROS) in mitochondria, leading to loss of function of the SDH enzyme, has also been implicated in tumor pathogenesis. ROS are mainly produced in complex I (NADH-ubiquinone oxidoreductase) and complex III (ubiquinone-cytochrome c oxidoreductase) in ETC (18). Recently, Xiao et al. demonstrate that SDHx knockdown increases intracellular levels of succinate; subsequently, this acts as an alpha-ketoglutarate competitor, inhibiting a-KG-dependent dioxygenases, JIp1, which is involved in sulfur metabolism and Jhd1 which belongs to the JmjC-domain-containing histone demethylase (JHDM) enzymes. That could lead to tumor formation by causing epigenetic changes (11, 19). The corresponding human JHDM, JMJD2D, was shown to be inhibited by accumulation of succinate as well (20).

Mutations in the SDHx subunits have been implicated in familial paragangliomas (PGLs) and pheochromocytomas (PHEOs), gastric stromal tumors (GISTs), Carney-Stratakis syndrome (CSS), and rarely in Carney triad (CT) and a few other tumors (21–30). This review focuses on SDH-deficient tumors, the two relevant genetic conditions, CSS and CT, and an association (3PAS), and their clinical, pathological and molecular characteristics.



SDH-Deficient Paragangliomas and Pheochromocytomas

Pheochromocytomas and paragangliomas are rare neuroendocrine neoplasms derived from chromaffin cells (31). Tumors arising from the adrenal medulla, which is the largest paraganglion in the body, are termed PHEOs, while those derived from the sympathetic and parasympathetic paraganglia are known as PGLs (31). Extraadrenal locations most commonly include the head and neck, mainly the carotid body, jugular foramen, middle ear, but can also occur in the thorax, abdomen and pelvis (32). PGLs/PHEOs can be either sporadic or hereditary. As many as 35% of them are due to genetic predisposition (33). To date, more than 20 susceptibility genes have been identified (34). Germline mutations of SDHB, SDHC, and SDHD genes are responsible for approximately 50% of hereditary paragangliomas (4, 24, 25, 35–38) and pheochromocytomas (24, 36, 39). Recently, mutations in SDHA (21) and SDHAF2 were also identified in hereditary PHEOs and PGLs (40). In addition, multiple reports have shown that these tumors have high incidence in patients with cyanotic congenital heart disease (41–43).

Depending on the SDHx subunit that is mutated, PGL syndromes have different characteristics (Table 1): SDHD (PGL1) (OMIM#168000)-mutated PGLs are more common in the head and neck and appear to have very high lifetime penetrance as 75% of carriers will have manifestations by 40 years old (44). Mutations in SDHB gene as the susceptibility gene for PGL4 (OMIM#115310) are more likely to be in the abdomen and show very high metastatic risk, but lower penetrance compared to PGL1 (~40% of carriers manifest the disease by age 40) (45). On the other hand, in SDHC (PGL3) (OMIM#605373) gene mutations, much rarer than the previous two, tumors are more commonly located in the carotid body (35, 46, 47) and have a low malignant potential (45). Mutations in SDHA and SDHAF2 are associated with PGL5 (OMIM#614165) and PGL2 (OMIM#601650) respectively and are very rare. A patient with any type of PGL will present in any of the following contexts: a) because of signs and/or symptoms of excess catecholamine secretion (e.g. hypertension, headache, palpitations, hyperhidrosis, tremor); b) because of an incidental finding on an imaging study; c) because of signs and/or symptoms due to a local mass (various signs and/or symptoms depending on the location); and d) after a genetic testing was performed in the case of familial disease. Histologically, SDH-deficient PHEOs/PGLs have a nested architecture with round cells and prominent vasculature (4).


Table 1 | Characteristics of SDH-deficient pheochromocytoma and paraganglioma.



PHEOs can occur as part of PGL1 and PGL4 and about 3% of them are attributed to SDH deficiency (6). The rest of them are either sporadic or they are associated with other familial syndromes such as VHL, MEN2 and NF. What could differentiate SDH-deficient PHEOs is the negative SDHB IHC and the secretion solely of noradrenaline (and/or dopamine) in contrast to the others that secret both adrenaline and noradrenaline (47). In addition, PHEOs caused by SDHB mutations show higher malignancy risk (47).

Family history is not always helpful in predicting hereditary PHEOs/PGLs because of phenotypic heterogeneity, incomplete penetrance and in the case of PGL1 and PGL2, maternal imprinting (5, 25, 48). It is interesting that in PHEOs/PGLs that appear to be sporadic based on family history, germline mutations were found in up to 25% of cases (49–51). Therefore, all patients with PHEOs/PGLs (sporadic and hereditary cases) should undergo genetic testing and counseling after IHC is performed (5, 6).



SDH-Deficient GISTs

GISTs are the most common neoplasms of the gastrointestinal tract of mesenchymal origin and more than 5000 cases are diagnosed each year in the US alone (52). They originate from the interstitial cells of Cajal (53), the pacemaker cells that regulate peristalsis in the digestive tract (54). Most GISTs occurring in adults are driven by activating mutations in KIT proto-oncogene receptor tyrosine kinase (KIT) (75-80% of cases) or platelet-derived growth factor receptor A (PDGFRA) (5-15%) genes (55–58). The rest (10-15%), that lack KIT and PDGFRA gene mutations, are described as ‘wild type GISTs’ (WT GISTs) and comprise most of pediatric GISTs (59, 60). SDH-deficient GISTs are the majority of WT GISTs (50% of these tumors are associated with hypermethylation of the SDHC promoter locus (CT), 30% with germline SDHA mutations (4), while 20% is associated with mutations in SDHB, SDHC, SDHD (Table 2) (61). The rest harbor mutations in NF-1, BRAF, ARID1A, ARID1B, CBL, NRAS, HRAS, KRAS, EGFR1, MAX, MEN1, PIK3CA and ETV6-NTRK3 fusion genes; these patients are usually older (same as KIT/PDGFRA + tumors) and they have more aggressive disease (62–72) (Figure 2). It is important to identify these mutations as it can be useful in the treatment plan.


Table 2 | Comparison of SDH-deficient GISTs and SDH-competent GISTs.






Figure 2 | Classification of gastrointestinal stromal tumors (GISTs).



SDH- deficient GISTs exhibit unique features which are summarized in Table 2. Briefly, they manifest predominantly in females, at a young age. They arise almost exclusively in the stomach (61, 73–79) and they frequently have early lymphovascular invasion and consequent involvement of the lymph nodes (76), and less frequently of the liver (61), and do not frequently respond to imatinib (80). However, even in the setting of metastatic disease, they have an indolent clinical course. Histologically, these tumors exhibit multinodular growth pattern with epithelioid cells and they are multifocal. In addition, it was found that SDH-deficient GISTs overexpress insulin-like growth factor receptor (IGF1R) (81), and that this upregulation is highly specific of SDH-deficient GISTs (61, 78, 82, 83). The underlying molecular mechanism is unknown, but it could possibly be due to genetic amplification (61). Stratakis and his group also showed that immunohistochemistry that is negative for SDHB can be used to identify SDH-deficient GISTs caused by SDHB, SDHC or SDHD mutations (75). SDH-deficient GISTs can be sporadic or may present as part of two syndromes, CT (84) and CSS (26, 85).


Carney Triad (CT)

Going back, in 1977 Dr. J. Aidan Carney described the association of three uncommon tumors- GISTs, PGLs and pulmonary chondroma (PCH) (86). Among other characteristics, the young age (median 18 years old), the female predilection, the multifocality and the concurrence of rare tumors suggested a genetic etiology (87). This association was later referred to as CT (OMIM #604287). Afterwards, adrenocortical adenoma and esophageal leiomyoma were added as components of the triad (88). The etiology of CT is not yet clear but recent data have implicated SDHC. In a cohort of 37 patients, comparative genomic hybridization demonstrated no mutations of any of the SDHx subunits. Instead, it revealed the most frequent and largest genomic change to be the deletion of 1q12-q21, a region where SDHC gene resides (84). Later, Haller et al. demonstrated that aberrant DNA hypermethylation is present at specific sequences of the SDHC gene (in the promoter and first exon) in patients with CT; this methylation leads to reduced SDHC mRNA expression (89). A genome-wide DNA study confirmed the SDHC gene promoter hypermethylation in both CT and WT-GISTs (90). Today, SDHC-specific methylation is considered the molecular signature of CT and is used as simple diagnostic test to identify lesions that may be part of CT in patients that are suspected to be affected by the condition.



Carney-Stratakis Syndrome (CSS)

In 2002, Dr Carney and Dr Stratakis, described a new condition, that is today known as Carney-Stratakis syndrome (CSS) (OMIM #606864) (also reported as the “paraganglioma and gastric stromal sarcoma syndrome” or Carney-Stratakis dyad) (91). This newly described genetic disorder included only two types of tumors, PGLs/PHEOs and GISTs and is inherited in an autosomal dominant manner with incomplete penetrance. It affects both males and females during childhood and adolescence. Later, in 2007, Dr. Stratakis and his group identified inactivating mutations in the SDHB, SDHC and SDHD subunits as responsible for CSS (26, 92), with subunits B and D being mutated in higher frequency. Pasini et al. studied patients with CSS who developed GIST and they identified germline mutations in SDHB, SDHC and SDHD (26). Hemizygosity/homozygosity for the mutant allele was found in the GISTs of the affected individuals which is consistent with the tumor suppressor activity of SDHx genes (26). SDHA loss-of-function mutations have also been identified in patients with CSS (74). Surprisingly, patients harboring SDHA mutations demonstrated impressively long survival (93).




3PAS

Over the years, the co-existence of PHEOs/PGLs and pituitary adenomas (PAs) was thought to be a coincidence due to the rarity of those endocrine tumors (23). However, in some cases, they may have a common pathogenic mechanism. The first case of a patient with PHEO and acromegaly was described in 1952 (94). Since then, more than 80 such cases have been published (95). In 2012, Xekouki et al. described an individual within a family history with multiple PGLs and PHEOs caused by a germline SDHD mutation; in addition, the individual had an aggressive growth hormone (GH)-secreting PA, and loss of heterozygosity at the SDHD locus in the pituitary tumor along with increased levels of HIF-1α (96). Since then, the co-existence of those tumors, not recognized as a distinct entity before, has been known as 3PAs. More cases of PAs in patients with SDH mutations have been described, supporting the evidence that SDH deficiency plays a role in pituitary tumors (97–99).

SDH-deficient PAs that are part of 3PAs are more commonly macroadenomas and they frequently exhibit different phenotypes within the same family, such as prolactinomas, somatotropinomas and non-functional adenomas (95). Most of the time they respond poorly to somatostatin analogues and they require multiple treatments (95). In addition, PHEOs/PGLs in patients with 3PAs are often bilateral and/or multiple and tend to recur (95). In a cohort study of 19 patients with PHEO/PGL and PA, 9 of them had SDHx mutations. In PAs caused by mutations in any of the SDHx subunits intracytoplasmic vacuoles were present, a histological characteristic specific to those kinds of tumors (100). One could speculate that those vacuoles could possibly be autophagic bodies, as it is known that activation of autophagy is related to hypoxia-related pathways (101, 102); moreover, autophagy has been found to contribute to chemo- and radio-therapy resistance (103, 104).



SDH-Deficient Renal Cell Carcinoma

SDH-deficient renal carcinoma was first recognized in 2004 (22) and later was accepted as a distinct type of renal cell carcinoma (RCC) (4, 105). It is rare, as it is estimated to account for 0.05-0.2% of all renal carcinomas (106). The mean age is 38 to 40 years (107) and there is a slight male predisposition (106, 108). In most of them, SDHB (83%) germline mutation is present (80), but few cases with SDHC and SDHD mutations have been reported as well (106–109). SDHA mutation in RCC was reported for the first time recently by Yakirevich et al. (110), followed by other reports (111, 112). In a cohort study, 36 SDH-deficient RCCs from 27 patients were studied; all of them were negative for SDHB and positive for SDHA by IHC. In addition, genetic testing was performed in 17 of these patients and they all harbored a germline SDHx mutation (16 SDHB, 1 SDHC) (106). In another study, 37 tumors exhibiting morphologic features of SDH-deficient RCC were evaluated; of them 11 showed immunohistochemical loss of SDHB and 1 out of 11 cases loss of SDHA (in this case no SDHB gene mutation was detected by sequencing and SDHA gene was not evaluated) (108).

Morphologically, SHD-deficient RCCs exhibit distinctive features, being made of cuboidal cells with variable cysts and ‘bubbly’ eosinophilic cytoplasm with flocculent inclusions. They also exhibit a solid, nested or tubular growth pattern (80, 106–108, 110, 113, 114). The hallmark of these tumors is loss of SDH immunohistochemical expression. Therefore, in renal tumors with morphology suggestive of SDH-deficient RCC or syndromic disease (younger age, family history of RCC, personal or family history of other SDH-deficient tumors) IHC for SDHB should be performed (106, 112). It is possible that SDHA-deficient RCCs may exhibit slightly different morphologic features such as papillary, cribiform-like architecture, higher nuclear grade and areas of solid growth pattern (110–112). However, very few cases have been reported so far and it is difficult to make any definitive associations.

In addition, this distinct type of RCCs is negative for c-kit, cytokeratin 7 (CK7), carbonic anhydrase IX (CAIX), CD117 and vimentin, while it is immunoreactive for PAX8 and kidney-specific cadherin. These markers can be useful in the case that IHC is unavailable (106–108).

Although most SHD-deficient RCCs have a good prognosis, and the risk of metastasis is estimated to be 11%, some of them- those with high-grade nuclear atypia, tumor necrosis or sarcomatoid differentiation- may behave aggressively reaching metastatic rates as high as 70% (106, 108, 115).



Other SDH-Deficient Tumors

Apart from PGLs/PHEOs, GISTs, PAs and renal cell carcinomas discussed above, there is not much evidence that SDHx deficiency contributes significantly to other neoplasms. Thyroid carcinoma associated with either SDHB or SDHD has been reported in a few individuals (46, 51). Patients with PTEN-negative Cowden and Cowden-like syndromes, have also been reported in association with either SDHB or SDHD variants (27). Neuroblastoma (28) and bilateral adrenal medullary hyperplasia (29) have been linked to SDHB mutations. Moreover, a case of testicular seminoma has been reported in association with SDHD mutation (30). While a variety of tumors has been reported in association with SDH mutations we cannot say for sure if there is a causal relationship between them due to the very limited number of cases.


Loss of SDHB Immunohistochemistry as an Important Tool of Validating SDH Mutations

SDHx genes act as tumor suppressor genes (116). SDHx germline heterozygous inactivating mutations affect the protein function and predispose to hereditary neoplasms; subsequently, loss of heterozygosity (LOH) in the tumor level results in complete loss of SDH activity (14). Loss of immunohistochemical staining for SDHB has been proved to be a robust and reliable marker for syndromic disease resulting from germline mutation of SDHA, SDHB, SDHC or SDHD (6–9). In addition, in the case of double-hit inactivation of SDHA, IHC for SDHA becomes negative as well (9, 21). Thus, tumors associated with bi-allelic inactivation of SDHA stain negative for SDHB and SDHA, while tumors caused by inactivating mutations in SDHB, SDHC or SDHD show negative staining only for SDHB. In every case, caution should be taken when interpreting the results and further clinical and genetic assessment should ensue.




SDH-Deficient Tumors: Clinical Considerations and Genetic Counseling

Clinical features of the tumors discussed above should be taken into careful consideration. It is very important, in the case of PGLs/PHEOs, to be aware of any catecholamine excess symptoms (such as hypertension, hyperhidrosis, palpitations, headache) as well as signs and/or symptoms of a local mass. Depending on the tumor location they may vary. Tumors located in the carotid body may present with voice hoarseness, neck fullness, cough, dysphagia or clinically palpable mass in the lateral upper neck. When located in the middle ear (glomus tympanicum) patients may present with palsies of the cranial nerves VII, IX, X, XI and/or XII (117). It is recommended that these patients undergo imaging in order to detect metastatic disease or new tumors (118–120). In the case of SDHA, SDHC and SDHD mutations, because of the slow-growing tumors, MRI screening is suggested every three to five years (120). In individuals with SDHB mutations, due to the rapidly growing nature of these tumors, it should be performed every two years (120). A recent study demonstrated that the most optimal diagnostic imaging included MRI/CT and 111In-octreotide scintigraphy (121). Other studies showed higher sensitivity and more detailed imaging (regardless of genetic mutation and familial or sporadic cases) using 68Ga-DOTA-peptides PET/CT, which targets the abundantly expressed somatostatin receptors in those tumors, compared to conventional CT or MRI (122–128); in addition, more lesions were identified in the case of head and neck paragangliomas (HNPGLs) using that compared to all other imaging techniques (126) (including [18F]-fluorohydroyphenylalanine ([18F]-FDOPA) PET/CT, currently the gold standard for head and neck paragangliomas) (119, 129, 130). Patients with PA should be carefully examined for any symptoms of prolactin (PRL) or GH hypersecretion or visual disturbances, as most PAs that occur in the context of 3PAs are PRL- or GH- secreting macroadenomas or non-functional PAs. Complete pituitary hormone evaluation should also be performed to rule out other pituitary tumors. Hormonal testing should also be performed in the case of concurrent PGLs/PHEOs either in the index case or any family member. If there are no abnormal findings, based on the most recent recommendations, biochemical tests, including testing for PGLs/PHEOs, should be performed annually (118, 119). Pituitary MRI is indicated in the case of abnormal biochemistry or clinical findings. SDH-deficient PAs are treated the same as sporadic (131–134). In the case of renal cancer, patients may complain about flank pain and/or hematuria, whereas in GISTs abdominal pain or fullness may be the main issue.


Genetic Counseling and Genetic Testing

It could be suggested that in the presence of SDH deficiency a careful and detailed medical and family history should be obtained even in patients with apparently ‘sporadic’ PGLs/PHEOs, GISTs or PAs due to the variable expression and decreased penetrance of those conditions. Patients and family members should be referred for genetic counseling. Genetic testing for SDHx mutations in any of the above patients, particularly if there are other family members with any of those tumors (do not only include first-degree relatives) should be performed. Doctors should be aware of CT or CSS especially in the case of a KIT or PDFGRA negative GIST. In the case that genetic testing is unavailable or cannot be performed, SDHB IHC could be performed.




Summary

SDH-deficient tumors are often an indicator of a genetic, tumor-predisposition syndrome, associated with germline mutations in any of the SDHx subunits: SDHA, SDHB, SDHC, SDHD or rarely SDHAF2. In the case of CT, epimutation of SDHC promoter locus is the cause. Identifying the genetic basis of SDH-deficient tumors has helped in identifying individuals in high risk and introduce screening to them and their families. Thus, better clinical care can be provided as early detection and treatment have become more feasible.
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Ectopic ACTH syndrome (EAS) accounts for 10–20% of endogenous Cushing’s syndrome (CS). Hardly any cases of adrenal medullary hyperplasia have been reported to ectopically secrete adrenocorticotropic hormone (ACTH). Here we describe a series of three patients with hypercortisolism secondary to ectopic production of ACTH from adrenal medulla. Cushingoid features were absent in case 1 but evident in the other two cases. Marked hypokalemia was found in all three patients, but hyperglycemia and osteoporosis were present only in case 2. All three patients showed significantly elevated serum cortisol and 24-h urinary cortisol levels. The ACTH levels ranged from 19.8 to 103.0pmol/L, favoring ACTH-dependent Cushing’s syndrome. Results of bilateral inferior petrosal sinus sampling (BIPSS) for case 1 and case 3 confirmed ectopic origin of ACTH. The extremely high level of ACTH and failure to suppress cortisol with high dose dexamethasone suppression test (HDDST) suggested EAS for patient 2. However, image studies failed to identify the source of ACTH secretion. Bilateral adrenalectomy was performed for rapid control of hypercortisolism. After surgery, cushingoid features gradually disappeared for case 2 and case 3. Blood pressure, blood glucose and potassium levels returned to normal ranges without medication for case 2. The level of serum potassium also normalized without any supplementation for case 1 and case 3. The ACTH levels of all three patients significantly decreased 3-6 months after surgery. Histopathology revealed bilateral adrenal medullary hyperplasia and immunostaining showed positive ACTH staining located in adrenal medulla cells. In summary, our case series reveals the adrenal medulla to be a site of ectopic ACTH secretion. Adrenal medulla-originated EAS makes the differential diagnosis of ACTH-dependent Cushing’s syndrome much more difficult. Control of the hypercortisolism is mandatory for such patients.
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Introduction

Adrenocorticotropic hormone (ACTH)-dependent Cushing’s syndrome can be classified as either Cushing’s disease or ectopic ACTH syndrome (EAS). It is estimated that EAS is responsible for 10–20% of all cases of Cushing’s syndrome. The frequencies of tumors associated with EAS vary among series (1). In the 1970s, EAS were mainly represented by small-cell lung carcinomas (SCLCs). But the most prevalent tumor of EAS has recently shifted from SCLCs to neuroendocrine tumors (NETs), and particularly bronchial carcinoids in the recent literature (2–4). Other origins of tumors responsible for EAS are the thymus (5), pancreas, and thyroid. Pheochromocytoma also has been reported to have ectopic ACTH secretion and accounts for approximately 5% of EAS cases (6). Adrenal medullary hyperplasia, characterized by an increased medullary cell mass, is even more rare for excess catecholamine production (7, 8). Hardly any case of adrenal medullary hyperplasia was previously reported to ectopically secrete ACTH according to our systematic search of publications. Here, we reported three cases of EAS associated with adrenal medullary hyperplasia in our center.



Case Description

Case series results are summarized in Tables 1 and 2 and are individually described here.


Table 1 | Summary of Characteristics and Laboratory Findings at Presentation.




Table 2 | Assessment Before and After Bilateral Adrenalectomy.




Case 1

A 23-year-old woman was admitted to our department presented with a one-month history of general fatigue, acne and hirsutism. Blood pressure was 130/80 mmHg. Her weight was 55 kg, and height was 162.5 cm (Body mass index 20.8Kg/m2). She had no typical symptoms of Cushing’s syndrome such as moon face, central obesity, supraclavicular fat accumulation, or buffalo hump. Stria was also invisible. Hypokalemia was evident, which could not be normalized with oral and intravenous potassium supplementation until spironolactone (60mg tid) was added. The level of HbA1c was 5.4%, and blood glucose levels were within normal range after a 75-g oral glucose tolerance test (OGTT). Dual-energy X-ray absorptiometry (DXA) bone densitometry suggested osteopenia with a Z-score of -1.3 at L1-L4 spine. Biochemical workup (Table 1) revealed loss of circadian rhythm, elevated 24-h urinary cortisol levels and failure to suppress cortisol with classical low dose dexamethasone suppression test (LDDST). Plasma ACTH level was elevated to 19.8 pmol/L, favoring ACTH-dependent Cushing’s syndrome. Desmopressin stimulation resulted in ACTH increase by about 700%. But cortisol was not suppressed after high dose dexamethasone intake. Magnetic resonance imaging (MRI) showed normal pituitary gland (Supplementary Figure 1A). So next, bilateral inferior petrosal sinus sampling (BIPSS) was performed and showed a central-to-peripheral ACTH gradient < 2 at baseline and < 3 after desmopressin stimulation. Finally, diagnosis of EAS was considered. The lesion was not localized by CT scans. Further evaluation with 68Ga-DOTATATE PET/CT and 18F-PET/CT still failed to identify the source of ACTH secretion. Only bilateral adrenal hyperplasia was observed via image studies (Figure 1A). As steroidogenesis inhibitors are unavailable in China, mifepristone can aggravate hypokalemia, and the cortisol level remained unchangeable after short-acting octreotide injection, bilateral adrenalectomy was performed for rapid control of hypercortisolism. Transperitoneal approach was used with the patient positioned in left and right lateral positions for right and left glands, respectively. A meticulous surgical technique was used to best expose the adrenal veins to clip them before division followed by excising the glands. The patient had minimal blood pressure variations during surgery. After surgery, a 20mg dose of hydrocortisone per day was given. The level of serum potassium normalized without any supplementation. The level of serum sodium was around 140mmol/L. Blood pressure maintained between 100-110/60-70mmHg. ACTH level significantly decreased at the latest follow-up (3 months after surgery, Table 2), indicating adrenal glands to be the origin of excess ACTH. Consistently, the low power view of histopathological image showed a thickened adrenal medulla, more than a third of the total adrenal thickness in both glands, which met the criteria of adrenal medulla hyperplasia in WHO 2017 classification of endocrine tumors (Figure 2A). The high power view showed diffuse hyperplasia of the medullary cells, and the medullary cells showed size and shape variability in areas of diffuse hyperplasia (Figure 2B). The medullary cells stained positive for chromogranin A (Figure 2C). Histopathology revealed bilateral diffuse cortex hyperplasia (Figure 2D). Immunostaining showed sporadic positive ACTH staining (Figure 3A) located in adrenal medulla cells. To rule out the possibility of non-specific staining, ACTH staining was simultaneously performed in adrenal tissues from a patient undergoing adrenalectomy due to renal cell carcinoma, and no positive cells were spotted neither in adrenal cortex nor adrenal medulla (Figures 3D, E).




Figure 1 | The CT images of the adrenal glands for case1 (A), case 2 (B) and case 3 (C). Adrenal contrast-enhanced CT showed adrenal hyperplasia (arrows).






Figure 2 | Low power views showing the thickened medulla (black triangle) and hyperplastic adrenal cortex (black star) (A). High-power views of the medulla (B). Chromogranin expression in the medullary cells (C). High-power views of the cortex (D).






Figure 3 | ACTH immunostaining of the adrenal glands for case1 (A), case 2 (B), case 3 (C), adrenal cortex of normal control (D) and adrenal medulla of normal control (E). ACTH staining showed sporadic positive ACTH staining for case 1, numerous adrenal medulla cells positive for ACTH for case 2, focal positive ACTH staining for case 3 and negative ACTH staining for normal control.





Case 2

A 28-year-old man complained with a six-month history of acne and three-month history of moon face, general fatigue and hypertension. Physical examination revealed a blood pressure of 150/90 mmHg, weight of 78 kg, and height of 167 cm (BMI 27.9 Kg/m2). He displayed overt cushingoid features with central obesity, dorsocervical and supraclavicular fat pads, abdominal striae, skin bruises, acne, and facial plethora. Laboratory examination showed severe hypokalemia (1.2mmol/L). A 75-g OGTT confirmed diabetes mellitus with a fasting blood glucose level of 8.65 mmol/l and a 2-h glucose level of 17.12 mmol/L, although HbA1c level was only 5.6%. DXA showed severe osteoporosis with a Z-score of -4.0 at the L1-L4 spine. Endocrinological investigation (Table 1) identified severe hypercortisolism with loss of circadian rhythm and elevated 24-h urinary cortisol levels. Plasma ACTH level was significantly elevated to 103 pmol/L, confirming ACTH-dependent Cushing’s syndrome. The serum cortisol level was not suppressed after a high dose dexamethasone suppression test (HDDST). MRI revealed no pituitary adenoma (Supplementary Figure 1B). We offered BIPSS for ACTH assays to identify the origin of ACTH, but the patient refused. Nonetheless, EAS was considered given the ACTH level, results of HDDST and pituitary MRI. No lesion was detected in thoracic CT scan. Abdominal CT showed hyperplasia of the right adrenal gland (Figure 1B). Pituitary MRI showed a mass in the left nasal cavity and left ethmoidal sinus (Supplementary Figure 2), and PET-CT confirmed intense metabolic activity of the mass. The mass was thereafter biopsied. Pathology showed that the mass was composed of small round blue cells with a high nuclear-to-cytoplasmic ratio, rare nucleoli and a nuclear chromatin pattern typical of neuroendocrine-like tumors. The diagnosis of olfactory neuroblastoma was supported by immunohistochemical staining for multiple neuro-endocrine markers, such as CD56, synaptophysin, chromogranin A and S-100. Previously, more than 20 cases of olfactory neuroblastoma presenting with EAS have been reported (9, 10). However, biopsy did not show positive ACTH staining. Surgical removal of the tumor was delayed due to poor general condition of the patient. Upon admission, ketoconazole was still available. At a dose of 800mg/d, the serum cortisol level dropped from 3577.9 to 1159.3nmol/L, but liver damage was already induced with ALT level reaching 300U/L. Therefore, ketoconazole was discontinued and bilateral adrenalectomy was next performed. Similarly, no sudden rise of blood pressure was observed during surgery. After surgery, cushingoid features gradually disappeared. Blood pressure, blood glucose and potassium levels returned to normal ranges without medication. He needed a 7.5-mg dose of prednisone acetate per day. At 3 month after surgery, the ACTH level decreased to 4.06 pmol/L. As the general condition significantly improved, the patient next underwent transnasal endoscopic resection of the tumour mass. ACTH and CRH staining were both negative for the tumor, whereas histopathology showed an increased adrenal medullary cell mass and diffuse hyperplasia of the medullary cells in both adrenal glands (Figures 2A, B). The medullary cells stained positive for chromogranin A (Figure 2C). Histopathology also revealed bilateral diffuse cortex hyperplasia (Figure 2D). Immunohistochemical staining showed numerous adrenal medulla cells positive for ACTH (Figure 3B). A year after bilateral adrenalectomy, the patient was admitted for regular follow-up. The 8AM ACTH markedly elevated to 54.2pmol/L but was suppressed below 1.11pmol/L after 1mg dexamethasone administration, suggesting that the up-regulated ACTH level was a result of adrenocortical insufficiency. The patient is currently under regular follow-up and remains well for 7 years.



Case 3

A 31-year-old man presented with a two-month history of general fatigue, acne, moon face and hyperpigmentation. Physical examination revealed a blood pressure of 130/90 mmHg, weight of 99 kg, and height of 177 cm (BMI 31.6 Kg/m2). He showed cushingoid features including moon face, supraclavicular fat accumulation, buffalo hump, facial and truncal acne, ecchymoses and striae. Laboratory examination showed hypokalemia. The level of HbA1c was 5.4%. A 75-g OGTT showed normal glucose homeostasis. Z score at L1-L4 spine was 0.2. The serum levels of ACTH, cortisol, and 24-h urine free cortisol were markedly elevated (Table 1). Results of LDDST showed a cortisol value of 840.21 nmol/L after the dexamethasone administration. There was no suppression after HDDST. MRI of the pituitary gland did not showed signs of pituitary adenoma (Supplementary Figure 1C). Just like case 1, ACTH max/ACTH basal was as high as 5.77 after desmopressin stimulation. BIPSS showed that there was no evidence of a central-to-peripheral gradient of ACTH at baseline or after desmopressin stimulation. According to these findings, the patient was diagnosed with EAS. Thoracic CT scan was normal. Abdominal CT only showed nodular hyperplasia of the left adrenal gland (Figure 1C). The 18F-PET/CT showed increased uptake in both adrenal glands. Octreotide scanning also revealed negative results. As steroidogenesis inhibitors were unavailable, bilateral adrenalectomy was then performed via the same approach as case 1 without arterial variations. After surgery, a 20mg dose of hydrocortisone per day was added. Cushingoid features gradually disappeared. The levels of serum potassium remained normal without potassium supplement. Similarly, immunohistochemical staining showed focal positive ACTH staining in hyperplastic adrenal medulla cells (Figures 2A–C, 3C) and nodular hyperplasia of adrenal cortex in both adrenal glands (Figure 2D). ACTH level significantly decreased 3 months after surgery (Table 2). At the latest follow-up, a year after surgery, the patient complained about hyperpigmentation. Laboratory tests showed that 8AM ACTH level relapsed to 86.1 pmol/L. After LDDST, ACTH level significantly decreased to 18.4 pmol/L. 68Ga-DOTATATE PET/CT and pituitary MRI still showed no signs for lesions. All the data indicated that increase of ACTH was the result of cortisol hypofunction. In order to suppress ACTH secretion, we added dexamethasone 0.1875mg at 10PM.




Discussion

Our case series suggest that severe Cushing’s syndrome can be induced by ectopic production of ACTH caused by adrenal medulla hyperplasia, supported by a drastic decrease of ACTH level after bilateral adrenalectomy, positive ACTH staining in adrenal medulla cells, and the number of ACTH positive cells in proportion to serum ACTH level.

Back in 1980s, researchers showed the presence of immunoreactive ACTH and corticotropin-releasing hormone (CRH) in adrenals (combined cortex and medulla) by radioimmunity assay, immunoaffinity chromatography, and gel filtration chromatography (11). Interestingly, in patients with proven deficiency of pituitary ACTH, administration of 100ug human CRH induced an increase in plasma ACTH level, indicating extra-pituitary source of ACTH (12). Animal experiments revealed the role of the adrenal medulla as the production site of ACTH after CRH stimulation (13). Subsequently, it was demonstrated that human adrenal medulla expressed CRH receptors (14). Strong evidence supports a local, intra-adrenal CRH/ACTH system (15). Adrenal medullary cells possess the potential to secret ACTH into plasma. So it would be reasonable to infer that in our series, the adrenal medulla was the source of ectopic ACTH secretion.

Compared to pheochromocytomas, adrenal medullary hyperplasia is less common. Only case reports or small case series about adrenal medullary hyperplasia have been reported (16, 17), in which patients often represented with a medical history of symptoms and signs of excessive catecholamine excretion, slightly elevated level of catecholamine, and increased adrenal medullary tissue relative to the cortex. However, in our case series, blood pressure only slightly elevated for case 2, most probably related with hypercortisolism. Given the prominent Cushing’s syndrome in our series, the levels of catecholamine was not detected in any of the three cases. But absence of paroxysmal symptoms and blood pressure variations during the adrenal surgery made the possibility of catecholamine excess relatively low. We hypothesized that the potential of ACTH secretion might be limited to a certain subtype of adrenal medulla cells, and hyperplasia of such cells mainly resulted in hypercortisolism rather than excess catecholamine production. The underlying mechanism needs further exploration.

Occult EAS is not rare. A lack of tumor identification has been documented from 12 to 36.5% in different series (1). In some cases, a non-metastatic well-differentiated and indolent neuroendocrine tumor can be discovered after several months or years of follow-up (4). However, some cases remain truly occult. Our findings provide reasonable explanations for, if not all, parts of these truly occult cases. The adrenal medulla has rarely been identified to be the ectopic source of ACTH before, and its incidence might have been underestimated. There might be two reasons. First, in cases with occult EAS, pharmacological treatments of hypercortisolism are fist-line choices in many countries (18), which would not affect the ACTH level. Without removal of adrenal glands, there would be no evidence to suggest adrenal medulla hyperplasia. Secondly, in cases with bilateral adrenalectomy to control hypercortisolism, the ACTH would rapidly relapse to a high level due to adrenocortical hypofunction. If in the short time-window when ACTH level dropped, the patients did not have the ACTH level checked, the clue would also have been missed.

Differential diagnosis between Cushing’s disease and occult EAS can be challenging. Typically, in EAS, the degree of ACTH hypersecretion is much higher compared to Cushing’s disease. CRH or desmopressin stimulation usually results in increase in ACTH and cortisol levels in Cushing’s disease, but not in EAS. The cortisol level is not suppressed with HDDST. However, these tests may not be completely reliable (19). A review concluded that the sensitivity of desmopressin stimulation in the differential diagnosis of ACTH-dependent Cushing’s syndrome was 83% and the specificity was only 62% (20). In certain researches, EAS patients even responded to desmopressin test in about 30-40% of cases (21). So if ACTH-dependent Cushing’s syndrome were biochemically supported and a pituitary adenoma was detected on MRI, the diagnosis of Cushing’s disease would have been arbitrarily made. However, given that pituitary adenoma can be detected in 5~20% normal people (22), we might have preformed pituitary resection to a patient with occult EAS and concomitant non-functional pituitary adenoma. So it must be born in mind that occult EAS is not rare (23). Under such circumstances, BIPSS is very important. BIPSS combined with CRH and/or desmopressin administration is considered the gold standard for distinguishing EAS from Cushing’s disease (24). Absence of a central to peripheral ACTH gradient confirms an ectopic source of ACTH secretion. EAS associated with adrenal medulla hyperplasia might raise another diagnostic problem as in case 2, when a tumor, which has been reported to be associated with EAS, is indeed identified. It is very likely that surgical excision of the tumor is the first-line choice as surgery offers a good chance for cure while maintains adrenal function. With no doubt, hypercortisolism would persist afterwards.

Desmopressin is a long-acting vasopressin analog with selective V2 agonist activity (25). Pituitary ACTH-producing adenoma expresses V2 receptors (V2R). As a result, desmopressin administration produces a significant rise of ACTH secretion in the majority of patients with Cushing’s disease whereas patients with EAS were unresponsive (26). Since CRH is unavailable in China, desmopressin stimulation test instead is applied to distinguishing EAS from Cushing’s disease. Taken the ACTH max/ACTH basal ratio of 1. 5 as a cut point, a significant overlap of the ACTH response to the desmopressin test was found between patients with Cushing’s disease and EAS. But the ratio rarely exceeds 3 in EAS (20). However, we notice that after desmopressin stimulation, ACTH increment was up to 711% for case 1 and 577% for case 3. It has been reported that the adrenal medulla, from many species, exhibits V1 vasopressin receptors, and via V1 receptors, arginine-vasopressin stimulates intramedullary the CRH-ACTH system (27). So we hypothesize that the adrenal medulla also exhibit V2R and desmopressin stimulates the intramedullary ACTH production, making distinguishing adrenal medulla-originated EAS from Cushing’s disease more difficult.

In our study, age of three patients at diagnosis was relatively younger than that in previously published series regarding EAS (2–4, 23, 28, 29). The medical history was short, and most common signs were general fatigue and acne. Cushingoid features were absent in case 1 but evident in the other two cases. With respect to cortisol-induced comorbidities, marked hypokalemia was found in all three patients, but hyperglycemia and osteoporosis were present only in case 2. The clinical heterogeneity is probably due to the large span of ACTH levels from 19.8 to 103.0pmol/L. Bilateral adrenalectomy rapidly and effectively halted hypercortisolism in our case series. The surgery has been traditionally considered a safe option to achieve a radical and fast treatment of hypercortisolism. In a meta-analysis of 23 studies, 30-day morbidity and mortality were acceptable (18% and 3%, respectively) (30). Clinical remission of Cushing’s syndrome was greater than 95%. But the downside of bilateral adrenalectomy is also very obvious, including the need for lifelong glucocorticoid and mineralocorticoid replacement therapy, and the risk of adrenal crisis (4.1 to 9.1 per 100 patient-years). In recent guidelines and reviews regarding EAS, bilateral adrenalectomy has been reconsidered and restricted to very severe cases, when steroidogenesis inhibitors are unavailable, ineffective or poorly tolerated (18). The therapeutic effect of steroidogenesis inhibitors on adrenal medulla-originated EAS needs further exploration. When medical treatment fails, bilateral adrenalectomy should be performed as soon as possible. Survival of patients with EAS is dependent on tumor histology and by the severity of hypercortisolemia. Patients with SCLCs and thymic carcinoids seem to have the worst prognosis, while patients with tumors with endocrine differentiation have a better outcome. Adrenal medulla-originated EAS is relatively benign. Just as our case series, when hypercortisolemia is well controlled, the patients will survive with improved health-related quality of life.

In summary, our case series reveals the adrenal medulla to be a site of ectopic ACTH secretion, which is previously ignored. Adrenal medulla-originated EAS makes the differential diagnosis of ACTH-dependent Cushing’s syndrome much more difficult. Control of the hypercortisolism is mandatory for such patients. When steroidogenesis inhibitors are unavailable, response to somatostatin analogues is limited, or the adverse effects are intolerable, bilateral adrenalectomy is the last choice. If hypercortisolemia is promptly and effectively controlled, the prognosis is often favorable.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

YC analyzed the data. She was a major contributor in writing the manuscript. WG made substantial contributions in interpretation of data, and have been involved in revising the manuscript critically for important intellectual content. JL supervised histological examination. JD, JB, JTD, and SZ made substantial contributions to acquisition of data, or analysis. YM and ZL were the superior advisors. They agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank Dr Nan Jin, Hong liao, Chunjing Zhu, Huali Ming and Zewei Li for kindly providing Figures 1–3.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.687809/full#supplementary-material

Supplementary Figure 1 | Pituitary MRI images for case1 (A), case 2 (B) and case 3 (C). Pituitary contrast-enhanced MRI did not showed signs of pituitary adenoma.
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Introduction

Primary cardiac paragangliomas are rare tumors. Metastatic disease is even rarer. Surgical management is technically challenging, and sometimes even impossible. Available therapeutic modalities for metastatic disease include external beam radiation therapy as well as systemic treatments, namely 131I-MIBG and more recently, peptide receptor radionuclide therapy (PRRT) with 177Lu-DOTATATE. To our knowledge, this is the first case of progressive unresectable cardiac paraganglioma with intracardiac extension treated with dosimetry based personalized PRRT to be reported. This case is of particular interest since it documents for the first time the efficacy, and especially the safety of the 177Lu-DOTATATE PRRT in this precarious context for which therapeutic options are limited.



Case Presentation

A 47-year-old man with no medical history consulted for rapidly decreasing exercise tolerance. The investigation demonstrated an unresectable progressing metastatic cardiac paraganglioma with intracardiac extension. The patient was treated with personalized 177Lu-DOTATATE PRRT and showed complete symptomatic and partial anatomical responses, with a progression-free survival of 13 months.



Conclusions

PRRT with 177Lu-DOTATATE should be considered for inoperable cardiac paraganglioma. No major hemodynamic complications were experienced. Therapy resulted in safety and substantially improved quality of life.
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Introduction

Paragangliomas (PGLs) are rare neuroendocrine tumors arising from the chromaffin cells of the neural crest (1). Their incidence is estimated to be less than 1 per 100,000 people per year (2). PGLs can be distributed along sympathetic or parasympathetic chains from the base of the skull to the prostate, but the majority are located in the abdomen (3). Cardiac PGLs are extremely rare tumors and account for only 2% of all PGLs (4, 5) and less than 1% of cardiac primary malignancy. Clinical presentation is driven by mass effect related symptoms or hormonal related symptoms from excessive production of catecholamines. Cardiac PGLs can be found in any part of the heart; however, case series data have shown propensity for the left atrium. PGLs of the right atrium are much rarer (6). Approximately 10% of PGLs show malignancy, usually characterized by the presence of metastases (7).

The treatment of metastatic cardiac PGLs is multimodal, including a combination of surgery and/or external beam radiation therapy for the primary tumor and/or systemic treatment. Up to 90% of those tumors express somatostatin receptor (SSTR), making peptide receptor radionuclide therapy (PRRT) with lutetium-177 or yttrium-90-labeled somatostatin receptor ligands a very promising therapeutic avenue. Preliminary data suggest higher response rates and a more favorable toxicity profile for PRRT as compared with 131I-MIBG (8).

To our knowledge, this is the only case of metastatic PGL with substantial intracardiac extension treated with personalized 177Lu-DOTATATE reported in the literature. Although other cases of cardiac PGLs treated with PRRT have been reported, these included patients with little intracardiac extension or 90Y-DOTATATE based PRRT, and did not provide a detailed history, treatment details like injected activity nor follow-up (9).



Case Presentation

A 47-year-old male, marathon runner, with no medical history developed progressive fatigue following a 65 km run. Over the following months, the patient experienced a few episodes of paroxysmal tachyarrhythmia and his exercise tolerance decreased substantially. After 6 months, he developed a grade 3 dyspnea and persistent tachycardia.

The transthoracic echocardiogram showed a right atrial mass obstructing the tricuspid valve and extending in the atrioventricular groove. Given the degree of valvular obstruction and rapidly progressive symptoms, the patient was referred for urgent open-heart surgery. Only two thirds of the tumor could be safely removed. Post-operative imaging demonstrated a 7.3-cm residual lesion attached to the posterior aspect of the right atrium occupying majority of the cavity and extending in the ventricle, causing mild obstruction of the tricuspid valve. The right systolic function was preserved. Histopathological analysis showed a PGL with a Ki-67 of 30-40%. Genetic testing identified the presence of SDHB gene mutation. Serum and urinary metanephrines and norepinephrines were elevated. Alpha and beta-blocking medication was initiated.

The 123I-MIBG scintigraphy was negative. A 18F-FDG PET/CT showed marked hypermetabolism (SUVmax 36) and central necrosis of the right intra-auricular mass. 111In-pentetreotide SPECT/CT demonstrated a high avidity of the cardiac lesion (Figure 1). There was no distant metastasis. Two months later, a 68Ga-DOTATATE PET/CT showed intense uptake (SUVmax 14) of the cardiac lesion and three new lytic bone lesions consistent with metastases. As these were also new on the accompanying low dose CT scan, their detection was not due to the 68Ga-DOTATATE PET-CT superior sensitivity.




Figure 1 | Staging imaging; 123I-MIBG scintigraphy (A), 111In-Pentetreotide scintigraphy (B), 18F-FDG PET/CT (C), 68Ga-DOTATATE SPECT-CT PET/CT (D), Contrast-enhanced CT (E).



Because of the metastatic status, heart transplantation was initially dismissed. Without treatment, the patient symptomatology quickly worsened. The patient was referred for 177Lu-DOTATATE treatment as part of our clinical trial of personalized PRRT (NCT02754297). At the time of the first treatment, the primary lesion had progressed to 8,5 x 7,2 x 8,8 cm. The mass was now transgressing the right atrial wall and encasing the right coronary artery over 11 cm. Thus, administration of the highest activity was considered critical in order to maximize the RECIST response (Response Evaluation Criteria in Solid Tumours version 1.1). As a precautionary measure for the theoretical risk of hormonal release, hemodynamic compromise and bleeding, the patient was hospitalized for the first treatment. The protocol included 4 induction cycles every 8-10 weeks administered over 25 minutes in combination with an amino acid infusion. The patient was on alpha and beta blockers. He was also premedicated with dexamethasone and ondansetron for each cycle. Total administered activity was based on a cumulative kidney absorbed dose of 23 Gy and dose was distributed over 4 cycles. The first cycle administered activity was estimated with body surface area and renal function (10). Subsequent ones were estimated with SPECT/CT-based dosimetry with two time points (11). The patient received four cycles of 177Lu-DOTATATE and a cumulative activity of 40.7 GBq (1100 mCi), including 12.6 GBq (340 mCi) in the first cycle, well above the empiric activity of 7.4 GBq (200 mCi) per cycle used for GEP-NETs (29.6 GBq total). We estimated that, at 69 Gy, the maximum tumor dose was 37% higher than what would have been delivered during empiric PRRT.

Given the high risk of bleeding, pre-PRRT angioembolization of the main tumor feeder vessels had been initially planned. However, considering the tumor growth rate and the progression of dyspnea, chest pain and tachycardia, the procedure was abandoned and PRRT prioritized. The patient underwent the 4 induction cycles without substantial acute or subacute side effects. He had no hemodynamic toxicity or bleeding. Over the course of his treatments, he had episodes of grade 2 thrombocytopenia and neutropenia, all of which were self-limited (Table 1). At the end of the 4 cycles, fatigue, chest pain and dyspnea resolved, and episodes of tachyarrhythmia disappeared. The dosage of metoprolol and prazocin was considerably reduced, decreasing respectively from 125 mg to 50 mg and 2 mg to 1 mg TID. The chromogranin A decreased from 585 to 205 ng/mL and the serum norepinephrine decreased from 104 to 37 nmol/L after 4 cycles.


Table 1 | Transient hematotoxicity from 177Lu-DOTATATE therapy.



SPECT/CTs (Figure 2) performed following each treatment showed incremental anatomical response. 68Ga-DOTATATE PET/CT obtained at three months after the last treatment confirmed the partial response with the main cardiac lesion measuring 5.5 x 4.7 x 6.0 cm compared to 8.5 x 7.2 x 8.8 cm initially (32% reduction in largest dimension). The metabolic tumor volume, as defined by SSTR positive viable tumor identified on 68Ga-DOTATATE PET/CT decreased by 62%, from 257 to 99 cc. Unfortunately, the follow-up 68Ga-DOTATATE PET/CT (Figure 3) at seven months after the last induction cycle showed a significant increase of the primary tumor size (6.8 x 5.6 x 6.8 cm) equivalent to 117 cc, the development of mediastinal adenopathy and diffuse bone metastatic infiltration. The progression-free survival was thus 13 months. Given the rapidity and the extent of recurrence, and subacute bone marrow toxicity, salvage PRRT treatments were not considered.




Figure 2 | Post-treatment 117Lu-DOTATATE maximum intensity projection (MIP) and axial fusion images. Post-treatment images 1 (A), 2 (B), # 3 (C) and 4 (D).






Figure 3 | 18F-FDG and 68Ga-DOTATATE PET/CT maximum intensity projection (MIP) imaging evolution; Staging (A, B) Pre-treatment (C), 3 months post-treatment (D), 7 months post-Treatment (E).



The patient was evaluated for Sunitinib. The treatment was poorly tolerated and was discontinued after 6 months despite numerous breaks and doses adjustments. Then, he received temozolomide for 6 months until disease progression. Cabozatinib was tried but was discontinued after only one cycle due to persistent thrombocytopenia and poor tolerability. As of May 2021, the patient is receiving best supporting care including external radiation therapy targeted on painful bone metastases.



Discussion

The main treatment of cardiac PGLs is surgical resection. Complete resection is complex because of their large size, relationship to vital structures, lack of capsule and clear delineation (12). In addition, they have substantial vascularization often originating from the coronary network (6) increasing risk for hemorrhage. A few cases of preoperative embolization have shown a decrease in the risk of bleeding (13). Adrenergic blockade with alpha- and beta-adrenergic antagonists is also recommended to avoid the effect of catecholamine release secondary to surgical manipulation. Partial resection is sometimes considered to reduce symptoms, prevent complications, or promote response to systemic therapy. In our case, a second surgical resection was dismissed because the tumor had become too large and invaded the right atrial wall with important right coronary encasement, making the procedure too risky.

Cytotoxic chemotherapy efficacy for metastatic paraganglioma is not well defined in the literature. A meta-analysis of 50 patients with metastatic paraganglioma treated with chemotherapy regimen comprising cyclophosphamide, vincristine and dacarbazine showed an objective response rate of 41% but only a disease control rate of 55% (combination of complete response, partial response and stable disease according to RECIST 1.1 criteria) (14).

Treatments of metastatic diseases also include β- particles emitting radiopharmaceuticals. Up to 60% of PGL and pheochromocytoma (PC) demonstrate high enough uptake to consider 131I-MIBG therapy (15). The benefits of 131I-MIBG are poorly defined in the literature due to the lack of prospective studies. The available studies are mostly retrospective and are performed on very heterogeneous populations with variable dose administration protocols. A recent meta-analysis of 243 patients receiving various regimes of 131I-MIBG showed a partial response in 27% and disease stability in 52% (16).

177Lu-DOTATATE, another medium-energy beta-emitting radiopharmaceutical, is also part of the available therapeutic arsenal. A recent metanalysis including 201 cases of PGL or (PC) treated with 177Lu-DOTATATE or 90Y-DOTATOC showed an objective response rate of 25% and a disease control rate of 84%. Clinical and biochemical responses were observed in 61 and 64% of patients (17). The median progression-free survival was 37.1 months. Myelotoxicity (grade > 2) as neutropenia occurred in 3%, thrombocytopenia in 9%, and lymphopenia in 11% of cases. Nephrotoxicity (grade > 2), defined as a gradual and usually permanent loss of kidney function resulting in a decreased glomerular filtration rate of 59-30 mL/min, was reported in 4% of cases (17). It should be noted, however, that the patients included in this study were heterogeneous. Neither tumors grade nor the proportion of SDH mutations were provided.

More recently, a retrospective study including 22 patients with PGLs or PCs treated with 3 to 11 cycles of 177Lu-DOTATATE, with a median total administered activity of 29.6 GBq (800 mCi) showed a progression-free survival of 21.6 months (18). A subgroup analysis showed a significant increase in progression-free survival for tumors with Ki-67 < 15% and patients treated as first-line therapy. No significant toxicity was noted.

Given the lack of controlled studies or comparative studies between 131I-MIBG and 177Lu-DOTATATE, it is not possible to determine the superiority of either agent nor can definitive conclusion be drawn from this current case report. The best approach for now is based on tumor characterisation from SSTR and MIBG imaging, opting for the treatment with the highest uptake, considering the toxicity profiles, the characteristics and comorbidities of the patient, and local availability (19). In the case of our patient, 177Lu-DOTATATE was the only remaining radiopharmaceutical therapeutic agent in view of the lack of 131I-MIBG uptake. A few cases in the literature have shown a benefit in this particular situation (20).

The administration of dexamethasone with PRRT as premedication is controversial for the treatment of PGLs and PCs. Dexamethasone has antiemetic properties, reduces the radiation-induced tumor edema and in this case, reduces the risk of vascular compromise. However, it is thought to increase the risk of a catecholaminergic crisis by increasing the production and release of catecholamines into the circulation, and by its synergistic pharmacodynamic effects, particularly at the level of the vascular endothelium (21). In view of the few cases of catecholaminergic crises reported following treatment of PRRT in patients who have received premedication with dexamethasone, some authors discourage its use (22). For our patient, it was judged that there were more benefits than risks to administer dexamethasone premedication given the location of the PGL and the risk of vascular compromise. Other than a hot flush during the first cycle relieved by temporarily stopping the 177Lu-DOTATATE infusion, there were no other reactions related to the release of catecholamines.

A recent phase II registry study from Sistani G and al (23). suggests a potential benefit of increasing the treatment intervals and the number of cycles, each with a lower activity in comparison to phase III NETTER-1 trial (24). Considering the high ki-67 of 30-40% and the rapid recurrence of our patient tumor, it is possible to believe that he could have benefited more from this longer-term, continuous PRRT approach, albeit keeping the cycle intervals short.



Conclusion

Cardiac PGL is an exceedingly rare tumor and may lead to hemodynamic compromise. Surgical resection, if indicated, is technically challenging and frequently not feasible. This case demonstrates that personalized 177Lu-DOTATATE PRRT can be considered as a safe and effective palliative treatment for unresectable MIBG negative tumor which can substantially improve quality of life.



Patient Perspective

Our patient was very grateful for his treatments. Each treatment, he gained more energy and enjoyed a better quality of life with his family, including his soon to be graduated daughter. He was also grateful to his community for helping him make the trip to treatments.
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Parathyroid adenoma is a tumor composed of increased parenchymal tissue, often built-up by chief cells, transitional cells or oncocytic cells arranged in acinar or solid formations. Occasionally, rare histological patterns are reported, including cystic or trabecular arrangements. We present a 47 year-old male patient with primary hyperparathyroidism who underwent focused parathyroidectomy for a right inferior adenoma. Surgery was uneventful, but histologically, normal parathyroid tissue adjacent to a tumorous structure displaying a cystic growth pattern was detected. The cells lining the cyst walls appeared cylindrical and pseudo-stratified, vaguely reminiscent of a respiratory type of epithelium usually associated to branchial cleft cysts or thyroglossal cyst remnants, albeit with a tumorous appearance. The respiratory-like epithelium stained positive for parathyroid markers PTH and GATA3, thereby confirming them as parathyroid-derived. The patient was cured from surgery as he displayed normal calcium and PTH levels postoperatively, and is currently alive and well without signs of relapse 4 years after surgery. This is to our knowledge the first report of a parathyroid tumor displaying a respiratory-like epithelium. Experimentally, canine parathyroid glands can develop ciliated respiratory epithelium in response to inhalation of ozone. Our patient is a construction worker with a hypothetically increased risk of continuous ozone exposure. Although this association remains purely speculative, future investigations of this tumor phenotype could perhaps yield novel insights regarding the frequency of this histological variant, potential clinical associations, and clues regarding influencing factors.
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Introduction

Parathyroid adenomas are benign, parenchymal tumors that often secrete parathyroid hormone (PTH), causing hypercalcemia (1). The most common presentation is uniglandular disease in a patient with primary hyperparathyroidism. The acinar component is usually composed of chief cells, transitional cells or oncocytic cells, although rare histological variants such as cystic adenomas, water-clear cell adenomas and lipoadenomas have been described (2–6). In some instances, parathyroid tissue may present in ectopic locations as a consequence of aberrant embryological migration during the fetal stage, and in some instances also present as a component of a branchial cleft anomaly (7).

The parathyroid chief cells, the main cell type of most parathyroid adenomas, are usually polygonal with a neutral to slight eosinophilic cytoplasm, and the nuclei are often round with little atypia (2). In normal parathyroid tissue, the cells are usually arranged in delicate palisading cords, whereas the growth pattern in adenomas usually tend to be acinar or diffuse. Even though the chief cell nuclei often are enlarged in adenomas compared to normal parathyroid tissue, the cells retain their polygonal shape and do not exhibit metaplastic features (2). In this case report, we describe a parathyroid adenoma with a cystic growth, lined by a cell component highly reminiscent of respiratory type epithelium, and describe the histological, expressional and clinical features of this exceedingly unusual manifestation.



Case Description

The patient was a 47 year-old male of Swedish ethnicity without previous medical history. He had no family history suggestive of parathyroid disorders. He worked as a construction worker, did not smoke and only reported moderate use of alcohol. In 2017, he developed fatigue and was subsequently diagnosed with hypercalcemia with an ionized calcium of 1.52 mmol/L (reference 1.15-1.33). His plasma PTH levels were also elevated at 18 pmol/L (reference: 1.6-6.0). The patient was referred to our department for a surgical consult. Clinical examination showed no palpable neck mass. Neck ultrasound identified a 10 mm enlarged right inferior parathyroid gland. No further localization study was performed. The patient was planned for a focused parathyroidectomy, which was performed a month later. The excised gland weighed 700 mg and measured 19 mm. Upon macroscopic examination, the tumor exhibited a cystic appearance. Histologically, the lesion demonstrated a multilobar, cord-like cystic growth pattern, with a single-lined, pseudostratified epithelium built-up by cylindrical cells with basal-positioned nuclei and vacuolated cytoplasm (Figure 1). Focally, structures reminiscent of cilia were noted. Tumor nuclei displayed a compact chromatin, and atypia was generally absent. Small foci of infiltrating lymphocytes were also detected, as was an adjacent rim of normal parathyroid tissue. There was no thymic or thyroid tissue present.




Figure 1 | Histological and immunohistochemical attributes of the parathyroid adenoma with respiratory-like epithelium. (A) Hematoxylin-eosin (H&E) stain of the excised lesion depicting a cystic appearance (right), with normal rim of parathyroid tissue to the left. Magnification x20. (B, C) Cells were pseudo-stratified and cylindrical with palisading nuclei and, appearing focally, processes reminiscent of apical cilia, magnification x200 and x400 respectively. (D) Diffuse and strong PTH immunoreactivity was noted.



Immunohistochemistry was performed, and the cylindrical cells displayed diffuse positivity for the AE1/AE1 pan-keratin cocktail, PTH, GATA binding protein 3 (GATA3) and polyclonal Paired box 8 (PAX8), thereby verifying them as parathyroid-derived (Figure 1). Stains for Thyroid transcription factor 1 (TTF1) and Napsin A were negative. To rule out malignant potential, parafibromin and Adenomatous polyposis coli (APC) stains were ordered, and both showed widespread positivity. The Ki-67 proliferation index was determined to 2% by manual counting of 500 cells using an ocular grid. A periodic acid-Shiff (PAS) staining displayed magenta-colored intracytoplasmatic droplets that were absent on a subsequent PAS diastase stain, indicating that these droplets were glycogen-derived. The final diagnosis was a parathyroid adenoma.

Immediately postoperatively, the patient’s PTH levels decreased, indicating cure (1.3 pmol/L), and he was discharged the same day. Subsequent ionized calcium measurements 3 weeks later showed normalized levels at 1.25 mmol/L, and values remains normal at follow-up, although PTH levels one year postoperatively was just above normal range, probably secondary to a synchronous vitamin D deficiency at the time. The patient is well and without any related symptoms as of May 2021.



Discussion

We report a parathyroid adenoma with a highly unusual growth pattern, characterized by cysts lined by a respiratory-like epithelium. The parathyroid origin was proven by immunohistochemistry, and the functionality of the lesion was also established as surgical removal cured the patient from hypercalcemia. The finding is of potential value for practicing endocrine pathologists as a novel differential diagnosis when investigating cystic lesions lined by a ciliated, cylindric epithelium in the neck.

Usually, the finding of cystic structures lined with cylindrical epithelium in the neck could lead the pathologist to suspect a thyroglossal duct cyst (8). However, the index lesion was tumorous in nature, was not located along the midline, lacked association to the hyoid bone and there was no thyroid tissue within the excised specimen. Moreover, rare cases of third branchial cleft cyst anomalies can present with parathyroid tissue, but the lesion presented herein did not contain thymic tissue, and the respiratory epithelium lining branchial cleft cysts are not immunoreactive to PTH or GATA3 (9). Therefore, the lesion was indeed a parathyroid adenoma displaying a morphology reminiscent of airway epithelium. As no fresh-frozen tissue was kept from the tumor, we could not perform electron microscopy to investigate the suspected cilia component more closely, but previous ultrastructural studies in parathyroid tumors may support the notion that subsets of cases may exhibit ciliated structures (10).

When searching online repositories for similar findings, no credible descriptions of this phenomenon was identified, and the incidence of this type of parathyroid tumor is therefore assumed to be exceedingly low. On an experimental basis, ozone exposure in dogs has been found to prompt the development of ciliated cystic structures within the parathyroid glands (10, 11). Even though the index patient is a construction worker (a profession associated to ozone exposure), we can neither rule out nor confirm that exposure to this substance in any way influenced the development of a parathyroid tumor with respiratory-like epithelium (12). Therefore, it is currently not known if our observations indeed indicate a metaplastic transformation involving parathyroid cells. From a prognostic perspective, the patient did not display persistent or recurrent hypercalcemia, neither were there any signs of atypia in the excised tumor. Retained parafibromin and APC expression in any parathyroid tumor also argues against malignant potential.

To conclude, we describe a parathyroid adenoma with a previously unreported histological growth pattern. Future retrospective analyses of large tumor series can possibly uncover similar cases in which the cellular features were initially overlooked.
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The occurrence of different subtypes of endogenous Cushing’s syndrome (CS) in single individuals is extremely rare. We here present the case of a female patient who was successfully cured from adrenal CS 4 years before being diagnosed with Cushing’s disease (CD). The patient was diagnosed at the age of 50 with ACTH-independent CS and a left-sided adrenal adenoma, in January 2015. After adrenalectomy and histopathological confirmation of a cortisol-producing adrenocortical adenoma, biochemical hypercortisolism and clinical symptoms significantly improved. However, starting from 2018, the patient again developed signs and symptoms of recurrent CS. Subsequent biochemical and radiological workup suggested the presence of ACTH-dependent CS along with a pituitary microadenoma. The patient underwent successful transsphenoidal adenomectomy, and both postoperative adrenal insufficiency and histopathological workup confirmed the diagnosis of CD. Exome sequencing excluded a causative germline mutation but showed somatic mutations of the β-catenin protein gene (CTNNB1) in the adrenal adenoma, and of both the ubiquitin specific peptidase 8 (USP8) and the glucocorticoid receptor (NR3C1) genes in the pituitary adenoma. In conclusion, our case illustrates that both ACTH-independent and ACTH-dependent CS may develop in a single individual even without evidence for a common genetic background.
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Introduction

Endogenous Cushing´s syndrome (CS) is a rare disorder with an incidence of 0.2–5.0 per million people per year (1, 2). The predominant subtype (accounting for about 80%) is adrenocorticotropic hormone (ACTH)-dependent CS. The vast majority of this subtype is due to an ACTH-secreting pituitary adenoma [so called Cushing´s disease (CD)], whereas ectopic ACTH-secretion (e.g. through pulmonary carcinoids) is much less common. In contrast, ACTH-independent CS can mainly be attributed to cortisol-producing adrenal adenomas. Adrenocortical carcinomas, uni-/bilateral adrenal hyperplasia, and primary pigmented nodular adrenocortical disease (PPNAD) may account for some of these cases as well (3, 4).

Coexistence of different subtypes of endogenous CS in single individuals is even rarer but has been described in few reports. These cases were usually observed in the context of prolonged ACTH stimulation on the adrenal glands, resulting in micronodular or macronodular hyperplasia (5–9). A sequence of CD and PPNAD was also described in presence of Carney complex, a genetic syndrome characterized by the loss of function of the gene encoding for the regulatory subunit type 1α of protein kinase A (PRKAR1A) (10). Moreover, another group reported the case of a patient with Cushing's disease followed by ectopic Cushing's syndrome more than 30 years later (8). To our knowledge, however, we here describe the first case report on a single patient with a cortisol-producing adrenocortical adenoma and subsequent CD.



Case Description

In March 2014, a 49-year old female underwent an abdominal magnetic resonance imaging (MRI) because of recurrent abdominal pain and irregular hypermenorrhea. This revealed the presence of a left-sided adrenal lesion of 4.5 x 4.2 cm (Figure 1A). Due to the persistence of menstrual cycle irregularities and the development of hirsutism, the general practitioner finally suspected a cortisol-producing adrenal tumor and the patient was, therefore, referred to our outpatient clinic.




Figure 1 | Abdominal magnetic resonance imaging performed in March 2014 and histological analysis of the adrenal adenoma. (A) Contrast-enhanced coronal T1-weighted MRI showing a 4.5 x 4.2 cm adenoma of the left adrenal gland (white arrow). (B–D) Histological investigation of the adrenal adenoma with hematoxylin and eosin staining: (B) Solitary, well circumscribed intra-adrenal mass confined to the gland; (C) Nested/fasciculated growth pattern of uniform tumor cells; (D) Tumor cells showing lipid-rich foamy cytoplasm with small uniform nuclei. Absent mitosis or necrosis. (H.E. 6.5x, 10.0x, 40.0x).



At the time of her first examination at our outpatient clinic (January 2015), the patient reported muscle-weakness, asthenia, and hirsutism. She suffered from arterial hypertension and was treated with a triple anti-hypertensive therapy. Other comorbidities and medical therapies were not reported. Both parents had arterial hypertension, and the familial history was positive for breast cancer (mother). The physical examination revealed classical signs of CS such as centripetal obesity (body mass index: 45.2 kg/m2), striae rubrae, hirsuitism, facial plethora, skin atrophy, and multiple hematomas. Her glycated hemoglobin was slightly elevated (HbA1c 6.4%). The routine laboratory (including electrolytes) was unremarkable. The endocrine workup was conducted according to published guidelines (12), involved commercially available analytical procedures (i.e., the Immulite 2000 Xpi from Siemens for the analysis of ACTH and serum cortisol, a manual luminescence immunoassay from IBL for the analysis of salivary cortisol, and a manual radioimmunoassay from Immuntech for the analysis of urinary free cortisol) and indicated presence of ACTH-independent CS (as shown in Table 1). Of note, basal ACTH was repeatedly <10 ng/l (reference range 0-46 ng/l). Furthermore, there was no evidence for primary hyperaldosteronism or a catecholamine excess.


Table 1 | Endocrine evaluation in our outpatient clinic (January 2015) and at our endocrine ward (April 2019).



In February 2015, the patient underwent successful laparoscopic left-sided adrenalectomy. Postoperatively, morning serum cortisol was < 5 µg/dl and glucocorticoid replacement therapy was initiated. The histopathological analysis revealed a well-circumscribed tumor, with foamy lipid-rich cytoplasm, a Ki-67 <1%, and no signs of malignancy (Weiss score: 1) (13). The analysis was compatible with a cortisol-producing adrenocortical adenoma. Slides from the histological investigations are exemplarily shown in Figures 1B–D.

Between February and May 2015, anti-hypertensive therapy could already be reduced to only one drug, and subsequent blood pressure levels were normal. Hydrocortisone was stopped in May 2015, taking into account a normalized adrenal function measured by an ACTH stimulation test and no clinical evidence for an ongoing glucocorticoid withdrawal syndrome.

In August 2015, the patient reported a weight loss of 5 kg and an improvement of her general condition. The 1 mg dexamethasone suppression test (DST) and the late-night salivary cortisol (LNSC) results were remarkably lower than preoperatively, but not normalized (Figure 2). In contrast, 24-hour urinary free cortisol (UFC) was within the reference range and the ACTH was no longer suppressed. The patient was subsequently followed up for three years on an annual basis. The course of the four most relevant endocrine parameters (i.e., ACTH, 1 mg DST, LNSC, and 24-hour UFC) during our observation is provided in Figure 2. Two years after adrenalectomy, the antihypertensive therapy was discontinued and the patient did not take any medication at all. Additionally, the HbA1c was clearly improved (the lowest level was 5.5% in April 2017) compared to preoperative levels.




Figure 2 | Selected endocrine parameters from initial diagnosis of adrenal Cushing’s syndrome until recovery after transsphenoidal surgery for Cushing’s disease. Course of (A) plasma ACTH, (B) serum cortisol during the 1 mg dexamethasone suppression test, (C) late-night salivary cortisol, and (D) 24-hour urinary free cortisol. The time of adrenalectomy (in February 2015) and transsphenoidal adenomectomy (in June 2019) are illustrated with vertical broken bars. The reference range of each test is shown as a grey area. ACTH, adrenocorticotropin hormone; ADX, adrenalectomy; FU, follow up; TSS, transsphenoidal surgery.



In April 2018, however, the patient reported symptoms suggestive for recurrent CS (i.e., proximal myopathy, moderate fatigue, and weight gain of 5 kg in 6 months) for the first time. Her general practitioner had already restarted anti-hypertensive medication because of uncontrolled blood pressure. Biochemical workup revealed recurrent glucocorticoid excess, surprisingly without suppressed ACTH (Figure 2). Due to the patient’s medical history, an abdominal contrast enhanced computer tomography (CT) scan was performed. This showed an inhomogeneous, hypodense, non-enhancing soft tissue mass of 2.3 x 1.6 cm in position of the removed left adrenal gland. For further investigations, we performed a [123I](R)-1-[1-(4-iodophenyl)ethyl]-1H-imidazole-5-carboxylic acid azetidinylamide imaging ((123I)-MAZA) whole body scintigraphy and single-photon emission computed tomography (SPECT)/CT. (123I)-MAZA is a tracer that binds specifically to the two adrenocortical enzymes 11ß-hydroxylase (CYP11B1) and aldosterone synthase (CYP11B2). However, these imaging methods did not show the supposed adrenal remnant at the level of the former left-sided cortisol-producing adrenal adenoma (Supplementary Figure 1). Furthermore, basal ACTH was above 50 ng/l. Further clinical and biochemical workup was delayed because the patient had the impression that her general condition was not severely affected.

In January 2019, she described that fatigue and myopathy were now more intense and that arterial hypertension was very difficult to control. At that time, the biochemical tests were once again clearly pathological (Figure 2). Accordingly, we suggested additional diagnostic and therapeutic measures, but she refused them and gave priority to a gynecological surgery.

After successful removal of uterine leiomyomas in March 2019, we performed a comprehensive endocrine re-evaluation in April 2019. In a first step, ACTH-dependent CS was confirmed (Table 1). In a second step, dynamic diagnostic procedures were performed to establish the subtype of CS (i.e., pituitary vs. ectopic ACTH source). As recommended in such cases (1), both a corticotropin-releasing hormone (CRH) test and a desmopressin test were carried out, showing an ACTH-increase of more than 40% each (Supplementary Table 1). Furthermore, a pituitary MRI revealed a hypointense focal lesion of 0.5 x 0.4 x 0.4 cm in the dorsal part of the adenohypophysis compatible with a pituitary microadenoma (Figures 3A, B). In order to rule out the presence of a non-functioning pituitary adenoma and to confirm pituitary origin of the ACTH excess, a bilateral inferior petrosal sinus sampling was performed. This procedure revealed ACTH central to peripheral (IPS:P) ratios of 8.6 at baseline and 65.2 after CRH stimulation, indicating CD. According to these results, a central ACTH source was assumed.




Figure 3 | Sellar magnetic resonance imaging (MRI) performed in April 2019 and histological analysis of the pituitary adenoma. (A) coronal and (B) sagittal contrast-enhanced T1-weighted sellar magnetic resonance imaging. The white arrows indicate a hypointense focal lesion of 0.5 x 0.4 x 0.4 cm in the dorsal part of the adenohypophysis, reaching to the right side of the gland. This lesion was radiologically regarded as compatible with a microadenoma. (C, D) hematoxylin and eosin staining of the ACTH-secreting pituitary adenoma with: fragmented parts of a good differentiated epithelial tumor; cells present with medium size and oval nuclei (with an interspersed chromatin structure); occasional detection of nucleoli; no evidence of high mitotic activity; cytoplasm predominantly chromophobe. (H.E. 10x, 20x).



The patient was, therefore, referred to pituitary surgery. In June 2019, she underwent successful transsphenoidal adenomectomy. The histopathological analysis described a 0.5 x 0.5 x 0.2 cm pituitary adenoma. The histological analysis (exemplarily shown in Figures 3C, D) and the immunohistochemistry revealed ACTH-expression in >50% of the cells, whereas staining for prolactin, thyroid-stimulating hormone (TSH), follicle-stimulating hormone (FSH), and luteinizing (LH) was negative. As an indirect hint for hypercortisolism, some Crooke cells were also identified in the normal adenohypophysis tissue (14).

Postoperatively, basal ACTH was <5 ng/l and cortisol levels were suppressed. Accordingly, glucocorticoid replacement was initiated. In the first postoperative follow-up 10 weeks after surgery (August 2019), an ACTH stimulation test revealed a persistent partial adrenal insufficiency (serum cortisol after 1 hour: 17.5 µg/dl), while the basal ACTH level was 16 ng/l. As reported in Figure 2, the biochemical workup (including 1 mg DST, UFC, and LNSC) indicated remission from CS.

Because we suspected the presence of a germline mutation and in order to discover potential driver mutations, whole exome sequencing analysis was performed (using tumor material from both the adrenal and the pituitary adenomas, with germline DNA from whole blood as a reference). The methodic of the analysis is described in the “Materials and Methods” section. Nineteen somatic mutations were identified in the adrenal adenoma, facing 16 somatic mutations in the pituitary adenoma (Supplementary Table 2). None of these mutations were shared, rendering independent development of both tumor entities. Among the observed somatic mutations, we identified a pathogenic somatic CTNNB1 alteration (NM_001098209.2:exon3:c.133T>G:p.Ser45Ala; variant allele frequency (VAF) 33.6%) in the adrenal adenoma; in the pituitary adenoma, a pathogenic USP8 mutation (NM_001128610.3:exon14:c.2152T>C:p.Ser718Pro; VAF 40.2%) as well as a pathogenic alteration in the glucocorticoid receptor gene NR3C1 (NM_000176.3:exon5:c.1729_1735del:p.Trp577Argfs*15; VAF 31.7%) were observed.

The patient provided written informed consent to two disease-specific clinical registries and agreed in the current case presentation. The approval numbers from the local ethics committee of the University Hospital of Würzburg are 88/11 (for the European Network for the Study of Adrenal Tumors registry) and 85/12 (for the Network of Excellence for Neuroendocrine Tumors registry). In the last follow up (conducted in March 2021), the patient was in complete clinical and biochemical remission (Figure 2) and reported no signs and symptoms suggestive for Cushing’s syndrome.



Materials and Methods


DNA Extraction

DNA was isolated from snap-frozen adrenocortical adenoma sample with the Maxwell® 16 Tissue DNA Purification Kit (#AS1030, Promega, Madison, WI, USA) and from formalin-fixed paraffin-embedded (FFPE) pituitary adenoma with the QIAamp DNA FFPE Tissue Kit (#56404, Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Leukocyte DNA was extracted from whole blood using NucleoSpin® Blood L (#740954.20, Macherey-Nagel, Düren, Germany), as previously described (15). The quality of DNA was analyzed by the Qubit® dsDNA BR (Broad-Range) Assay Kits (#Q32850, Thermo Fisher Scientific, Waltham, MA USA). Tumor and leukocyte DNA was enriched with the Twist Human Core Exome Plus Kit (Twist Bioscience, San Francisco, CA, USA). Paired end sequencing with a length of 100 bps was performed on a NovaSeq 6000, 2 x 100 bp (CeGaT, Thüringen, Germany), according to the manufacturer’s protocol (yielding a coverage of 281x in the blood samples, of 525x in the adrenocortical adenoma, and of 284 x in the pituitary adenoma).



Genetic Analysis

After an initial quality assessment using FastQC, v0.11.5 (Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc), adapters and low-quality reads were trimmed with TrimGalore, v0.4.0 (Available online at: http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) powered by Cutadapt, v1.8. The trimmed reads were mapped to the UCSC human genome (hg19) with BWA mem, v0.7.17 (16) before being sorted and indexed using Picard, v1.125 (available online at: http://broadinstitute.github.io/picard/) and SAMtools, v1.3 (17), respectively. Duplicates were marked with Picard. For coverage calculations and base quality score recalibration, GATK3, v3.5 and GATK4, v4.0.11.0 were used (18).

GATK3 and GATK4 were used for germline variant calling. Additionally, small germline indels were called using Scalpel v 0.5.312 (19). MuTect1, v1.1.410 (20) and MuTect2 (that is integrated in the GATK4 package),samtools (mpileup) with VarScan2, v2.4.111 (21) and Scalpel were used for somatic variant calling. All variants were annotated with ANNOVAR, v2019-10-24 (22) and considered if they were below a frequency of 2% in the databases 1000g2015aug_all, ExAC_nontcga_ALL, gnomAD_exome_ALL and gnomAD_genome_ALL (if the position is covered by at least 20 reads, and the alternative allele is covered by at least 8 reads and comprised at least 5% of the total reads). Each variant was visually verified using IGV, v2.7.2 (23).




Discussion

To our knowledge, this is the first published case reported describing a histologically confirmed ACTH-dependent CS in a patient who had suffered from an ACTH-independent adrenal CS few years earlier. In our opinion, this case is remarkably not only from a clinical, but also from a pathophysiological perspective.

The major clinical challenge was to accept the unexpected, i.e. to agree to the diagnosis of CD after former adrenal CS. Of course, our first hypothesis was a relapse of adrenal CS, particularly as the abdominal CT scan report described an uncertain mass at the level of the formerly resected adrenal gland. At that time, the relatively high plasma ACTH was interpreted as part of the recovery process from adrenal CS. However, doubts arose when an adrenocortical remnant could not be confirmed by the (123I)-MAZA whole body scintigraphy and SPECT/CT. Therefore, the unclear mass was finally regarded as scar soft tissue. Recently, some authors reported assay-specific spurious ACTH levels leading to diagnostic and therapeutic obstacles (24). However, our analytical methodology did not change throughout the diagnostic process, making falsely elevated ACTH levels very unlikely.

It is certainly tempting to speculate on the starting point of ACTH oversecretion in our case. Postoperative improvement of both the patient´s clinical and biochemical condition seem to prove the development of CD many months after surgery for adrenal CS. As outlined in Figure 3, there was an increase in the ACTH and cortisol levels throughout the years despite initial normalization of UFC following adrenalectomy. The fact that 1 mg DST and LNSC only improved (but not normalized) may be explained by a physiologic/non-neoplastic hypercortisolism related to the obesity of the patient (25), but does not exclude an initial coexistence of a more pronounced adrenal CS and a - at that time - less relevant CD.

In the literature, the coexistence of the two subtypes of endogenous CS has already been described in few patients. Hernandez-Ramirez et al. (10) reported a case of ACTH-dependent and ACTH-independent CS coexisting in a patient with Carney complex. In this case, PPNAD developed 5 years after CD. In our patient, Carney complex was clinically unlikely due to the lack of typical signs and symptoms (such as pigmented lesions of the skin and mucosa, cardiac, cutaneous and other myxomas). Moreover, exome sequencing excluded a causative germline mutation of PRKAR1A but also of MEN1. With respect to the latter, Dal Verme et al. (11) reported the case of a patient who suffered from ectopic Cushing’s syndrome due to a thymic carcinoid 32 years after being treated for Cushing’s disease, possibly pointing to a MEN1 germline mutation.

Schteingart et al. (26) presented a patient with suspected coexistence of CD and a cortisol-producing adrenal adenoma. However, histopathological analysis finally revealed an adrenocortical hyperplasia (as origin of hypercortisolism) along with a solitary non-functioning adrenocortical adenoma. Recently, Di Dalmazi et al. (7) described two cases with transition from ACTH-dependent to ACTH-independent hypercortisolism associated to micronodular adrenal hyperplasia and a catalytic α subunit of protein kinase A (PRKACA) somatic-mutation.

Two other case reports described persistent hypercortisolemia after transspehoidal removal of an ACTH-secreting pituitary microadenoma (8, 9). However, at least in one of these cases, the causative adrenal macronodule was already present at the time of the initial diagnosis of Cushing’s syndrome (8); in the other case, the adrenal mass was detected 10 months after pituitary surgery (making an ACTH-driven nodular autonomy instead of the consecutive occurrence of two independent Cushing subtypes very likely) (9).

Our own case, however, differs significantly from the already published cases. Firstly, in the two patients reported by Di Dalmazi et al. (7) and in the patient reported by Timmers et al. (9), CD was present before the adrenal CS and the initial stimulation of ACTH/Pro-opiomelanocortin (POMC) might therefore be pathophysiologically involved in the development of the adrenal hyperplasia. Secondly, in our case the histopathological analysis of the adrenal tumor clearly described an adrenocortical adenoma and no micronodular or macronodular hyperplasia. Thirdly, we performed whole exome sequencing of both adenomas and could clearly demonstrate that they are genetically distinct, whereas none of the previous reports could (dis)prove a similar situation.

CNTNNB1 is a gene encoding for the β-catenin protein, which has a principal role in the Wnt signaling pathway. The role of β-catenin in the embryonic development of adrenal cortical cells and in the renewal of the adult adrenal cortex is well known (27). Additionally, the mutation of this protein and the constitutive Wnt pathway activation is reported in the context of the development of benign and malignant adrenal tumors (28–32). Although studies suggested that mutations in CTNNB1 are more common in inactive adrenal adenomas (28, 29, 33), they have also often been reported in cortisol-producing adrenal adenomas (28, 29, 33, 34). The genetic analysis of the present adrenal tumor revealed a somatic mutation p.Ser45Ala of the CTNNB1-gene. This mutation has already been reported in the context of autonomous cortisol secretion (33, 34); of note, our current case was not part of these studies. Differently from previous reports, our case was associated with signs and symptoms of CS, which clearly improved after adrenalectomy. Moreover, as previously reported (28, 33, 34), a CTNNB1-mutation is associated with larger tumors, explaining the size greater than 40 mm of the adrenal adenoma in our case. Nevertheless, malignancy was excluded by a Weiss score of 1 and a Ki 67 index of <1%.

The exome analysis on the ACTH-secreting pituitary adenoma revealed a p.Ser718Pro-USP8 somatic mutation. USP8 is a gene which encodes for a protein named Ubiquitin specific peptidase 8 (35–38). This deubiquitinase enzyme removes the ubiquitin residues that physiologically target proteins for recycling or destruction. According to current knowledge, somatic USP8 mutations are present in about 24-40% of all CD cases (35–38). The most common mutation site of USP8 in the context of CD has been found at the level of the exon 14 (NM_001128610.3), between the amino acids 713 and 720, in the 14-3-3 binding motif (36–38). In our case, exome analysis revealed a somatic mutation exactly in this region of exon 14 (p.Ser718Pro2-USP8). This mutation impairs the binding of 14-3-3 proteins (which have a regulatory role on USP8), thus increasing the deubiquitination of the Epidermal Growth Factor Receptor (EGFR), favoring its overexpression (36–38).

It is worth mentioning that the genetic analysis of the pituitary adenoma also revealed a frameshift deletion of the nuclear receptor subfamily 3 group C member 1 (NR3C1) gene that encodes for the glucocorticoid receptor. Somatic mutations of this gene have already been reported in 4 out of 64 (6.2%) ACTH-secreting pituitary adenomas analyzed by exome sequencing (38). While the mutation that we found now (NM_000176.3:exon5:c.1729_1735del:p.W577Rfs*15) has not yet been reported previously, the somatic mutations reported were all either inactivating point mutations or deletions. The recurring mutation-induced inactivation of the glucocorticoid receptor suggests that this process may be partly responsible for the manifestation of CD. This assumption is supported by analyses of the frequent inactivating germline polymorphisms showing that such disturbances in hypothalamic-pituitary-adrenal signaling homeostasis have important functional effects (39–41). Possibly, the distinct difference in cortisol levels before and after adrenalectomy could have influenced the glucocorticoid receptor turnover in the pituitary, resulting in increased glucocorticoid resistance and cell proliferation, and finally leading to the formation of an autonomous adenoma.

In conclusion, no association between somatic mutations of CTNNB1 (in cortisol-producing adrenal adenomas), USP8 and NR3C1 (in ACTH-secreting pituitary adenomas) has been reported so far. To our knowledge, this is the first published case reporting two independent ACTH-independent and ACTH-dependent subtypes of CS developing in a single patient. Accordingly, the extremely rare event of recurrent hypercortisolism due to different subtypes of CS must be taken into account if corresponding (but unexpected) findings are observed during follow-up.
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Supplementary Figure 1 | (123I)-MAZA whole body scintigraphy and single-photon emission computed tomography performed in July 2018. (A) Whole body scintigraphy in LDR projection showing a physiological tracer uptake of the right adrenal gland (black arrow), (B) transversal, and (C) coronal (123I)-MAZA SPECT/CT fusion of the upper abdomen showing no tracer uptake of the inhomogeneous, hypodense soft tissue mass detected in the position of the formerly resected left adrenal gland (white arrows), but expected physiological tracer uptake of the right adrenal gland. 123I-MAZA, [123I](R)-1-[1-(4-iodophenyl)ethyl]-1H-imidazole-5-carboxylic acid azetidinylamide; CT, computed tomography; LDR, left side, dorsal view, right side; SPECT, single-photon emission computed tomography.

Supplementary Table 1 | Dynamic tests for the differentiation of ACTH dependent Cushing´s syndrome performed at our endocrine ward in April 2019. Both the CRH and the desmopressin test indicated a pituitary ACTH source, whereas the 8 mg dexamethasone favored an ectopic ACTH source. Pathological parameters are presented in bold letters. ACTH, adrenocorticotropic hormone; CRH, corticotropin-releasing hormone.

Supplementary Table 2 | Table of somatic mutations identified in the adrenal and in the pituitary adenoma. Detailed description of the somatic mutations identified in both adrenal and pituitary adenoma.
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Background

Lymph node metastasis of rectal neuroendocrine tumors (RNETs) predicts poor prognosis. However, the assessment of lymph node metastasis remains a challenge. It has been reported that 68Ga-DOTANOC and 18F-FDG PET-CT scans could be employed in the work-up of rectal neuroendocrine tumors (RNETs). This study aimed to assess both tracers’ ability to identify primary tumors and lymph node (LN) metastasis in RNETs.



Methods

A total of 537 patients with RNETs were enrolled from January 2014 to January 2021. Both 68Ga-DOTANOC and 18F-FDG PET-CT scans were used to evaluate primary tumors and LN group metastasis. PET images were evaluated through visual and semiquantitative assessment. Receiver Operating Characteristics (ROC) curve analysis was used to investigate the performance of SUVmax of 68Ga-DOTANOC and 18F-FDG PET in predicting LN group metastasis.



Results

Fifty-two patients with preoperative 68Ga-DOTANOC with 18F-FDG PET-CT scans underwent endoscopic biopsy or dissection of the primary tumor, while 11 patients underwent rectal surgery together with regional LN dissection. For primary tumors, 68Ga-DOTANOC had a sensitivity of 89.58% and a positive predictive value (PPV) of 95.56% through visual assessment, while 18F-FDG PET-CT showed 77.08% sensitivity and 97.37% PPV. For the prediction of LN group metastasis, 68Ga-DOTANOC PET-CT had 77.78% sensitivity and 91.67% specificity, while 18F-FDG PET-CT had 38.89% sensitivity and 100% specificity according to visual assessment. The area under the ROC curves (AUC) for 68Ga-DOTANOC PET/CT was 0.852 (95%CI:0.723-0.981) with an optimal SUVmax cut-off value of 2.25, while the AUC for 18F-FDG PET were 0.664 (95%CI:0.415-0.799) with an optimal SUVmax cut-off value of 1.05.



Conclusions

This study showed that 68Ga-DOTANOC PET-CT was a promising tool for detecting LN metastasis in RNETs with high sensitivity and specificity in visual assessment and semiquantitative assessment, which was better than 18F-FDG PET-CT.





Keywords: rectal neuroendocrine tumors, lymph node metastasis, 68Ga-DOTANOC PET, 18F-FDG PET, PET-CT



Introduction

Neuroendocrine tumors (NETs) are considered rare tumors and constitute only 0.5% of all malignant conditions (1). NETs can arise in different organs, including the gastrointestinal tract, pancreas, lungs, gallbladder, thymus, thyroid gland, testes, ovary, and skin (2). Rectal NETs (RNETs) only account for 1% to 2% of rectal tumors (3). In 2010, the World Health Organization proposed that rectal neuroendocrine tumors (NETs) are classified as malignant tumors (4), and the 5-year survival rates for RNETs were 64.1% and 88% in Europe and North America, respectively (5–7).

RNETs were mostly limited to local (8) and endoscopic dissection for most cases, which was sufficient (9). However, lymph node (LN) metastases were found in nearly 10% of cases (10). Surgery with lymphadenectomy represents the gold standard for the curative treatment of localized disease with LN metastasis (11). Although tumor size, endoscopic aspect, CT appearance, etc. could predict LN metastasis (12), how to diagnose LN metastases accurately remains uncertain.

NETs typically express somatostatin receptors (SSTRs) on their cell membranes (13). Due to the high expression of SST in most NETs, SST imaging has become the current standard for staging and preoperative assessment of NET patients (14, 15). Of all methods available, PET-CT with 68Ga-labeled somatostatin analogs (SSAs) (68Ga‐DOTATATE, 68Ga‐DOTANOC, and 68Ga‐DOTATOC) showed the best mix of diagnostic accuracy (16). However, the predictive value of LN metastasis for SST imaging remains to be explored.

FDG is a glucose analog that is actively transported into the cell and subsequently remains in the cell. Tumor cells, due to their higher metabolic activity, usually have a higher FDG uptake than normal tissues (17). 18F-FDG PET/CT was considered the preferred radiotracer for G3 tumors, as well as for some high-grade G2 tumors (18). 18F-FDG PET-CT had a high diagnostic accuracy to identify progression in enteropancreatic NETs (19) and was a useful tool to predict the therapeutic effect in patients who underwent peptide receptor radionuclide therapy (20). However, 18F-FDG PET-CT shows high false negative findings, which could be related to the indolent tumor behavior of most NETs, such as G1 and low G2 tumors (21). The diagnostic role of 18F-FDG PET-CT is still controversial due to these conflicting results (22).

68Ga‐DOTANOC PET-CT seems to be superior to 18F-FDG PET-CT in the diagnostic performance of primary and LN metastases of pancreatic NETs (23, 24). However, whether 68Ga‐DOTANOC PET-CT can identify primary tumors and LN metastasis better than 18F-FDG PET-CT in patients with RNETs remains unclear.

In our study, we explored the diagnostic ability of 68Ga-DOTANOC PET-CT and 18F-FDG PET-CT for RNET primary tumors and regional LN group metastasis.



Materials and Methods


Patients

Patients who were diagnosed with RNETs from January 2014 to January 2021 were enrolled. The study was approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University in China. All research was undertaken following the provisions of the Declaration of Helsinki. Patients with the following criteria were included: (1) confirmed RNETs according to 2019 World Health Organization (WHO) digestive system tumor classification criteria; (2) underwent 68Ga-DOTANOC PET-CT and 18F-FDG PET-CT within a 1-month period; and (3) absence of therapeutic intervention or change in disease status between the two PET studies. The exclusion criteria were as follows: (1) other colorectal malignancies; (2) uncertain diagnosis lacking pathology; and (3) long-acting radiolabeled somatostatin analog treatment in the 4 weeks prior to the study (25). All patients provided written informed consent and complied with the ethical guidelines in the Declaration of Helsinki.



Pathological Diagnosis

The histological type of rectal NETs was defined according to the 2019 WHO classification (26), and tumor node metastasis (TNM) staging was characterized in our study according to the 2017 AJCC 8th edition (27). All NETs were graded according to the current guidelines of the 2019 WHO classification system based on mitotic counts and the Ki-67 labeling index. G1, G2, and G3 were classified according to the Ki-67 index. In brief, G1 was assigned to tumors with a mitotic rate <2/10 HPFs and/or a Ki-67 labeling index <3%, G2 to tumors with a mitotic rate 2 to 20/HPFs and/or a Ki-67 labeling index of 3% to 20%, and G3 to tumors with a mitotic rate >20/HPFs and/or a Ki-67 labeling index >20%.



LN Group Classification

According to the Japanese Classification of Colorectal, Appendiceal, and Anal Carcinoma (28), regional LNs were mainly classified into pericolic, intermediate, main LN group, and lateral LN groups. For some cases, the surgeon selected the enlarged LN individually during surgery according to preoperative imaging.



Reference Standard

Histopathology was taken as the reference standard.



68Ga-DOTANOC and 18F-FDG  PET-CT Imaging

As Qiao He reported (29), no specific preparation of the patients was required before 68Ga-DOTANOC PET-CT and 18F-FDG examination. PET-CT imaging was performed with a Gemini GXL 16 PET scanner (Philips Healthcare). One hundred eleven to 185 MBq (3–5 mCi) 68Ga-DOTANOC or a dose of 5.18 MBq (0.14 mCi)/kg FDG was injected intravenously, and serial scanning was performed. Serial scanning from head to mid-thigh was performed approximately 45–60 min after the injection. Following low radiation dose CT acquisition with a slice thickness of 5 mm, PET acquisition was performed for 1.5 min per bed position for 7–8 beds using a slice thickness of 4 mm. CT-based attenuation correction of the emission data was employed. PET images were reconstructed by the Line of Response RAMLA algorithm.

18F-FDG and 68Ga-DOTANOC PET-CT studies were performed at least 24 h apart.



Image Analysis

68Ga-DOTANOC and 18F-FDG PET-CT images were evaluated both visually and semi-quantitatively by two experienced nuclear medicine physicians in consensus. For the PET-CT studies, areas with focal activity greater than the background that could not be identified as physiological activity were considered to indicate tumor tissue (defined as visual assessment). The location and radioactivity uptake (maximum standard uptake value, SUVmax) of the lesions were observed or measured (defined as semiquantitative analysis).



Statistical Analysis

Normally distributed variables were expressed as the means and standard deviations (SD), with variables not following a normal distribution presented as medians and interquartile ranges (IQRs) and categorical variables as frequencies and proportions. The Shapiro-Wilk test was used to test deviations from a normal distribution. The nonparametric analyses were performed using the Mann–Whitney U test. A receiver operating characteristic (ROC) curve was then constructed to determine the optimal SUVmax cutoff for predicting LN metastasis. A p value of <0.05 was considered statistically significant. The data analysis was performed using GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, CA, USA) and MedCalc statistical software.




Results


Patients Characteristics

A total of 52 patients who underwent both 68Ga-DOTANOC and 18F-FDG PET-CT scans were included in the study. Of the 11 patients who underwent regional LN dissection, 1 patient underwent salvage surgery after endoscopic submucosal dissection (ESD), 5 patients with distant metastases underwent surgery when intestinal obstruction occurred, and the other 5 patients underwent radical surgery. Another 41 patients underwent endoscopic biopsy or dissection only. More details are shown in Figure 1 and Table 1.




Figure 1 | The flowchart of study patients.




Table 1 | Basic clinicopathological characteristics in patients who underwent 68Ga-DOTANOC and 18F-FDG PET-CT.





Comparison of the Performance of 68Ga-DOTANOC and 18F-FDG PET-CT in Primary Tumors


Visual Assessment

Of the 52 patients included, 48 patients were pathologically diagnosed with NETs for the primary tumor, while the remaining 4 patients were determined to be negative by pathology for the primary tumor due to preoperative endoscopic dissection.

68Ga-DOTANOC PET-CT successfully identified 43/48 primary tumors with a sensitivity of 89.58% and 95.56% PPV, while 18F-FDG PET-CT identified 37/48 primary tumors with a sensitivity of 77.08% and 97.37% PPV. The sensitivity of 68Ga-DOTANOC PET-CT was not statistically different from that of FDG 18F-FDG PET-CT (p = 0.109). The combination of 68Ga-DOTANOC and 18F-FDG PET-CT could increase the sensitivity to 93.75%.

For 6 cases with G3 primary tumors, 68Ga-DOTANOC PET-CT identified 4 of these 6 patients and showed false negatives in 2 cases, while 18F-FDG PET-CT diagnosed 5 of these 6 patients and reported false negatives in one case (Figure 2). At the same time, among 42 patients with G1-2 primary tumors, 68Ga-DOTANOC PET-CT identified 39 patients (39/42), while 18F-FDG PET-CT identified only 32 patients (32/42) (p =0.039).




Figure 2 | A 65-year-old female patient with rectal neuroendocrine carcinoma (Ki-67 was 90%). 68Ga-DOTANOC PET-CT images and corresponding MIP images (A–C) showed no focal uptake of 68Ga-DOTANOC, while 18F-FDG PET-CT imaging (D–F) showed focal uptake of 18F-FDG.






The Value of 68Ga-DOTANOC and 18F-FDG PET-CT in Predicting LN Group Metastasis

Among the 11 patients who underwent regional lymphadenectomy, 10 patients were pathologically diagnosed with LN group metastasis. Forty-two groups of regional LNs were harvested after surgery, of which 18 groups were diagnosed with metastases. More details are shown in Table 2.


Table 2 | General characteristics of patients who underwent region LN dissection.




Visual Assessment

68Ga-DOTANOC PET-CT was true positive in 14 LN groups and true negative in 22 LN groups; thus, the sensitivity of 68Ga-DOTANOC PET-CT for detecting RNETs was 77.78%, and the specificity was 91.67%. Meanwhile, 18F-FDG PET-CT was true positive in 7 LN groups and true negative in 24 LN groups, with 38.89% sensitivity and 100% specificity. The overall sensitivity, specificity, and accuracy of 68Ga-DOTANOC and 18F-FDG PET-CT in predicting LN group metastasis are presented in Table 3.


Table 3 | Sensitivity, specificity, positive and negative predictive value and accuracy for the prediction of LN group metastasis by 68Ga-DOTANOC and 18F-FDG PET through visual assessment.



Among the 18 positive LN groups, both 68Ga-DOTANOC PET-CT and 18F-FDG PET-CT were true positive in 7 LN groups. Among the 24 negative LN groups, 18F-FDG PET-CT defined all true negatives (24/24), while 68Ga-DOTANOCPET-CT assessed 2 of 24 LN groups as false positives (2/24). Both 68Ga-DOTANOC and 18F-FDG PET-CT were positive in 7 LN groups and negative in 22 LN groups. However, discordance was noted in 13 groups between the two tracers (Figure 3).




Figure 3 | A 37-year-old male with LN metastasis adjacent to the left iliac blood vessel. The focal uptake of 68Ga-DOTANOC in LNs (as shown by the arrow) was obviously increased (A–C), while the focal uptake of 18F-FDG was similar to that in the background (D–F).





Semiquantitative Assessment

ROC analysis showed that the optimal SUVmax cut-off value with the highest accuracy for predicting malignant nodes through 68Ga-DOTANOC PET was 2.25 with 77.78% sensitivity, 91.67% specificity, 87.50% PPV, 84.62% NPV and 85.71% accuracy. The AUC was 0.824 (95%CI:0.723-0.981) (Figure 4A and Table 4).




Figure 4 | ROC Curve of the SUVmax of 68Ga-DOTANOC and 18F-FDG PET in predicting LN group metastasis. ROC Curve of 68Ga-DOTANOC PET, The AUC was 0.852 (A); ROC Curve of 18F-FDG PET. The AUC was 0.664 (B). ROC, Receiver Operating Characteristics; AUC, The area under the ROC curves.




Table 4 | Sensitivity, specificity, positive and negative predictive value, accuracy and AUC for the prediction of LN group metastasis by 68Ga-DOTANOC and 18F-FDG PET through semiquantitative assessment.



Meanwhile, the optimal SUVmax cut-off value with the highest accuracy for predicting malignant nodes through 18F-FDG PET was 1.05 with 61.11% sensitivity, 75.00% specificity, 64.71% PPV,72.00% NPV and 69.05% accuracy. The AUC was 0.664 (95%CI: 0.485-0.844) (Figure 4B and Table 4).





Discussion

This was the first study to evaluate the impact of 68Ga-DOTANOC and 18F-FDG PET-CT in predicting LN metastasis in patients with RNETs. Our study showed that 68Ga-DOTANOC PET-CT showed prospective ability to predict LN metastasis through visual assessment and semiquantitative assessment, which was better than 18F-FDG PET-CT. Meanwhile, the sensitivity of 68Ga-DOTANOC in primary tumors were better than those of 18F-FDG PET-CT.

In our study, the overall sensitivity of 68Ga-DOTANOC PET-CT was 89.58%, and the PPV was 95.56% in primary tumors. Even for G3 tumors, 4/6 of primary tumors could be detected by 68Ga-DOTANOC PET-CT. Several previous studies have shown that the sensitivity of 68GA-DOTANOC PET-CT for detecting gastrointestinal pancreatic primary lesions was 71.4%-94.4% (30–32), suggesting that 68Ga-DOTANOC had good diagnostic sensitivity. Meanwhile, 18F-FDG PET-CT identified 37/48 primary tumors with 77.08% sensitivity in our research, which was similar to the results of Zhang, P et al. (33). Other studies have shown that 18F-FDG PET-CT was not sensitive for diagnosing NETs (sensitivity 33%-66.7%) (19, 34, 35). In our study, the sensitivity of 68Ga-DOTANOC PET-CT was higher than that of 18F-FDG PET-CT for patients with G1-G2 tumors (p=0.039), indicating that 68Ga-DOTANOC was more reliable for the diagnosis of G1-G2 RNETs.

We also found that the combination of 68Ga-DOTANOC and 18F-FDG PET-CT slightly increased the sensitivity to 93.75% in detecting primary tumors. Similarly, a study by Partelli, S. et al. (22) also showed that 68Ga-DOTANOC PET-CT combined with 18F-FDG PET-CT could only slightly increase the sensitivity in pancreatic neuroendocrine tumors, suggesting that 18F-FDG PET-CT is unnecessary for detecting RNETs.

The current literature evaluating 68Ga-DOTANOC PET-CT for diagnosing LN metastasis is limited. Our research showed that 68Ga-DOTANOC PET-CT had 77.78% sensitivity and 91.67% specificity in both visual assessment and semiquantitative assessment for diagnosing LN group metastasis in RNETs, showing that the two evaluation methods were highly consistent. As reported by Ansquer, C (36). 68Ga-DOTANOC PET-CT had a sensitivity of 86.4% in midgut neuroendocrine tumors, and Niraj Naswa reported that 68Ga-DOTANOC had a sensitivity of 92.8% and specificity of 100% in diagnosing LN metastasis for gastroenteropancreatic neuroendocrine tumors (23), indicating that 68Ga-DOTANOC was a good tool for screening LN metastasis.

A study by Majala S. showed that only 33% of LN metastases could be diagnosed through 18F-FDG PET-CT in nonfunctional pancreatic neuroendocrine tumors (24). Meanwhile, another study showed that 68Ga-DOTANOC PET-CT had 94.2% sensitivity, 87.5% specificity, and 92.1% accuracy while 18F-FDG PET-CT had 25.7% sensitivity, 100% specificity, and 49% accuracy in gastroenteropancreatic neuroendocrine tumors (23). In concordance with the above research, our research showed that the sensitivity of 18F-FDG PET-CT for detecting LN group metastasis was only 38.89% in visual assessment and 61.11% in semiquantitative assessment with an AUC of 0.664, which was lower than the sensitivity and AUC of 68Ga-DOTANOC PET-CT (sensitivity was 77.78% and the AUC was 0.854). Therefore, we concluded that 68Ga-DOTANOC PET-CT was more suitable for screening LN group metastasis than 18F-FDG PET-CT.

68Ga-DOTANOC and 18F-FDG PET-CT had similar diagnostic capabilities in evaluating primary tumors but had different diagnostic capabilities in LN metastases. The result may be due to the active lymph node inflammation in the rectal network (37), which affects FDG uptake (38) and cause FDG PET is not reliable for detecting LN metastases of RNETs or maybe 68Ga-DOTANOC is actually better than FDG as N. Naswa reported (23).

Usually, in parallel with an increasing tumor proliferation rate (Ki-67 index), 68 Ga-DOTA- somatostatin receptor expression in NETs decreases (39). For NETs with Ki-67 greater than 15%, metabolic imaging with 18 FDG PET-CT is usually preferred rather than 68 Ga-DOTA-somatostatin analog PET-CT because of the low or absent somatostatin receptor expression in NET lesions (40). In our study, most patients had Ki-67 less than 15%, which may explain why the performance of 68Ga-DOTANOC PET-CT was better than 18F-FDG PET-CT. Therefore, 68Ga-DOTANOC PET-CT seems to be more suitable for RNET assessment than 18F-FDG PET-CT, especially in G1-G2 RNETs.

With the emergence of molecular imaging, surgeons are using molecular imaging to image-guided surgery (41). Hybrid detection modalities for image-guided surgery has been applied such as the application of indocyanine green (ICG)-99mTc-nanolloid for cancers (42). Similarly, Håkan Orlefors reported that 11C-5-Hydroxytryptophane PET can localize the NETs (43). However, the hybrid detection modalities for image-guided surgery in NETs are rare. SSTRs such as 68Ga-DOTANOC have high specificity, but whether it is suitable for guided surgery needs further study; meanwhile, combination of image-guided surgery and robot-assisted with laparoscopic surgery may reduce surgical complications in the future (44).

The strengths of the present study are that we evaluated simultaneously the primary tumors and regional LN group histologically of RNETs. However, there are some limitations. Firstly, the major limitation of the present study was the number of patients, as RNETs are rare; therefore, the conclusion should be treated carefully, and more cases need to be studied in the future. Secondly, as the study was retrospective, RCT research is needed.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) presents in some cases with hemostatic and thrombotic complications. Pheochromocytomas are unusual, though potentially lethal tumors. Herein we describe the first case of hemorrhage in a pheochromocytoma related to SARS-CoV-2 infection. A 62-year-old man consulted for syncope, fever, and palpitations. He was diagnosed with SARS-CoV-2 pneumonia and presented with a hemorrhage in a previously unknown adrenal mass, which resulted in a catecholaminergic crisis. Medical treatment and surgery were required for symptom control and stabilization. We hereby alert clinicians to watch for additional/unreported clinical manifestations in COVID-19 infection.
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Introduction

Pheochromocytomas are rare tumors derived from the adrenal medulla. Usually germline or somatic gene mutations are implicated, resulting in sporadic tumors, or associated with hereditary syndromes. These tumors might be diagnosed incidentally or due to clinical symptoms due to catecholamine overproduction or to a mass effect, but are rarely diagnosed because of intratumoral hemorrhage. Diagnosis is confirmed by elevated plasma/urine metanephrines or normetanephrines; additionally, imaging is necessary for tumor location and the evaluation of local invasion or metastases (1).

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in an emerging respiratory infection with pandemical diffusion since January 2020 (2). SARS-Cov-2 infection has been associated with several complications, including thrombosis and bleeding in comparable rates in patients with similar degrees of critical illness (3).

Although intratumoral hemorrhage in pheocromocytomas is a very rare manifestation of this tumor, some cases have been previously described, especially related with trauma or systemic anticoagulation (4–6); in most cases, any underlying cause was identified (7). In these patients, less than 30% had a previous history that suggested a pheochromocytoma (8, 9). Mortality rate in these cases reaches 28–31%, but lower rates should be currently expected due to early diagnosis and appropriate alpha blockage (7, 10).

It is suggested that paroxysms of hypertension or necrosis increase intratumoral intravascular pressure and may produce hemorrhage (11, 12). Trauma, thrombolysis, anticoagulants, or alpha-blockers could act as initiating factors (4–7, 10). Viral infections have not been previously described as precipitator of intratumor hemorrhage in pheocromocytomas.

Herein, we report, to the best of our knowledge, the first case of intratumoral hemorrhage of a pheochromocytoma in the context of a SARS-CoV-2 infection.



Case Report

A 62-year-old patient presented to the emergency department with recurrent fainting episodes accompanied by asthenia and dry cough. Clinical symptoms appeared one week before consultation. The patient had a personal history of high blood pressure (HBP) treated with four drugs (losartan, hydrochlorothiazide, amlodipine, and furosemide). No previous history of bleeding or any other disease was described.

Upon his arrival, blood pressure was 97/52 mmHg with a heart rate of 100 bpm. The chest X-ray showed converging diffuse condensations in both pulmonary fields, predominantly central, suggestive of evolutioned SARS-CoV-2 infection (Figure 1A). Arterial blood gas analysis showed hypoxemia and hypocapnia; additionally, high white blood cell count with neutrophilia and elevated D-dimer were observed (Table 1). Given the low BP, the global respiratory insufficiency and a high suspicion of SARS-Cov-2 infection, a CT pulmonary angiogram was performed in order to rule out a pulmonary embolism. Bilateral patched consolidations with open bronchi inside and ground-glass opacities and no filling defects were observed in the pulmonary arteries (Figures 1B–D). The lower images of the scan revealed an adrenal left mass (8 × 7.4 cm) with a cystic component and a big calcification, suggestive of a hematoma or pseudocyst (Figures 2A, B). These results were confirmed in a MRI (Figures 2C, D).




Figure 1 | Thorax radiography (A) and CT images [coronal view, (B); axial view, (C); sagittal view, (D)]. Diffuse bilateral patched consolidations with open bronchi inside and ground-glass opacities due to COVID-19 infection. Thorax radiography (E) and CT control images. Two weeks after treatment [coronal view, (F); axial view, (G); sagittal view, (H)], significant improvement of the pneumonia is observed.




Table 1 | Laboratory parameters.






Figure 2 | Coronal and axial CT views (A, B) show an 8 cm left adrenal tumor with a cystic component inside and partially calcified wall. Coronal and axial MRI views (C, D) reveal a left adrenal mass with a heterogeneous content (necrotic-cystic areas). Coronal and axial [18 F] DOPA PET/CT images (E, F) demonstrate intense and heterogeneous DOPA-uptake in the periphery of the mass (SUVmax of 20.9). These findings were compatible with the existence of pheochromocytoma with a cystic–necrotic–hemorrhagic component.



Given the hemodynamic instability and the global respiratory insufficiency secondary to SARS-Cov-2 infection, the patient was admitted to the intensive care unit. Previous SARS-CoV-2 infection was confirmed using serological tests, nasopharyngeal swab, and bronchoalveolar lavage PCR. Two days after admission, respiratory symptoms improved but the patient remained hemodynamically unstable, alternating hypotension and hypertensive crises. Initially, intravenous treatment with noradrenaline 0.2 mcg/kg/min was administered but after 48 h, it was stopped.

Elevated plasma and 24-h urinary metanephrine and normetanephrine were detected (Table 1). Simultaneously, hemoglobin levels dropped 2 g/dl. An 18-F-DOPA PET/CT was performed and revealed high aminoacidic metabolism in the peripheral area of the adrenal mass, with a central hypodense area with calcifications without metabolism, suggesting a pheochromocytoma with internal necrotic/cystic/hemorrhagic component (Figures 2E, F). An open adrenalectomy with splenectomy was performed after adequate alpha- and beta-blockade using low-doses of doxazosin (2 mg/12 h) and bisoprolol (5 mg/d). The histological analysis reported a pseudoencapsulated pheochromocytoma of 7 × 5 × 4 cm and 340 g, with focal calcification, intratumor hemorrhage and 60% of necrosis without vascular or peritumoral invasion (Figure 3). Clinical and radiological improvements of the pneumonia were also observed (Figures 1E–H). A summary of biochemical parameters at admission and at discharged are depicted in Table 1. Eleven months after surgery the patient remains asymptomatic, without evidence of relapsed disease and requires any antihypertensive drugs.




Figure 3 | Histological characteristics of the resected tumor. Hematoxylin eosin images that show intratumor hemorrhage and 60% of necrosis without vascular or peritumoral invasion.





Discussion

SARS-Cov-2 infection has several clinical presentations, ranging from asymptomatic patients to mild symptoms and acute severe respiratory stress (2). Global mortality reaches 5.44% of cases, mostly related to respiratory insufficiency with hypoxia or multiple organ dysfunction (13), additionally some patients suffer severe systemic hyperinflammatory reaction (cytokine storm), which reminds that hemophagocytic lymphohistiocytosis is also triggered by other viral infections (5).

SARS-CoV-2 infection can be associated with coagulopathy alterations, probably due to infection-induced inflammatory changes, similar to those observed in patients with disseminated intravascular coagulation. Initially, coagulopathy presents with prominent elevation of D-dimer and fibrin/fibrinogen degradation products; in contrast, abnormalities in prothrombin time, partial thromboplastin time or platelet count are uncommon at a first stage of disease (3).

In this context, some cases of post-COVID19 spontaneous hemorrhage, including intracranial, pulmonary, abdominal, pelvic, and muscular hemorrhage, have been described (14). In some patients, this spontaneous hemorrhage has been reported as the presenting symptom of SARS-Cov-2 infection (15, 16). A multicenter, retrospective study performed in 400 hospital-admitted SARS-Cov-2 infected patients reported thrombocytopenia and decreased fibrinogen as clinical factors associated with significant bleeding manifestations (17); in this study, the overall bleeding rate was 4.8% (95% CI, 2.9–7.3%), specifically 3.1% (95% CI, 1.4–6.1%) in non-critically ill patients and 7.6% (95% CI, 3.9–13.3%) in critically ill patients. Remarkably, the major bleeding rate (WHO grade 3–4) was 2.3% (95% CI, 1.0–4.2%) (17), compared with the 5.6% rate observed in critically ill patients without SARS-Cov-2 infection and heparin thromboprophylaxis (18).

Furthermore, increased mortality rate has been described in patients with spontaneous intraabdominal hemorrhage; for example, a spontaneous hematoma in the ileo-psoas increases mortality rate by 28% in an intensive care unit (14). In this context, several institutions recommend personalizing the use of low molecular weight heparin or unfractionated heparin infusions in patients with SARS-Cov-2 infection (with elevated D-dimer levels and without known thrombotic complications), since the risk of hemorrhage is also present in these patients (19).

Herein we report a case with probable coagulation disturbances after a SARS-Cov-2 infection, which provoked adrenal mass bleeding and consequently catecholamine liberation; as a result, a catecholaminergic crisis was observed in this patient with incidental pheochromocytoma. Importantly, acute hemorrhage represents a differential diagnosis in this patient, but acute hemorrhagic rupture as the initial manifestation of pheochromocytoma is rare (10), and might be related with increased intratumoral intravascular pressure that may be precipitated by paroxysms of hypertension or necrosis (11, 20).

In our patient, D-dimer was elevated at the moment of his arrival. During the early phase of SARS-CoV-2 infection, coagulation test abnormalities are seen, but they do not result in clinical bleeding. Whether the initial coagulation changes seen in infected patients progress linearly to sepsis-induced coagulopathy and then to disseminated intravascular coagulopathy as a result of SARS-CoV-2 infection is still to be determined (3). Currently, it is not known whether the underlying cause of the elevated D-dimer levels, bleeding, and thrombotic manifestations in the SARS-Cov-2 infection are related to a pathophysiological-distinct viral coagulopathy or a coagulation system activation due to severe inflammation (17).

In summary, to the best of our knowledge, this is the first case report of adrenal hemorrhage in a pheochromocytoma related to SARS-CoV-2. Based on the current short experience and the chronological association, SARS-CoV-2 may be considered accountable for the hemorrhage in this patient.
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Background

Hyperparathyroidism is a common cause of hypercalcemia; however, spontaneous remission after a hypercalcemic crisis caused by an intracystic hemorrhage of parathyroid adenomas is very rare. The question, then, is “What is the best treatment strategy for this type of case?”



Method

A 47-year-old male patient with primary hyperparathyroidism and a hypercalcemic crisis is reported. Hypercalcemia was spontaneously relieved thereafter. Postoperative paraffin pathology results indicated an intracystic hemorrhage of bilateral parathyroid adenomas.



Results

After the case report, a literature review is also included to summarize the clinical features of this patient and to provide special reference for clinical diagnosis and treatment of similar cases.



Conclusions

The choice of surgical timing for such cases can be made based on the comprehensive consideration of clinical symptoms and changes in parathyroid function.





Keywords: hypercalcemic crisis, spontaneous remission, hemorrhage, parathyroid adenoma, primary hyperparathyroidism



Introduction

Hyperparathyroidism is the most common cause of hypercalcemia, but spontaneous remission after a hypercalcemic crisis caused by hemorrhage of parathyroid adenomas is very rare. There have been no reports involving an intracystic hemorrhage of bilateral parathyroid adenomas. It is generally believed that hemorrhage of parathyroid adenomas may be caused by rapid tumor growth with an insufficient blood supply to the tumor (1). The patients may present with a diversity of clinical features due to differing degrees of hemorrhage and necrosis of the parathyroid adenoma cells (2). Indeed, there has not been a literature review on the appropriate clinical decision for spontaneous remission of parathyroid function following an intracystic hemorrhage of parathyroid adenomas.



Case Description

A 47-year-old male patient was referred to onset of excessive thirst and polydipsia more than 1 month ago, accompanied by general malaise and anorexia. Two weeks ago he went to a local hospital due to abdominal discomfort and the blood biochemical test revealed both elevated serum creatinine (172.9 umol/L,Ref. 63-109 umol/L) and calcium level(4.66 mmol/l, Ref. 2.1-2.7 mmol/L), a declined phosphorus level(1.76 mmol/l, Ref. 0.81-1.45 mmol/L). The blood sodium, potassium, and glucose levels were all normal. The patient was then referred to our hospital for further evaluation. The patient was previously healthy, without psycho-social disease,trauma history, nor drug use. He also denied the family history of hypercalcemia. Physical examination revealed the following: T, 36.5°C; P, 91/min; R, 20/min; and BP, 139/96 mmHg. No abnormalities were detected on examination of the heart, lungs, and abdomen. There was a grade II goiter (Figure 1A), with a 4 x 4 cm mass palpable in front of the neck. The masses had hard texture with poor mobility and no tenderness. The results of blood biochemical testing on the day after admission were as follows: creatinine 195 umol/L; estimated glomerular filtration rate 34.3 ml/min/1.73m2; calcium 3.80 mmol/L; phosphorus 1.24 mmol/L; and PTH, 320.7 pmol/L (Ref. 1.6-6.9 pmol/L).




Figure 1 | There was a grade II goiter (A), with a 4 x 4 cm mass palpable near the thyroid bilaterally. CT scan (A, B) of the neck revealed bilateral slightly hypointense cystic shadows below the thyroid. SPECT/CT fusion imaging (C, D) revealed an abnormal increase in uptake in part of the mass behind the right lobe of the thyroid during MIBI, which was considered relevant to hyperparathyroidism. There were a cystic-solid mass (E) on the posterolateral aspect of the right lateral lobe of the thyroid and a cystic-solid mass (F) on the left lateral lobe of the thyroid. Postoperative paraffin pathology (HE staining x100) results indicated that both the right (G) and left (H) space-occupying lesions represented parathyroid adenomas with cystic change.



The patient was given isotonic saline infusion (200 to 300 mL/hour) to correct volume depletion, a loop diuretic [furosemide (20 mg iv qd for 2 days)] to increase calcium excretion, and a single dose of salmon calcitonin (300 IU ivgtt). Third day after admission, the patient’s serum calcium level decreased to 2.17 mmol/l and the PTH level was 182.5 pmol/L. Then rehydration and calcium-lowering therapy were stopped, and the serum calcium concentration was monitored every one to two days. During the next one week the serum calcium levels had been within the normal range and phosphorus level fluctuated between 0.36 and 0.50 mmol/L. The serum creatinine levels returned to normal and PTH gradually decreased, but still above normal (Figure 2).




Figure 2 | After admission, the blood calcium level was 3.6 mmol/L. After 2000-4000 ml of NS for 5 days and salmon calcitonin (300 IU ivgtt), the blood calcium level gradually decreased and remained within the normal range. After surgery, the blood calcium level decreased, reaching the lowest level (1.65 mmol/L). After that, the calcium level was gradually restored to normal. There was a progressive decrease in the PTH level; however, the PTH level was stabilized at 50-60 pmol/L at 12 days post-admission, and this situation persisted for 1 week. One day post-operatively the PTH level rapidly decreased to 1.95 pmol/L, followed by a slow, gradual increase.



A CT scan of the neck (Figure 1B) revealed bilateral slightly hypointense cystic mass deep the thyroid, 4.4 x 3.2 cm size on the right, 4.2 x 2.1 cm size on the left, with a uniform density and clear borders. A contrast-enhanced scan revealed intracystic septa within the lesions, with apparent enhancement of the cystic wall and septa. An ultrasound examination of the neck revealed mixed cystic-solid nodules posterior to the two lateral lobes of the thyroid, the size was 5.0 x 2.3 x 3.7 cm(right) and 5.3×3.5×3.1cm(left) respectively. Both nodules had clear borders and a regular morphology without apparent internal blood flow signals. Contrast-enhanced ultrasound of neck mass shows mixed cystic-solid nodules behind the two lateral lobes of the thyroid. SPECT/CT fusion imaging (MIBI; Figures 1C, D) revealed an abnormal increase uptake during MIBI in part of the mass posterior to the right lobe of the thyroid, which point the possibility of parathyroid adenoma. A bone density test and X-ray examination of the hands and four limbs did not demonstrate a reduction in bone mass and osteoporosis. At 11th day post-admission, the patient underwent an ultrasound-guided biopsy of the bilateral cystic nodules posterior to the thyroid. Ten milliliters of dark red bloody fluid were collected from the cystic nodules bilaterally. Exfoliative cytology indicated a small number of hyperplastic epithelial and tissue cells, possibly indicating benign cystic lesions. The neck masses shrank in size after fine needle aspiration; however, ultrasonography of the thyroid gland 2 days later revealed cystic space regains its size before aspiration which suggested new hemorrhage after the fine needle aspiration.

According to the guidelines for the diagnosis and treatment of primary hyperparathyroidism (3) and considering the patient’s surgical requirements, the neck mass resection was performed at three weeks post-admission, during which the bilateral cystic-solid masses were found, 5 x 3 x 3.5 cm in size on the right (Figure 1E) and 5.5 x 4 x 3.5 cm on the left (Figure 1F). The mass adhered closely to the thyroid gland and the surrounding tissues, with obscure borders and an irregular morphology. At last, the patient underwent resection of bilateral inferior parathyroid adenomas and a total thyroidectomy. Bilateral superior parathyroids were preserved. Postoperative paraffin pathology results indicated intracystic hemorrhage of bilateral parathyroid adenomas. (Figures 1G, H). Thyroid pathology suggested nodular goiter in both bilateral lobes and isthmus of the thyroid gland.

The patient recovered well after surgery. At day 1 post-operatively, the serum PTH level was 1.95 pmol/L, and the blood calcium level was 2.23 mmol/L. According the clinical guideline, The patient was given calcitriol [1,25(OH)2D] 0.5ug twice daily, calcium supplement (10% calcium gluconate 100ml diluted intravenous infusion each day) after surgery. At 2 and 4 days post-operatively, the blood calcium level was 1.87 and 1.65 mmol/L, respectively, and the patient had no tetany. At 9 days post-operatively, the normal blood calcium level was restored and discharged from hospital with oral calcium carbonate 600mg twice daily and osteopontin 0.5ug twice daily. The blood calcium and PTH levels were monitored at 3 weeks, 2 months, 4 months, post-operatively and the results were all normal. The dose of the above drugs was reduced at month 4 and then discontinued at month 5. Calcium and phosphorus were still normal at the 6th month recheck.

Through screening tests,the patient was finally ruled out multiple endocrine neoplasia. He and his relatives also underwent testing of genes associated with MEN, none were carriers of the MEN related genes.



Discussion


The Mismatch Between Tumor Rapid Growth and Blood Supply Might Result in Infarction of Parathyroid Adenoma and Hemorrhage

Intracystic hemorrhage of parathyroid adenomas is very rare. There are only about 100 cases reported with intracystic hemorrhage of parathyroid adenomas in the literatures. Some studies have shown that the use of anti-coagulation drugs (4) non-steroidal anti-inflammatory drugs (5) and trauma (6) may be risk factors; however, the cause of intracystic hemorrhage of parathyroid adenomas is unknown. It is currently believed that if tumor growth is too rapid and the blood supply to the tumor is insufficient, hemorrhage of parathyroid adenomas may occur (1). In 1953, Howard reported spontaneous remission after hyperparathyroidism due to infarction in parathyroid adenomas (7), which was called Parathyroidectomy. Nylen (8) suggested that infarction and hemorrhage represented two stages of the same phenomenon. Parathyroid adenoma apoplexy is divided into infarction of the adenoma (without hemorrhage), infarction with intracystic hemorrhage, and extracystic hemorrhage (8).

For our patient, he was in good health before and without trauma nor drug use history. Combined with the changes of blood calcium level, it is speculated that the rapid growth of adenoma and the massive release of PTH lead to the hypercalcemic crisis. However, the mismatch between tumor growth and blood supply resulted in infarction of parathyroid adenoma and intracystic hemorrhage, followed by spontaneous remission of hyperparathyroidism and hypercalcium crisis.



The Clinical Manifestations of Bleeding Parathyroid Adenomas and the Accompanying Changes in Parathyroid Function Are Diverse

Symptoms of hemorrhage of parathyroid adenomas depend on the speed and volume of hemorrhage, as well as the position of the parathyroid gland (in situ or ectopic). Simple necrosis of parathyroid adenomas is associated with a smaller hematoma and few local symptoms. This condition may remain undetected until an incidental finding of spontaneous remission of hypercalcemia (9). Some patients are free from local discomfort in intracystic hemorrhage of in situ parathyroid adenomas (2), and may present with neck pain, a mass, and hoarseness (2). In in situ extracystic hemorrhage, the blood may diffuse to the neck or mediastinum, leading to compression of tracheal and esophagus (2), may cause dyspnea and dysphagia. Compression of the recurrent laryngeal nerve will lead to hoarseness and vocal cord paralysis with local swelling, pain, a mass, and ecchymosis (2) Spread of the hematoma may cause a pleural effusion (10, 11). Life-threatening hemorrhage of parathyroid adenomas usually needs surgical treatment as soon as possible. Hemorrhage of ectopic parathyroid adenomas often leads to a mediastinal hematoma, (6, 11–16) which also requires emergency surgery.

Parathyroid adenoma cells may also be involved and become necrotic after necrosis and hemorrhage of parathyroid adenomas, so parathyroid function will be influenced too. The changes of parathyroid function vary to what extent the adenoma cells are involved. Some patients with hypercalcemia fail to achieve remission (17–19) or even progress to refractory hypercalcemic crisis (20). Others with hypercalcemia may show a reduction in the PTH level and achieve remission or even have the blood calcium level restored to normal (7, 21). In a few cases, hungry bone syndrome may occur due to the rapid decrease in the PTH level, leading to hypocalcemia (2, 22–24). Patients with hyperparathyroidism and complete necrosis of the parathyroid adenoma usually achieve full remission (21, 24–28), i.e., parathyroid adenomectomy in the real sense; however, some patients with hypercalcemia only achieve temporary remission and relapse later (22, 24, 27, 29). The time of relapse varies from one patient to another and ranges from several weeks to several years. The longest reported time of relapse after remission is 7 years (30).

In our case, only bilateral thyroid mass was present because of bilateral in situ parathyroid adenoma intracystic hemorrhage. Bone X-ray and bone density testing did not reveal bone mass changes in our case, indicating a relatively short course of disease of hyperparathyroidism. This patient showed a significant increase in the PTH level upon the onset, indicating rapid growth of the parathyroid adenoma and the secretion of a large amount of hormone before the hemorrhage. The blood calcium level was restored spontaneously to normal after the hypercalcemic crisis; however, there was no further decrease in the PTH level beyond 50-60 pmol/L. Based on an increased uptake in MIBI, it was concluded that there were residual parathyroid adenoma cells. The PTH level of this patient was still above the normal range, while the blood calcium level was low, which was possibly due to the decrease in PTH receptor sensitivity under a high PTH level. Considering the possibility of recurrent hypercalcemia and the surgical requirement of the patient, and according to the guidelines (3) this patient finally received surgical treatment. The post-operative pathologic results confirmed intracystic hemorrhage of bilateral parathyroid adenomas.



Fine-Needle Aspiration Biopsy of Parathyroid Adenoma Hematoma Is of Limited Diagnostic Value and Carries Some Risk

In our patient, fine needle aspiration was performed to determine the etiology of bilateral parathyroid cystic lesions and collected bloody fluid eventually. Pathologic evaluation results showed a small amount of hyperplastic epithelial and tissue cells. After the fine needle aspiration biopsy, the cystic space-occupying lesions shrank in size, but soon grew to the original size. We further reviewed the relevant literature to explore the value and risks of fine-needle aspiration biopsy in such cases.

There have been previous reports on fine needle aspiration biopsy for hemorrhage of parathyroid adenomas. Givens (31) reported one case with hemorrhage of parathyroid adenoma who underwent a CT-guided biopsy. Pathologic biopsy showed epithelioid cells in well-ordered sheets and rare atypical cells. Other studies (8, 32) described bloody fluid from fine needle biopsy aspiration, which confirmed hemorrhage, but without a pathologic diagnosis. Novodvorsky (24) and Taguchi (33) reported that the finding of an increase in PTH level in the puncture fluid could help establish the diagnosis of parathyroid adenomas. Simcic (34) reported decompression of the hematoma by fine needle aspiration. The patient had immediate relief of his discomfort, and the mass regressed considerably in size, only to recur within 24 h of the puncture. This situation was similar to that observed in our patient. But Shim report that for patients with neck swelling and pain due to hemorrhage of the parathyroid adenoma, conservative management with intermittent sono-guided aspiration was performed without specific events (35).

The finding of bloody fluid by fine needle aspiration biopsy and an increase in PTH level in puncture fluid can help to make the diagnosis of hemorrhage of parathyroid mass and hyperparathyroidism for patients with cystic space-occupying lesions in the parathyroid gland, but it is difficult to obtain valuable pathologic cells in the puncture fluid. Although decompression of hematoma by fine needle aspiration is conducive to the remission of compression, the risk of another hemorrhage and recurrent hematoma exists.

In addition, there are two case reports on hemorrhage of parathyroid adenomas after fine needle aspiration biopsy so far. One of them was followed up for 105 months, and finally achieved full remission of hyperparathyroidism after hemorrhage of the parathyroid adenoma (25), the other case received surgical treatment at 1 month after aspiration-reduced hemorrhage (36).

Therefore, we believe that fine-needle aspiration biopsy of parathyroid adenoma hematoma is of limited diagnostic value and carries some risk. For patients requiring fine needle aspiration for decompression, the decision should be made carefully by weighing the pros and cons, unless the compression symptoms are severe and urgent.



Through Literature Review, It Is Believed That There Is No Consensus On the Timing of Surgery for Intracapsular Hemorrhage in Primary In Situ Parathyroid Adenomas and That a Comprehensive Assessment Should be Made Based on the Clinical Features of the Case and the Patient’s Wishes

In our case, it was found that the parathyroid adenoma adhered closely to the surrounding tissues and the hematoma tension was high. Both of the hematomas burst open during the surgery. Considering the hyperparathyroidism may relieve after intracystic hemorrhage of parathyroid adenoma and the difficulty of surgery in the acute phase, as well as the risk of extracapsular hemorrhage due to hematoma rupture, we conducted a literature review to answer the following questions. Do these patients require aggressive surgery? What is the appropriate time for surgery?

There has been no consensus on the choice of surgical timing for intracystic hemorrhage of primary in situ parathyroid adenomas. According to previous literature reports, some cases had severe adhesions following intracystic hemorrhage of the parathyroid adenomas, as noted during surgery (6, 8, 37). One such case underwent surgery 7 months after the onset (38). The evidence is still insufficient to prove that prolonging conservative treatment can reduce adhesions found by subsequent surgery. In another report (37), a parathyroid adenoma (6.9 cm x 5.2 cm x 4.8 cm) ruptured during surgery. A large amount of unclear and bloody fluid flowed out, as was observed in our case; however, there have been no case reports on extracystic hemorrhage of a parathyroid adenoma due to hematoma rupture during the conservative treatment for intracystic hemorrhage of parathyroid adenomas.

Whether the patients underwent surgery after intracystic hemorrhage of parathyroid adenomas, and the specific duration of conservative treatment vary across the literature reports. We reviewed literature reports on 120 cases with hemorrhage or necrosis of parathyroid adenomas (including primary and secondary hyperparathyroidism, in situ ectopic parathyroid adenomas, and intracystic and extracystic hemorrhage of the parathyroid adenomas). Among the cases, we performed a detailed analysis of 34 cases with clinical or pathologic diagnosis of intracystic hemorrhage or necrosis of in situ primary parathyroid adenomas, parathyroid cysts and hyperplasia, described in Chinese or English (Tables 1, 2). Of these cases, 12 did not undergo surgical treatment and all of them achieved spontaneous remission of hyperparathyroidism(Table 1). Five patients achieved full restoration of parathyroid function and complete absorption of the lesions. Four patients were followed up for 6, 9, 16, and 29 months, and none relapsed. Three patients relapsed at 16 days, 1 year, and 2 years afterwards, although the patients had not undergone surgical treatment upon the time of the literature report. Eight patients finally underwent surgical treatment after conservative treatment. Among the 8 patients, 4 achieved spontaneous remission of hyperparathyroidism, but later underwent surgical treatment due to recurrent hyperparathyroidism at 1 month, 6 years, 20 months, 11 months, and 8 years later. One patient underwent surgery at 2 months after conservative treatment due to failure to achieve remission of hyperparathyroidism; 2 patients achieved remission of hyperparathyroidism to a certain degree, but still received surgical treatment after 1 month and 3 months of conservative treatment, respectively. There were some patients who directly received surgical treatment, but the duration of conservative treatment before surgery was not mentioned in the literature. All patients had their parathyroid adenomas resected en bloc and achieved full remission of hyperparathyroidism after surgery. Whether hyper parathyroidism can be relieved, and hyperparathyroidism will recur later are independent of the size of the hematoma.


Table 1 | Case analysis of intracystic hemorrhage or necrosis of in situ primary parathyroid adenomas (Unoperated patients, n = 12).




Table 2 | Case analysis of intracystic hemorrhage or necrosis of in situ primary parathyroid adenomas (Operated patients, n = 22).



As shown by the literature review, conservative observation may be feasible for those achieving spontaneous remission of hyperparathyroidism after intracystic hemorrhage of a parathyroid adenoma. Given the probability of relapse, the parathyroid function and hematoma changes should be closely monitored. Surgical treatment is recommended if hyperparathyroidism recurs. Those failing to achieve remission of hyperparathyroidism after the hemorrhage can be treated by elective surgery. The choice of surgical timing should be made based on parathyroid function, health economics considerations, and the patient’s will.




Conclusion

We present a case of a 47-year-old male patient with primary hyperparathyroidism and a hypercalcemic crisis, and hypercalcemia spontaneously relieved thereafter. Pathology results indicated an intracystic hemorrhage of bilateral parathyroid adenomas. The mismatch between tumor rapid growth and blood supply might result in infarction of parathyroid adenoma and hemorrhage. The clinical manifestations of bleeding parathyroid adenomas and the accompanying changes in parathyroid function are diverse, because of the diversity of speed and volume of hemorrhage, as well as the position of the parathyroid gland. Fine-needle aspiration biopsy of parathyroid adenoma hematoma is of limited diagnostic value and carries some risk. After literature review, it is believed that there is no consensus on the timing of surgery for intracapsular hemorrhage in primary in situ parathyroid adenomas and that a comprehensive assessment should be made based on the Clinical manifestations, changes in parathyroid function and the patient’s wishes. We will continue to collect such case reports and keep the literature review updated to provide the best evidence for clinical decision making.
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Pediatric adrenocortical tumors (ACTs) are rare and heterogeneous. Approximately 50% of children with ACT carry a germline TP53 variant; however, the genetic underpinning of remaining cases has not been elucidated. In patients having germline TP53 variants, loss of maternal chromosome 11 and duplication of the paternal copy [paternal uniparental disomy, (UPD)] occurs early in tumorigenesis and explains the overexpression of IGF2, the hallmark of pediatric ACT. Beckwith-Wiedemann syndrome (BWS) is also associated with overexpression of IGF2 due to disruption of the 11p15 loci, including segmental UPD. Here, we report six children with ACT with wild type TP53 and germline paternal 11p15 UPD. Median age of five girls and one boy was 3.2 years (range 0.5-11 years). Two patients met the criteria for BWS before diagnosis of ACT. However, ACT was the first and only manifestation of paternal 11p15 UPD in four children. Tumor weight ranged from 21.5 g to 550 g. Despite poor prognostic features at presentation, such as pulmonary metastasis, bilateral adrenal involvement, and large tumors, all patients are alive 8-21 years after cancer diagnosis. Our observations suggest that children with ACT and wild type TP53, irrespective of their age, should be screened for germline abnormalities in chromosome 11p15.
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Introduction

Pediatric adrenocortical tumors (ACTs) are associated with germline TP53 mutations in 50% of cases (1, 2). For ACT cases without a germline TP53 alteration, germline abnormalities at chromosome 11p15 loci, typically seen in the Beckwith-Wiedemann syndrome (BWS, OMIM 130650) (3–8), have been reported (1). BWS is a pediatric overgrowth and cancer predisposition syndrome. The clinical presentation is highly variable and viewed as a spectrum of classical (macroglossia, anterior abdominal wall defects, and prenatal and post-natal overgrowth), atypical (patients with isolated features of BWS) and isolated lateralized overgrowth (3). Affected individuals are usually born macrosomic and develop rapid growth starting either at birth or before the first year of life (3, 4). However, asymmetry may not be apparent at birth, and overall signs of overgrowth may appear subtle. Patients with BWS are also at risk of having early onset tumors such as Wilms tumor, hepatoblastoma, ACT, and neuroblastoma which are considered to originate from dysregulation of cellular processes during early embryogenesis (3–8). The variability in phenotype is due to genetic and epigenetic alterations of chromosome 11p15, with specific gene mutations, chromosomal copy number changes, or methylation status of chromosome 11p15 imprinting centers, leading to dysregulation of specific genes affecting growth, development, and cancer (5–8). Cancer risk depends on the genetic/epigenetic defect. Segmental paternal 11p15 paternal uniparental disomy (UPD) accounts for 20% of cases of BWS (3), and a 25-30% cancer risk including Wilms tumor, hepatoblastoma and ACTs (5–8). Most of the cases clinically defined as BWS who develop ACT have germline UPD (7, 8). However, since 11p15 UPD occurs as a somatic mosaic event, the true incidence of UPD might be higher than that reported in literature.

Chromosome 11p15 contains a cluster of imprinted genes important for the control of fetal and postnatal growth (Figure 1). The telomeric domain includes the long non-coding RNA H19, which is maternally expressed in the embryo and placenta (9) but silenced in most tissues after birth except in cardiac and skeletal muscles (10). Also contained within this domain is IGF2, which encodes, a growth factor paternally expressed in the fetus and placenta, and biallelically expressed in the liver after birth (11). The ICR1 (imprinting control region) located upstream of the H19, is a methylation sensitive chromatin insulator that in conjunction with enhancers, modulates the transcription of IGF2 and H19 in an allele-specific manner. The ICR1 is usually unmethylated in the maternal allele and therefore allows the binding of CTCF (CCCTC-binding factor), a zinc finger protein with insulating activity, thereby preventing the expression of IGF2, and allowing transcription of H19 by downstream enhancers on the maternal chromosome (Figure 1). Conversely, the ICR1 is methylated on the paternal allele which interferes with CTCF binding, thus silencing H19 and allowing IGF2 expression via access to enhancers (12) (Figure 1). The centromeric ICR2 is located at the 5′ end of long non-coding RNA KCNQ1OT1(antisense transcript of KCNQ1) and mediates the silencing of several genes, including CDKN1C, which encodes the G1 cyclin-dependent kinase inhibitor (p57KIP2), that negatively regulates cell growth and proliferation. CDKN1C is maternally expressed in the embryo and placenta as well as postnatally throughout the body (13) (Figure 1). KCNQ1 is initially maternally expressed during early embryogenesis but is then biallelically expressed during development (14). On the maternal chromosome, ICR2 is methylated, KCNQ1OT1 is not transcribed, and the flanking imprinted genes (KCNQ1 and CDKN1C) are expressed. On the paternal chromosome, the KCNQ1OT1 promoter is not methylated, the transcript is expressed in the opposite direction of KCNQ1, and silences in cis genes of the centromeric domain on the paternal chromosome (15) (Figure 1).




Figure 1 | Schematic representation of imprinted gene cluster on chromosome 11p15. Genes and their directions of transcription are shown. Maternally or paternally expressed genes are indicated by filled squares. Open circles show the location on normally unmethylated ICR and filled circles indicate normally methylated ICR.



In this study, we describe the clinical and molecular findings of six pediatric cases of ACTs with germline paternal 11p15 UPD and discuss the implications of these findings for the management of children with ACT associated with these genetic abnormalities.



Patients and Methods


Case Selection

Six pediatric patients with ACT, all with wild type TP53, were selected from the International Pediatric Adrenocortical Tumor Registry (IPACTR) at St. Jude Children’s Research Hospital (St. Jude). Written informed consent was obtained from parents or legal guardians for inclusion in the St Jude Children’s Research Hospital (St. Jude) International Pediatric Adrenocortical Tumor Registry (IPACTR; http://clinicaltrials.gov/show/NCT00700414). One patient (#1) was diagnosed with BWS at the time of cancer diagnosis. A second patient (#2) developed lateralized overgrowth and the ACT was found when surveilling for abdominal tumors. No features of BWS were seen during cancer diagnosis for the remaining four cases (#3,4,5,6) but patients were subsequently found to harbor constitutional chromosome 11p15 alterations (Table 1).


Table 1 | Clinical findings of pediatric adrenocortical patients included in this study.





Molecular Analysis

Due to the complexity of the chromosome 11p15 imprinting regions and their interactions, the interpretation of copy number variations (16) and epigenetic changes (6, 16) in that region requires a series of molecular assays. In this series of 6 patients, whole genome or whole exome sequencing was examined for three (#1,5,6) patients and single nucleotide polymorphism array was offered to patient #3.

Targeted techniques were combined to determine 11p15 status in germline DNA for all 6 patients. Genotyping of a panel of five microsatellite markers (D11S1363, D11S922, D11S4046, HUMTH01 and D11S988) covering positions 1,061,991 to 4,539,851 at chromosome 11p15 (GRCh37/hg19) was performed by using a fluorescently labeled forward and conventional reverse primers as previously described (1). An informative result allows us to discriminate maternal and paternal alleles for each marker. A pattern of homozygosity is suggestive of paternal uniparental disomy (UPD). In addition, genomic DNA was analyzed by using a methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA; ME030-C3 BWS/RSS, MRC-Holland), commercially designed specifically for the 11p15 region and currently the most rapid and robust technique to assess methylation. DNA was processed in parallel with and without digestion with the methylation sensitive HhaI enzyme to detect both chromosome copy number alteration and methylation deregulation. Data analysis was performed using the Coffalyser software (MRC Holland) which provides two outputs, one related to chromosome 11p15 copy number changes and the other methylation status of imprinting control 1 (ICR1; regulating H19 and IGF2; position 1,976,280 to 1,982,450) and ICR2 (regulating CDKN1C, KCNQ1 and KCNQ1OT1; position 2,677,130 to 2,678,030) by the ratio of digested to undigested DNA. DNA from control individuals shows reduction of 50% of the MS-MLPA signal, corresponding to the presence of methylated alleles (ICR1 is unmethylated in maternal allele and ICR2 unmethylated in the paternal allele) and the contribution of both parental chromosomes (Figure 2A). Patients with UPD exhibited hypermethylation at ICR1 and hypomethylation at ICR2 consistent with the absence of maternal chromosome and duplication of paternal chromosome (Figure 2B). These epigenetic and structural changes at chromosome 11p15 leads to biallelic expression of IGF2 and inactivation of H19 and CDKN1C.




Figure 2 | Schematic representation of the chromosome 11p15 covered by the MS-MLPA assay. (A) The left panel shows a diagram of the imprinted gene cluster on chromosome 11p15 with normal chromosomal copy number and methylation status. The right panel, MS-MLPA showing a diploid content of chromosome 11p15 (upper panel) and ICR1 and ICR2 for methylated probes (lower panel) in the normal range, consistent with the presence of maternal and paternal chromosomes 11p15. (B) Individuals with paternal 11p15 UPD as visualized by MS-MLPA. ICR1 hypermethylated and ICR2 hypomethylated consistent with loss of maternal chromosome 11p15.





Histological and Immunohistochemistry Studies

Enrollment on the IPACTR requires central review for the diagnosis of pediatric adrenocortical tumors in individuals up to 21 years of age at the time of initial diagnosis. The histological diagnosis was based on a combination of morphologic (hematoxylin and eosin) and histochemical criteria including chromogranin, cytokeratin, Cam 5.2, inhibin (Figure 3), Melan-A and synaptophysin. In addition, Ki-67 and beta-catenin were analyzed using standard assays (1). The p53 expression by immunohistochemistry was performed on deparaffinized tissue sections using the avidin-biotin complex method. The slides were incubated with monoclonal antibodies directed against p53 protein (1:50, DO-7; Dako Carpinteria, CA) (Table 1). There was no attempt to reclassify the tumors using specific histological criteria.




Figure 3 | Representative histology of study cases, showing the heterogeneous appearance of adrenocortical tumors by H&E staining and weak to absent inhibin staining. All images photographed at 10x magnification using Leica Biosystems Aperio ImageScope. (A) H&E, (B) Inhibin, positive in subset of cells of Case #1; Adrenocortical adenoma. (C) H&E, (D) Inhibin, negative of case #3; Adrenocortical carcinoma. (E) H&E, (F) Inhibin, negative of Case #6; Adrenocortical tumor of uncertain malignant potential. (G) H&E, (H) Inhibin positive, patchy, adrenocortical carcinoma.






Results


Case 1

The patient was an 8.5-year-old female with presumptive diagnosis of BWS who presented to the local physician in 2003 with new onset of herculean habitus, clitoromegaly, pubic hair, acne, and apocrine odor. Abdominal computed tomography imaging revealed synchronous bilateral adrenal masses. There was no evidence of disease elsewhere. The patient underwent laparotomy with excision of the left adrenal gland and tumor enucleation of the right gland. The left tumor weighed 21.5 g and measured 5.5 × 1.5 × 0.7 cm, and right tumor measured 1.3 × 1.2 × 1.0 cm. Sections of both tumors showed similar cellular constituents. Tumors were composed of a uniform population of cells with ample acidophilic cytoplasm and moderate anisonucleosis that recapitulated the zona reticularis, consistent with the diagnosis of adrenocortical adenoma. The p53 staining was negative and Ki-67 labeling index (LI) was less than 2%. Inhibin-α was positive in a subset of cells. No chemotherapy was indicated. The patient remained asymptomatic until 2008, and then developed bilateral small breast nodules. The right breast mass measured 3.5 × 2.5 × 2.0 cm and the left inferior breast mass measured 3.0 × 2.0 × 2.0 cm and both were surgically removed. Histology of the first mass had features of tubular adenoma and that of the left mass of juvenile fibroadenoma. The patient remained clinically stable until the age of 18 years when she was taken off the protocol.

Molecular findings: Blood and tumor DNA of this patient was examined by whole exome sequencing (WES) (17). Results showed that the patient had a wild type sequence for TP53 in both germline and tumor DNA as well as wild type sequence for CTNNB1 and ATRX in the tumor (1, 17). Additional findings included the somatic p.E150K variant in the imprinted MKRN3 and the p.D155fs in the cytochrome P450 Family 17 Subfamily A Member 1, CYP17A1. Of note, the patient harbored a germline p.E257K variant in EGFR (17) and the p.M595T variant in the regulator of epigenetic gene silencing SIRT1. Both variants were present in the tumor in the heterozygous state (17). The variant in EGFR was classified as likely benign in CLINVAR (variant ID 1123013) and the SIRT1 variant was not reported. Therefore, both variants have been reported in the Genome Aggregation Database (gnomAD) originated from unrelated individual sequences as part of population genetic studies supporting lack of biological significance for both variants in the context of adrenocortical tumors. WES analysis of blood-derived DNA did not detect 11p15 UPD. However, a pattern of homozygosity at chromosome 11p15 was verified by microsatellite markers analyses and confirmed by MS-MLPA consistent with paternal uniparental disomy (UPD) in the germline sample (Figure 2).



Case 2

Patient was a 2.4-year-old male with a past medical history consistent with BWS (hemihypertrophy) who had an abdominal mass in the left adrenal gland during surveillance for abdominal tumors. In addition, a hepatic mass was noted. The patient underwent laparotomy with resection of the left adrenal gland and partial hepatectomy. The adrenal tumor weighed 56 g and measured 5.9 × 5.9 × 3.6 cm. The liver lesion weighed 73 g and measured 6.5 × 4.5 × 4.0 cm. Tumors in adrenal gland and liver were histologically identical. The immune profile of both tumors was positive for pan keratin, vimentin, synaptophysin, melan-A, and was negative for inhibin-α, chromogranin, and alpha-feto protein, anti-endomysial antibody (EMA), and calretinin. Liver and adrenal masses were also negative for p53, and Ki-67 LI was <5% in both tumors. There was vascular invasion in the adrenal tumor. Peri-aortic lymph nodes were negative. Tumor margins were free of tumor. The patient was not treated with chemotherapy and remains free of disease 11 years after the diagnosis of adrenocortical carcinoma (ACC).

Molecular findings: Molecular studies were done for the germline sample and the patient was wild type for TP53. Microsatellite analysis covering the position 1,061,991 to 4,539,851 at chromosome 11p15 (GRCh37/hg19) revealed a heterozygous pattern for all studied markers but MS-MLPA revealed a pattern consistent with mosaic paternal UPD.



Case 3

The patient was an 8.4-year-old girl diagnosed with stage II ACC at age 7 months. In 2013, she went to the local pediatric endocrinologist as she had Cushing syndrome. Her medical history revealed that she was a full-term infant with a birth weight of 6lb 12 oz (~3kg). She did not have umbilical hernia, omphalocele, macroglossia, nevus flammeus or lateralized overgrowth. An ultrasound imaging study revealed an abdominal mass in the adrenal gland region. The mass, which measured 8.2 × 7.5 × 4.5 cm was completely resected and the diagnosis of ACC confirmed. Tumor was positive for vimentin and melan-A and inhibin-α was moderate in occasional tumor cells. The Ki-67 LI was 30%. The patient was not treated with chemotherapy and has remained disease-free.

Molecular findings: Blood and tumor samples were available for molecular studies. No TP53 variants were observed in the germline or tumor (1). The tumor harbored the p.S45P missense variant in CTNNB1 and was wild type for ATRX. Whole genome SNP microarray (Reveal; Integrated Genetics) analysis of germline DNA revealed normal chromosome copy number but 50% mosaicism for chromosome 11p covering a 45.6 Mb region. A pattern consistent with mosaic paternal UPD was confirmed by MS-MLPA.



Case 4

Patient was a 28-year-old healthy female diagnosed with non-functional metastatic ACT at age 15 months. She did not have an antecedent of endocrine manifestations, and the tumor was discovered during the one-year routine visit to the pediatrician. She did not have a history of growth and developmental abnormalities. CT imaging of the abdomen and chest revealed a left supra-renal mass measuring 5 cm in the largest diameter and bilateral pulmonary nodules (Stage IV). She underwent resection of the primary tumor that measured 7.0 × 6.0 × 4.0 cm and weighed 130 g. The histopathological examination confirmed the diagnosis of ACC. She was transferred to St. Jude and treated with cisplatin, etoposide and mitotane. However, after four courses of chemotherapy, several pulmonary lesions remained. She underwent resection of the bilateral pulmonary metastatic nodules, and most of them showed viable metastatic tumor by histology. Chemotherapy was stopped and the patient was monitored for tumor progression. The pulmonary lesions regressed and remained very small for over 10 years. She continues to be free of disease and in good health to date, 26.5 years after the diagnosis.

Molecular findings: No TP53 variants were observed in blood and tumor samples (1). In addition, the primary tumor was negative for CTNNB1 and ATRX. Furthermore, microsatellite analysis of germline DNA revealed a pattern of homozygosity consistent with paternal UPD that was confirmed by MS-MLPA.



Case 5

The patient was a 21-year-old female with past history of stage 3 ACT diagnosed at 4.9 years. Her development was normal except for an incidental note per the family of longer and larger right upper and lower extremities throughout her life that had not been specifically investigated as far as the patient and her family were aware, but was associated with chronic left-leaning posture and asymmetric shoe size. She had been in her usual state of good health until the age 4 years when she complained of abdominal pain. She also had weight loss, increased headaches, decreased activity and energy, increased tiredness, and sweating. Given the persistence of symptoms, she was examined by a physician who palpated an abdominal mass  and noted hypertension and slight androgen elevations. Magnetic resonance imaging showed a large abdominal mass in the right adrenal gland, with direct extension into the inferior vena cava and nearly completely filling of the right atrium. She underwent a partial sternotomy, and extraction of the caval portion of the adrenal tumor and resection of the right retroperitoneal tumor. The tumor weight was 550 g and measured 13.5 × 10.5 × 6.0 cm. The pathology confirmed ACC (low Ki-67 LI, rare mitotic figures and negative for inhibin-α). There were large areas of necrosis, and vascular invasion with tumor penetration through the capsule. Immunohistochemistry analysis was negative for p53 and positive for beta-catenin. She was treated with the combination of cisplatin, doxorubicin, etoposide, and mitotane. Features of right-sided lateral overgrowth, including right-sided tongue enlargement as well as increased right vs. left arm circumferences (51 cm vs 50 cm), calf circumferences (39 cm vs 37 cm), and a slight leg length discrepancy (88 cm vs 85 cm) were first noted during exams performed at St. Jude  as part of a multidisciplinary rare endocrine tumor clinic when she was 18 years old, and led to additional testing subsequently confirming chromosome 11p15 UPD. She has been alive and tumor free for 17 years.

Molecular findings: Blood DNA of this patient was analyzed by whole exome sequencing (WES). No reportable structural, single nucleotide variants, and indel or copy number changes were identified in APC, CDKN1C, MEN1, PRKAR1A, and TP53. Chromosome paternal 11p15 UPD was confirmed by MS-MLPA.



Case 6

The patient was a 23-year-old female who had hypertension during a routine medical visit in 2009 at age 11 years. Examination for causes of hypertension revealed a large, and well-defined mass in the left upper quadrant above the left kidney and deep to the spleen. The mass was approximately 8.7 × 9.7 × 9.7 cm and was relatively round. The kidneys and liver were normal in appearance. There was no regional adenopathy. Laboratory investigation showed remarkably elevated levels of deoxycorticosterone, aldosterone, and dehydroepiandrosterone. The mass was removed one month later, and weighed 388 g and measured 11 × 10 × 6 cm. There was a 3 × 3 cm defect on the surface suggestive of tumor rupture. The tumor was composed of nests of moderate-sized cells with round nuclei, prominent nucleoli, and moderate to abundant foamy to amphophilic non-foamy cytoplasm. There was only one mitosis per ten 400× fields and there was no atypical mitosis. However, the tumor demonstrated prominent venous invasion, necrosis, and extracapsular extension. Calcifications were noted. Immunohistochemical stains were positive for melan-A, vimentin, and cytokeratin (focal). Epithelial membrane antigen, chromogranin, and inhibin-α were negative. Ki-67 LI was <5%. Occasional areas of the tumor showed moderate nuclear staining for p53. The patient was referred to St. Jude for treatment. At that time, her adrenal hormones had returned to normal levels. She underwent comprehensive imaging studies, including FDG-PET scans. There was no evidence of residual disease. The recommendation was observation. She remains disease free 12 years from diagnosis.

Molecular findings: Blood and tumor DNA of this patient was analyzed by whole genome sequencing (WGS) (17). The patient had a wild type sequence for TP53 in both germline and tumor DNA (1, 17). ACT was wild type for ATRX and acquired the p.G34E variant in CTNNB1 and p.R201H in GNAS (17). In addition, the patient harbored the germline p.R307* variant in the PDE11A (18). WES analysis of blood-derived DNA was not sufficiently sensitive to detect chromosome 11p15 UPD, but MS-MLPA revealed a mosaic pattern of paternal 11p15 UPD.




Discussion

This study suggests that ACT can be the first and only clinical manifestation of germline paternal uniparental disomy (UPD) at chromosome 11p15. The association between chromosome 11p15 rearrangements and embryonal tumors, including pediatric ACT, in patients with clinical diagnosis of BWS/lateralized overgrowth is well established (3–8). Wilms tumor is the most common tumor (52% of all tumors) (3), and pediatric ACT accounts for a minority of cases (3%) (3). The risk for embryonal tumors in BWS results primarily from dysregulation at the telomeric domain of 11p15 (gain of methylation at ICR1 and UPD) rather than at the centromeric domain (loss of methylation at ICR2 and pathogenic variants in CDKN1C) (19, 20). The loss of methylation at the ICR2 confers a low risk of developing embryonal tumors (19, 20). ACTs have been reported in a BWS patient with concomitant neuroblastoma and hypomethylation at ICR2 (21). However, most studies associate ACT exclusively with 11p15 UPD (19, 22, 23). In addition to paternal 11p15 UPD, germline rearrangements at this region have also been observed in 12% of children with ACT without germline TP53 mutations (1), making abnormalities in these loci the most common recurrent constitutional driver events in wild type TP53 pediatric ACT.

Remarkably, four of the patients with germline paternal 11p15 UPD (cases #3,4,5,6), and three previously reported cases of ACT with hypomethylation at ICR2 (24, 25) did not have clinical manifestations of BWS. These findings suggest that chromosome 11p15 abnormalities are associated with diverse phenotypes ranging from cases that fulfil the entire criteria of classic BWS to those with embryonal tumors-only. This concept is supported by a study reporting that among 437 cases of non-syndromic Wilms tumor, 13 (3%) had constitutional 11p15 abnormalities, including 6 with germline paternal segmental 11p15 UPD (26). Although mechanisms underlying the phenotypic variations are not established, the length of the uniparental disomic region has been implicated in the degree of severity (27). This is consistent with molecular findings observed in three of the patients (cases #1,5,6) included in this study. In these patients, microsatellite and MS-MLPA analysis detected mosaic paternal 11p15 UPD that was not detected by WGS or WES. These findings highlight the technical challenges of detecting genetic mosaicism and underscore the need to incorporate multiple techniques with higher diagnostic yield to determine the (epi)genotype-phenotype associated to cancer risk.

A diversity of adrenal gland lesions is observed in BWS, including adrenal hyperplasia, hemorrhage, cysts, neuroendocrine tumors, neuroblastoma, hemangioendothelioma, ovarian thecal metaplasia, and adrenal cortical tumors (adenoma and carcinoma) (28). Moreover, ectopic adrenal tissue (29) has been found in liver, renal hilum, and spinal cord. A panel of markers (CD56, vimentin, melan-A, inhibin-α, synaptophysin, chromogranin and SF-1) are used to establish the origin of adrenal tumors (30, 31). Notably inhibin-α is expressed in the normal adrenal cortex and frequently in both adrenocortical adenoma and carcinoma, which is useful to differentiate adrenal cortex tumors from other embryonal pediatric tumors. Normal adrenal glands show strong immunoreactivity against the inhibin- α subunit, especially in the zona reticularis (32, 33) and both fetal and definitive zones of the fetal cortex (32, 33). In addition, immunopositivity is seen in most ACTs (33). In our series, inhibin-α was negative in three cases and had weak focal expression (occasional cells) in two cases. Focal immunoreactivity for inhibin-α was also seen in heterotopic ACT in a patient with BWS (29). However, the clinical and pathological significance of immunoreactivity for inhibin α remains unclear.

IGF2 expression is increased in virtually all cases of pediatric ACT, irrespective of the TP53 status, and is considered an early driver event in tumorigenesis of the adrenal cortex (17). However, the mechanism of IGF2 overexpression, and likely its degree, may vary. Most cases of ACT in carriers of germline TP53 variants, have lost the whole maternal chromosome 11, followed by duplication of the paternal [copy neutral loss of heterozygosity (LOH)] (17). In this context, there is biallelic IGF2 expression and loss of IGF2 regulatory elements located in maternal chromosome 11. In contrast, in ACT of children with germline paternal 11p15 UPD, rearrangements appear to be confined to the 11p15 loci and IGF2 expression could still be regulated by remaining regulators on maternal chromosome 11. Moreover, in ACT driven by TP53 germline mutations, there is an association between tumor weight and the number of genomic alterations (17). It is not surprising that tumor size is a reliable prognostic indicator in patients with germline TP53 variants, in which patients with small tumors (<100 g) have excellent outcomes (34–36) whereas those with large tumors can have metastatic disease at diagnosis and a high relapse rate after complete resection. These observations are consistent with the proposed mechanism of pediatric ACT associated with germline TP53 variants that lose both the wild type TP53 and maternal chromosome 11 early in tumorigenesis (17). As the tumor grows, these two molecular events are followed by acquisition of multiple genomic abnormalities and poor clinical outcomes in patients (17). Conversely, it appears that tumor weight in cases of ACT with constitutional paternal 11p15 UPD is not associated with high number of genomic aberrations as seen in carriers of TP53 variants even when the former has larger tumors. In our series, all six patients with ACT associated with paternal 11p15 UPD are alive and free of disease despite bilateral pulmonary metastasis at diagnosis in one patient, bilateral tumors in another patient, and tumor extending and nearly filling the right atrium in a third patient. Of note, independent of the germline TP53 status, copy neutral LOH with preferential loss of maternal chromosome 11 leading to IGF2 overexpression from the paternal allele is observed in 90% of pediatric ACTs (17). Although not related to prognosis in children, chromosome 11p15 abnormalities and IGF2 overexpression are malignancy markers in adult patients with ACC (37).

Recommendations for cancer surveillance of children with BWS have been suggested by consensus panels (5, 38). For non-syndromic children with paternal UPD 11p15 who develop ACT, it is unclear whether surveillance is required beyond that for relapsed ACT. In our series, no patients developed other embryonal tumors. However, case #1, who had a clinical diagnosis of BWS preceding the diagnosis of ACT, developed bilateral breast fibroadenomas at age 14 years. This complication is seen in women with BWS (39). Until more data are available, we suggest that patients with ACT associated with paternal UPD 11p15 follow the surveillance recommendations for BWS (5, 38).

Case #1 was also interesting because in addition to paternal 11p15 UPD, it also carried a germline mutation in EGFR (p.E257K). A germline mutation in EGFR (p.D1080N) has been reported in another patient with bilateral ACT, but without overt clinical signs of BWS. Unfortunately, in the reported case (40), chromosome 11p15 copy number changes and methylation studies were not performed to determine whether the patient did or did not have germline paternal UPD 11p15. Whether germline EGFR mutations contributes to pediatric ACT remains to be elucidated.

In conclusion, we demonstrate that germline paternal 11p15 UPD is a relatively common event in pediatric ACT without germline TP53 variants or somatic manifestation of BWS. Given the therapeutic implications and tumor surveillance, we recommend using chromosome 11p15 molecular assays in routine clinical work-up of patients with pediatric adrenocortical tumors, particularly those with wild type TP53 sequence, with genetic predisposition evaluation and counseling.
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Nelson’s syndrome is considered a severe side effect that can occur after a total bilateral adrenalectomy in patients with Cushing’s disease. It usually presents with clinical manifestations of an enlarging pituitary tumor including visual and cranial nerve alterations, and if not treated, can cause death through local brain compression or invasion. The first therapeutic option is surgery but in extreme cases of inaccessible or resistant aggressive pituitary tumors; the off-label use of chemotherapy with capecitabine and temozolomide can be considered. However, the use of this treatment is controversial due to adverse events, lack of complete response, and inability to predict results. We present the case of a 48-year-old man diagnosed with Nelson’s syndrome with prolonged partial response and significant clinical benefit to treatment with capecitabine and temozolomide.
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Introduction

Nelson’s syndrome (NS) is characterized by an elevation of adrenocorticotropic hormone (ACTH), hyperpigmentation, and an expanding pituitary mass. NS is considered a severe side effect of total bilateral adrenalectomy (TBA) that occurs as a consequence of missing glucocorticoid feedback to control adenoma cells in patients with Cushing’s disease (CD), which results in an invasive macroadenoma of the pituitary gland (1). CD represents around 70% of the forms of chronic endogenous hypercortisolism and is caused by excessive secretion of cortisol from the adrenal glands secondary to stimulation of an ACTH-producing pituitary tumor (2). CD has a prevalence of 40 cases per million with an incidence from 1.2 to 2.4 per million per year (2, 3). Usually, CD presents in the fourth to sixth decade of life and is more common in women than in men with a ratio of 3:1 (2, 3). Almost 10% of patients with CD eventually undergo TBA and the incidence of NS in patients with TBA shows a high variation, ranging from 0% to 47% with a median of 21% at a median follow-up of 61 months (1). The first-line treatment for CD is transsphenoidal surgery since it is the only curative treatment. When surgery fails, other options include repeating surgery (if feasible), radiotherapy, bilateral adrenalectomy, and/or medical treatment (4, 5). Treatment with TBA is performed in patients in whom all other treatment options have failed; the advantage of this procedure is usually the immediate control of hypercortisolism (1). The criteria for the diagnosis of NS include a plasma ACTH level above 200 ng/L, imaging evidence of pituitary mass enlargement, and hyperpigmentation (4). If a patient develops NS after TBA, the primary treatment is surgery, but in patients with inaccessible or resistant aggressive pituitary tumors, the off-label use of chemotherapy or the experimental use of peptide receptor radionuclide therapy (PRRT) may be considered (6, 7). Treatment with temozolomide (TMZ) alone has demonstrated favorable responses in some case reports against a variety of aggressive pituitary tumors (8). However, the use of this treatment can be controversial due to adverse events and lack of complete response to it. In some cases, the addition of capecitabine (CAP) has been proposed; however, the effect of the combination of these drugs in NS has been less defined and the long-term repercussions are unknown (9). Untreated NS adenomas often become markedly aggressive and may cause death, usually through local brain compression or invasion (5). Herein, we present the case of a Nelson’s syndrome patient treated with CAP-TMZ, who achieved a prolonged partial response with great tolerance.



Case Presentation

A 48-year-old man was referred to our hospital for the study of cushingoid phenotype. Medical history included allergy to penicillin and dyslipidemia. He presented an ACTH of 152 pg/ml (range, 4.7–48.8 pg/ml) cortisol of 47 μg/dl (range, 5.27–22.45 μg/dl), dynamic endocrine laboratory tests were suggestive of CD, and the magnetic resonance imaging (MRI) revealed a macroadenoma. Therefore, initial treatment with a transsphenoidal resection was performed. The morphological changes were consistent with a pituitary adenoma, with a loss of reticulin network (Figure 1B). The cells displayed a pathological appearance with a glassy pale eosinophilic cytoplasm, with intranuclear or perinuclear vacuoles, consistent with Crooke’s hyaline change (Figure 1A). ACTH cytoplasmic immunoreactivity was found at the periphery of the cell (Figure 1C); PAS positivity was found, stronger at the periphery (Figure 1D). The proliferation index (Ki-67) reached 2% to 4% of cells. Pituitary surgery was unsuccessful, and the follow-up pituitary MRI showed an 8-mm lesion on the right margin of the sella turcica. With this finding, a second surgical intervention was performed and the histology reported a pituitary adenoma with mild and diffuse expression of ACTH, absence of p53 overexpression, and a Ki-67 of 2%–3%. Despite surgical rescue, the patient remained with active Cushing and an increasing tumor volume in follow-up. Thus, a third surgical intervention was performed with adjuvant stereotaxic radiotherapy at a dose of 54 Gy in 27 fractions to prevent NS but was not expected to be curative. The last histological study showed again a pituitary adenoma with ACTH expression, absence of p53 overexpression, and a Ki-67 of 2%. The patient failed to control hypercortisolism with ketoconazole (200 mg/8 h) and pasireotide (40 mg/month). Therefore, the case was presented to the endocrine tumors committee, and treatment with TBA was indicated. After TBA, the cortisol levels became undetectable and steroid replacement was initiated with hydrocortisone 300 mg iv during the first 24 h. After the initial treatment, the corticosteroid dose was gradually decreased until an oral dose of hydrocortisone at 30 mg/day was reached. Moreover, oral fludrocortisone at 0.1 mg/day was initiated. The pathological anatomy report of the adrenal glands showed diffuse corticoadrenal hyperplasia with an absence of malignancy. During postsurgical TBA follow-up, the annual pituitary MRIs showed tumor stability for 2 years.




Figure 1 | (A) Crooke cells exhibiting wide glassy pale eosinophilic cytoplasm with intranuclear or perinuclear vacuoles (H&E, ×400). (B) Breakdown of reticulin network in the lesion (Gordon’s reticulin, ×400). (C) ACTH cytoplasmic immunoreactivity at the periphery of the cell (ACTH, ×400). (D) Periodic acid-Schiff (PAS) positivity staining stronger at the periphery of the cell (×400).



Two years and eleven months after the TBA, the patient presented to the emergency room with an intermittent bilateral diplopia of 3 weeks of evolution. He denied ocular symptoms like exudate, chemosis, or ecchymosis. He also denied fever, bulbar symptoms, nausea, vomiting, headache, or head trauma. On physical examination, he presented generalized skin and mucosa hyperpigmentation, horizontal diplopia to dextroversion, without ptosis or clear restrictions in the oculomotor muscles, and no peripheral sensory or motor neurological alterations were present. The ophthalmic funduscopy and ultrasound biomicroscopy were unremarkable. The presentation of diplopia to dextroversion as the main clinical sign suggested differential diagnoses such as lens ectopias, cataracts, and corneal opiates. The ocular fundus examination without pathological findings helped to dismiss these possible diagnoses. The diplopia was not accompanied by ocular exudate, chemosis, or ecchymosis, which made it unlikely to relate the symptom to an infectious process. The neurological evaluation with an absence of peripheral sensory or motor alterations made diagnoses such as multiple sclerosis or Eaton-lambert syndrome very unlikely. Diplopia was not associated with systemic symptoms such as fever or chills, which could suggest an orbital or brain abscess or cavernous sinus thrombosis. An emergency CT scan was requested and did not show growth of the lesion or signs of compression. However, during follow-up, the patient persisted with intermittent diplopia and subsequently presented ACTH levels at 1,838 pg/ml and chromogranin A of 41.5 ng/ml (range, 0–101.9 ng/ml). A pituitary MRI (Figures 2A, C) reported an increase in the size of the pituitary tumor that invaded the clivus, a subacute bleeding component that affected the right margin of the tumor (9 × 14 mm), and an invasion of both cavernous sinuses extending to the lateral carotid line (Knosp grade III). With the three criteria of plasma ACTH level increase, imaging evidence of pituitary mass enlargement, and hyperpigmentation, the patient was diagnosed with NS. No other surgery was performed due to the low probability of success and no clear clinical benefit. Prior to the committee, a thoracic and abdominal CT scan was performed and was negative for extracranial disease. The case was presented to the endocrine tumors committee and the patient started treatment with CAP 2,500 mg daily on days 1 to 14 every 28 days for 14 days and TMZ 140 mg/m2 once daily on days 10 to 14 every 28 days. After two cycles of CAP-TMZ, the diplopia disappeared, hyperpigmentation improved, and ACTH levels decreased to 80% (from 1,838 to 414 pg/ml). The patient reported asthenia and diarrhea grade one during the first two cycles, which disappeared after four cycles. The patient completed four cycles of CAP-TMZ and started maintenance treatment with TMZ 140 mg/m2 once daily on days 10 to 14 every 28 days. After 14 months of initial CAP-TMZ treatment, the last pituitary MRI showed a 65% shrinkage of the tumor (Figures 2 and 3B, D) compared with the prior brain MRI (Figures 3A, C). At the time of this article’s publication, after 18 months of the first dose of CAP-TMZ, the patient continues treatment with hormone replacement therapy and TMZ with excellent tolerance, maintaining a PS ECOG of 0 without new neurological focality in the last follow-up visit (Table 1).




Figure 2 | T1-weighted pituitary magnetic resonance imaging before (A, C) and after (B, D) treatment with capecitabine and temozolomide. (A) Pre-CAPTEM sagittal image shows an increase in the size of the seal tumor (26 mm) with a subacute bleeding component. (B) Post-CAPTEM sagittal image shows a decrease of 65% with a total size of 9 mm. (C) Pre-CAPTEM pituitary coronal image shows invasion of clivus and protrusion into the sphenoid sinus. (D) Post-CAPTEM coronal image shows a decrease in size of the lesion, more prominent at the right level.






Figure 3 | T2-weighted pituitary magnetic resonance imaging before (A, C) and after (B, D) treatment with capecitabine and temozolomide. (A) Pre-CAPTEM axial image. (B) Post-CAPTEM axial image shows a decrease in size of 65% with prominent cystic degeneration. (C) Pre-CAPTEM pituitary coronal image. (D) Post-CAPTEM coronal image shows a decrease in lesion.




Table 1 | Treatment timeline.





Discussion

The choice of treatment for a complicated case of NS is challenging due to the inability to predict a good outcome. Like in the case of our patient, Nelson’s syndrome usually presents with clinical manifestations of an enlarging pituitary tumor, including visual and cranial nerve alterations, due to tumor compressive effects or invasion into surrounding structures (6). To gain a rapid reduction in tumor size and ACTH secretion, pituitary surgery with maximal resection of the adenoma is the first-line treatment for NS, but when this approach is dismissed, there is no specific standardized systemic treatment (10). Regarding the chemotherapy options for the treatment of aggressive pituitary adenomas (APA), the use of TMZ has been described since 2006. TMZ exerts its cytotoxic activity by alkylating DNA at the O6-methylguanine DNA methyltransferase (MGMT) position of guanine resulting in irreversible DNA damage and cell death (11). Principal controversies to determine the adequate use of TMZ in patients with APA are related to the optimal duration of treatment and whether TMZ should be used in combination with other therapies. Based on the results of a European Society of Endocrinology survey in 2016, TMZ was endorsed as first-line chemotherapeutic treatment of APA (8). A previous case of a 64-year-old woman with NS treated with TMZ reported a significant improvement in symptoms, a reduction of plasma ACTH, and regression of tumor on magnetic resonance imaging scan after four cycles of treatment (12). Another review describes at least 11 separate cases of pituitary tumors treated with TMZ with sustained effects (12). In general, clinically functioning tumors and concurrent radiotherapy are associated with a better response to treatment with TMZ (8). A systematic review of 31 cases of APA reported that the objective response rate (complete response plus partial response) was 48.4%, and a stable disease occurred in 29%, and lack of response to TMZ was 22.5%. Among patients who received more than 12 months of treatment with TMZ, the majority stayed free of disease progression for relatively long periods of time (14 to 120 months). Although these data strongly argue for use of long-term TMZ in the treatment of APA, the duration of TMZ therapy remains unknown (13). A literature review that included 31 patients reported that 25 patients (80.6%) had disease control during TMZ treatment, while six patients (19.4%) had disease progression with a median follow-up after beginning TMZ of 43 months. The 2-year progression-free survival was 47.7% (95% CI, 29.5%–65.9%), while the 2-year disease control duration was 59.1% (95% CI, 39.1%–79.1%) (14).

The results of the combination of CAP-TMZ for the treatment of NS remain uncertain due to the lack of current evidence. CAP is metabolized to 5-fluorouracil and interferes with DNA synthesis and replication. Its use can lead to adverse reactions like bone marrow suppression, diarrhea, hand-foot syndrome, nausea, or fatigue (11). A synergism between CAP-TMZ has been hypothesized due to a reduction in thymidine levels (12). Previous reports that could support this theory include the case of a 48-year-old man with an aggressive corticotrope tumor who was treated with 12 cycles of CAP-TMZ, leading to tumor shrinkage and no tumor regrowth after 22 months of therapy cessation (15). A case series of four patients with aggressive ACTH producing pituitary tumors were treated with CAP-TMZ; two out of four patients demonstrated complete regression of the disease, one patient had a 75% regression, and one had an ongoing stable disease for 4.5 years at the time of the report (9). In our case, a neurological and radiological partial response was observed after 18 months of starting treatment with CAP-TMZ. These data suggest that CAP-TMZ may be a promising option for the treatment of NS with a low toxicity profile. However, some limitations must be considered. This was a single reported case; we cannot specifically determine whether the initial clinical and radiological effect of the treatment was due to the combination of CAP-TMZ or to one of the agents by themselves. The known cases of APA tend to become malignant after several years, so we cannot yet indicate if this will be the evolution of our patient. The patient received CAP-TMZ as the best possible medical treatment, according to our expertise, but from the patient’s perspective, he would prefer a drug that does not cause fatigue and allows him to go back to work. It is important to always keep in mind that the ideal treatment should be the most effective, best tolerated, and least harmful.

APA can exhibit histological features like increased proliferation, a Ki-67 index above 3%, increased mitotic cells, and p53 expression. However, the presence of these features does not predict future aggressive behavior, and the prognostic value of these markers is controversial (8). There is no correlation between the Ki-67 index and response to treatment with TMZ. Otherwise, the negative expression of the enzyme MGMT was associated with TMZ response among patients with APA (13). The MGMT repairs DNA and counteracts the effect of TMZ (8). All pathology reports of our patient showed low mitosis indicators, absence of overexpression of p53, and low KI-67 levels. MGMT expression was not available, but it might be negative due to a good response to treatment. Although the response to TMZ has been favorable for our patient, its use may limit other experimental therapies in the future. A recent study reported that peptide receptor radionuclide therapy (PRRT) can induce tumor shrinkage and clinical or biochemical improvement in 33% of patients with APA, but PRRT failure was significantly associated with previous TMZ treatment, noting that PRRT could be effective in 80% of patients not previously treated with TMZ (7).

In our case, the short latency between the tumor progression and the last session of radiotherapy, a single exposure to adjuvant stereotaxic radiotherapy with a total dose of 54 Gy, and the fact that it was a young patient make it unlikely that adjuvant radiotherapy was directly responsible for the tumor progression or a change of aggressiveness (16). Despite local tumor progression, the patient did not show new lesions at other locations of the central nervous system nor extracranial metastasis by CT scan. Thus, we treated a benign tumor with CAP-TMZ because it was rapidly growing and locally compressive. A future problem to consider is that by exposing this kind of tumor to chemotherapeutic pharmacological stress, there is a possibility of creating mechanisms of cellular resistance, mutations, and thus, malignancy. A case of a 42-year-old man with ACTH-secreting pituitary tumor evolved to a carcinoma in which the tumor progressively increased from 2.2 to 31.1 cm3, Ki-67 increased from 2% to 18%, and an intradural metastasis at the foramen magnum was detected. Despite these findings, the tumor presented a 90% reduction after five cycles of TMZ (200 mg/m2/day during the first cycle and 150 mg/m2/day during the following cycles) (17). Another case involved a 46-year-old woman with an APA being treated with CAP-TMZ and showing a complete biochemical and radiological response by MRI after 10 cycles. At first, each cycle was every 28 days, and then they were subsequently extended to every 42 days and every 3 months. After 8 years of treatment, the patient progressed biochemically and developed liver metastases. Due to insufficient tumor from liver biopsy, whole-exome sequencing of recurrent sellar tumor and a matched normal tissue was performed. This tumor was found to be hypermutated in the absence of microsatellite instability or mismatch repair deficiency (11). Another case of a 50-year-old man with a giant invasive corticotrope pituitary tumor treated with CAP-TMZ also presented a decrease in size and ACTH levels, but the tumor recurred after 5 months with increased avidity on PET scan, suggesting a transformation to a more aggressive phenotype (12).

All these data suggest that treatment with CAP-TMZ could be an effective option for patients with APA and NS, but treatment should be properly supervised in order to avoid secondary effects. Additionally, the use of CAP-TMZ could be explored as neoadjuvant treatment of pituitary tumors to achieve shrinkage of the tumor before surgery if complete extirpation is impossible (9). The limited or unknown long-term effect of treatment with CAP-TMZ in NS resistant to standard treatment modalities highlights the need to identify additional effective therapies.



Patient’s Perspective

When they told me I had to receive chemotherapy, I did not take it too well, I was not amused at all, I wished there were other treatment options; however, they explained to me that it was very risky to have surgery again. I am the first person in my family that has problems with the pituitary gland, and everything that has happened to me from the beginning caught me off guard. The chemotherapy treatment has been very strong; it made me feel very tired. The first thing I noticed when starting the chemotherapy treatment was burning, pain, and erythema in the palms and soles of my hands and feet, later it made me feel very discouraged. In the aspects of my personal life, I think that the hormonal disorders and symptoms in my body increased after my pituitary gland was “fried” with radiotherapy. Sometimes, I have been discouraged because I do not feel like being intimate with my girlfriend due to my hormonal disorder. At this moment, I am following all the indications and hormonal treatments that my doctors have told me to do, in order to make these symptoms disappear. Regarding the good aspect of the treatment, I noticed that after 2 months of chemotherapy, the double vision that I was experiencing totally disappeared. I also noticed an improvement in the spots and color of my skin. In general, this is not a treatment that I would like to follow all my life, and I hope in the future there may be some other treatment options that do not make me feel tired and that allow me to return to my work and the activities that I used to do.
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Adrenocortical carcinoma (ACC) is a rare endocrine malignancy and treatment of advanced disease is challenging. Clinical trials with multi-tyrosine kinase inhibitors in the past have yielded disappointing results. Here, we investigated fibroblast growth factor (FGF) receptors and their pathways in adrenocortical tumors as potential treatment targets. We performed real-time RT-PCR of 93 FGF pathway related genes in a cohort of 39 fresh frozen benign and malignant adrenocortical, 9 non-adrenal tissues and 4 cell lines. The expression of FGF receptors was validated in 166 formalin-fixed paraffin embedded (FFPE) tissues using RNA in situ hybridization (RNAscope) and correlated with clinical data. In malignant compared to benign adrenal tumors, we found significant differences in the expression of 16/94 FGF receptor pathway related genes. Genes involved in tissue differentiation and metastatic spread through epithelial to mesechymal transition were most strongly altered. The therapeutically targetable FGF receptors 1 and 4 were upregulated 4.6- and 6-fold, respectively, in malignant compared to benign adrenocortical tumors, which was confirmed by RNAscope in FFPE samples. High expression of FGFR1 and 4 was significantly associated with worse patient prognosis in univariate analysis. After multivariate adjustment for the known prognostic factors Ki-67 and ENSAT tumor stage, FGFR1 remained significantly associated with recurrence-free survival (HR=6.10, 95%CI: 1.78 – 20.86, p=0.004) and FGFR4 with overall survival (HR=3.23, 95%CI: 1.52 – 6.88, p=0.002). Collectively, our study supports a role of FGF pathways in malignant adrenocortical tumors. Quantification of FGF receptors may enable a stratification of ACC for the use of FGFR inhibitors in future clinical trials.
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Introduction

Adrenocortical carcinoma (ACC) is a rare endocrine malignancy, the pathogenesis of which is still poorly understood. Complete surgical resection is the treatment of choice in localized ACC and virtually the only option to achieve cure. As recurrence is frequent, adjuvant therapy is recommended in most patients (1, 2). The use of mitotane for adjuvant ACC treatment is mainly based on a large retrospective multicentre study conducted in Italy and Germany (3, 4). In advanced metastatic disease, the first and largest randomized phase III study in advanced ACC established etoposide, doxorubicin, cisplatin plus mitotane (EDP-M) as the cytotoxic chemotherapy of first choice (5). However, with a median overall survival of only 14.8 months in the group receiving EDP-M, the prognosis is still poor. Accordingly, there has been a growing interest in targeted therapies for the treatment of ACC.

Since insulin-like growth factor (IGF) 2 is the single most overexpressed molecule in the majority of ACC (6), clinical investigation of inhibitors of the IGF pathway yielded high expectations (7). However, this first industry-sponsored randomized phase III clinical trial in ACC with the IGF1R-inhibitor linsitinib (OSI-906) did not significantly prolong progression free survival in the vast majority of patients although some remarkable responses were observed (8). High expression of vascular endothelial growth factor (VEGF) and its receptor VEGF-R2 in many ACC specimens (9) led to several studies targeting the tumor vasculature in ACC with bevacizumab, an anti-VEGF monoclonal antibody, and sorafenib, a multi-tyrosine kinase inhibitor in combination with paclitaxel which however failed to demonstrate clinical efficacy (10). Previous in vitro data in ACC cell lines (11) led to the conception of a phase II clinical trial of the receptor tyrosine kinase (RTK) inhibitor sunitinib targeting VEGFR2, and PDGFRβ among others. 29 patients were evaluated in the study (SIRAC), all patients had progressed despite prior cytotoxic chemotherapy and suffered from significant tumor burden, however, sunitinib showed modest antitumor effects (12). Despite these setbacks, tyrosine kinase inhibitors have still potential in the treatment of ACC, as demonstrated by a small study using the multi-tyrosine kinase inhibitor cabozantinib in 16 patients with progressive ACC that showed prolonged disease control in half of the patients (13). However, overall, advanced disease still remains a major therapeutic challenge in patients with ACC (14).

In humans, the family of fibroblast growths factors (FGFs) comprises 22 different genes that encode proteins binding with high affinity to receptor tyrosine kinases (FGFRs) (15). Members of the FGF family function in the earliest stages of embryonic development and during organogenesis to maintain progenitor cells and mediate their growth, differentiation, survival, and patterning (16, 17). Four of the five FGF receptors (FGFR1-4) are highly conserved membrane bound RTK. After ligand binding, dimerization of the receptor causes phosphorylation of intracellular tyrosine residues that subsequently activate several crucial intracellular signaling pathways (18) like Phospholipase-C (PLC), Protein Kinase C (PKC) and Ras/Mitogen-activated protein kinase (MAPK). Activation of FGFR signaling may lead to carcinogenesis in several types of tissues (19, 20). Aberrant expression of some of the FGFs has been implicated in the development and progression of different tumor types (21, 22). Although FGF signaling can drive tumorigenesis, it has also been shown to mediate tumor protective functions (21). Importantly, the association of FGFRs with tumorigenesis led to the development of tyrosine kinase inhibitors (TKI) with FGFR specificity (23, 24), with high response rates in the first clinical studies in other types of cancer (25). Notably, response to FGFR inhibition is correlating with copy number amplification (26, 27) and mRNA expression levels (28).

The knowledge about the FGF/FGFR pathway in the adrenal gland is sparse and fragmented. As early as 1975, Gospodarowicz et al. demonstrated that some fibroblast growth factors increased proliferation in the mouse Y1-adrenocortical tumor cell line (29) and in bovine and human foetal adrenocortical cells (30). Later, FGF1 and 2 were identified as growth-stimulating factors in adrenocortical cells and adrenocortical tumors (31–33) indicating a dual role of the FGF/FGFR system in both organogenesis and tumorigenesis in the adrenal system. FGF signaling through Fgfr2 isoform IIIb was shown to regulate adrenal cortex development in mice (34) while in humans a study in 22 ACC patients has shown a variable expression of FGFR2 that did not correlate with either clinical data or CTNNB1 genotype (35). Regarding possible FGFR gene amplifications, no study is specifically reporting such data for adrenocortical tumors but a quick query in the COSMIC (https://cancer.sanger.ac.uk/cosmic) database revealed gene amplifications in FGFR1, 3 and 4 genes in 1, 4 and 3 samples in the data of Zheng et al. (36) out of 89 samples analyzed, similar to that in other types of cancer (37).

However, until now, no single study has been published that focused on the FGF/FGFR pathway as a central mechanism that can potentially be targeted therapeutically. Our study aims at closing this gap and we expect the results to represent a promising step towards a better understanding at the molecular level and improved treatment in this disease with dismal outcome.



Material and Methods


Patient Material

We used patient material from three normal adrenal glands (NAG), 29 adrenocortical adenomas (ACA) and 149 ACC. Of these, three NAG, 15 ACA and 21 ACC were used for the Real-time PCR experiments as frozen samples, and three NAG, 21 ACA and 142 ACC were used for RNAScope as Formalin fixed, paraffin embedded (FFPE) tissue samples (Table 1). For an overview of the sample overlap please see the Venn diagram in the Supplementary Figure 1. Informed consent was obtained from all subjects involved and the study was conducted according to the guidelines of the Declaration of Helsinki, approved by the Ethics Committee of the University of Würzburg (approval # 88/11). An overview of key clinical characteristics of the patients can be found in Table 1. The differential diagnosis between ACA and ACC was based on established clinical, biochemical and morphological criteria, and all histological diagnoses, including Weiss score and Ki67 expression, were confirmed by the reference pathologist. The normal adrenal glands used in this study were obtained in an anonymized fashion as a byproduct of kidney cancer surgery when the adrenal gland had to be also removed. RNA from four different ACC cell lines [NCI-H295-R, MUC-1 (38), CU-ACC1 and CU-ACC2 (39)] was included as well. The following samples served for comparison: 1 normal thyroid, 1 normal colon, 2x colon carcinoma, 2x osteosarcoma, 2x liposarcoma, 1x synovial sarcoma together with two cell lines deriving from liver cancer (Hep G2) and embryonic kidney (HEK 293).


Table 1 | Patient and tumor statistic for the FFPE (A) and frozen tissue (B) samples.





Real-Time PCR

For quantification of mRNA expression, real-time RT-PCR was performed. RNA was extracted from previously cryo-preserved tissues using the RNeasy Lipid Tissue Kit and from cell lines using the RNeasy Mini Kit (both from Qiagen, Germany). This mRNA was then reverse transcribed with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA) and subsequently 10ng/well were used for the real-time RT-PCR amplification using the TaqMan Gene Expression Assay kit (Thermo Fisher Scientific, USA) with the probe primers for each specific gene. The pre-made FGF pathway PCR plate from Thermo Fisher (catalogue number 4418781) was utilized. The probe list and plate layout can be seen in Supplementary Table 1. Since the plate did not contain a probe for FGFR4, this gene was amplified separately using a specific TaqMan probe (Hs01106908_m1, Thermo Fisher), and as housekeeping genes for the expression normalization 18S (Hs99999901_s1) and ACTB (Hs99999903_m1) were amplified in parallel. The amplification and the quantification steps were performed using a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, USA). Raw expression data of the 92 genes of the FGF pathway plate were normalized to the expression of the four house keeping genes (Supplementary Table 1, green background) and expression of FGFR4 was normalized to the expression of the two house keeping genes listed above using the ΔCT method (Microsoft Excel). As the ribosomal 18S rRNA was one of the house keeping genes that have been used to normalize the expression data and its expression levels are much higher than the expression levels of any other gene involved in cellular function, the relative expression values resulting are expected to be quite low numerically.



RNAScope

RNAScope is a custom RNA in-situ hybridization solution from Advanced Cell Diagnostics, USA. Version 2.0 of the kit was utilized for our experiments following the manufacturer’s instructions as described before (40). In short, the FFPE tissue sections of ~2µm thickness were mounted on SuperFrost glass slides (Langenbrinck, Germany), deparaffinized in xylene then washed with 100% ethanol followed by endogenous enzyme blocking in hydrogen peroxide solution (ref. part number 322335, Advanced Cell Diagnostics) at room temperature for 10 min. Permeabilization was performed by boiling in a pressure cooker for 15 minutes in target retrieval reagent (ref. 322000, ACD). Afterwards, protein digestion was achieved with the help of Protease Plus (ref. 322331, ACD) for 20 min at 40°C. All steps at 40°C were performed in a HybEZ Oven (also from ACD) that ensures quick heating up of the samples. FGFR 1, 2 and 4 probes (Hs-FGFR1 – ref. 310071; Hs-FGFR2 – ref. 311171; Hs-FGFR4-CD5 – ref. 412301, ACD) were then hybridized at 40°C for 2h. As a positive control, a probe detecting the mRNA for Cyclophilin B (PPIB) was used, which is expressed at a sufficiently low level so as to provide a rigorous control for sample quality and technical performance (ref. 313901). To ensure that there is no background staining related to the RNAscope assay a negative control probe targeting the dihydrodipicolinate reductase (DapB, accession nr. EF191515) gene from the Bacillus subtilis strain SMY, a soil bacterium (so unspecific for humans), was used (ref. 310043). Unbound probes were subsequently washed away. Starting with this step and until final DAB detection, the slides were washed in wash buffer (ref. 31009, ACD) instead of water. Afterwards, the slides were treated in order with Amplifier solution 1 to 6. Amplifier 1 (ref. 322311, ACD) and Amplifier 3 (ref. 22313, ACD) at 40°C for 40 min, Amplifier 2 (ref. 322312, ACD) and Amplifier 4 (ref.322314, ACD) at 40°C for 20 min, while Amplifier 5 (ref. 322315, ACD) for 50min and Amplifier 6 (ref. 322316, ACD) for 20 min at RT. Then equal amounts of DAB-A (ref. 320052, ACD) and DAB-B (ref. 320053, ACD) were mixed and applied to the slides for 10 minutes at RT. Counterstaining of nuclei was performed using Meyer’s Hematoxylin (Carl Roth, Germany) for 2 minutes, followed by washing in running tap water for 5 minutes. After dehydration, the slides were mounted using Entellan (Merck, Germany) and borosilicate glass coverslips (A. Hartenstein, Germany).

Three pictures of representative areas of each slide were taken with the Leica Aperio Versa brightfield scanning microscope (Leica, Germany) at 40x magnification. Scoring the RNAScope slides was done with the help of Aperio ImageScope software (version 12.x, Leica, Germany) on the entirety of the pictures using the optional image analysis algorithm ‘RNA ISH v1’ (Leica, Germany). This algorithm automatically detects and counts the number of RNA molecules (each brown stained spot is one molecule of RNA) and the number of cells (by detecting the hematoxylin stained nuclei) in a defined area. Thresholds for the detection were manually adjusted for a high fidelity assessment of the signal. In Figure 1 there is an example of only a selected area for detection from a high scoring sample. We used the ratio of RNA spots per number of cells for each slide to quantify the target gene expression.




Figure 1 | An example of RNAScope signal detection using the ImageScope software. The first image (A) is the original image; in the square is the selected area for detection. (B) the same image with the detected mRNA molecules marked in red by the software, while (C) is the same image with the detected cells marked in blue (nuclei) and yellow (cytoplasm).





Bioinformatic and Statistical Analyses

Normalized expression data were Log 2 transformed and loaded into the Gene-E software (v. 3.0.215, Broad Institute ©2013). The unsupervised cluster analysis of all the samples was performed using the column distance/similarity matrix algorithm and the average linkage method with Pearson correlation. Hierarchical clustering of the gene expression between different phenotype clusters was performed using the marker selection algorithm, using a two-sided test with 1000 permutations. The most significantly differential expressed genes were considered those where the false discovery rate (FDR) values were <0.05.

For subsequent analyses at single gene level, non-parametrical comparisons between two groups the two-tailed Mann-Whitney test was used. A two tailed p-value <0.05 was considered statistically significant. Statistical analyses were performed with Graph Pad Prism v 7 for Windows (La Jolla, CA, USA). For ACC patients, the Kaplan-Meier method was used to estimate overall survival (OS, in all patients with primary tumors) and recurrence-free survival (RFS, in patients with complete resection of the primary tumor) while the Cox proportional hazards model was used for univariate and multivariate analyses using IBM SPSS v 26 for Windows (SPSS Inc., Chicago, IL, USA).




Results


FGF Pathway mRNA Expression

Similarity matrix clustering of real-time RT-PCR assessment comprising 93 genes from the FGF pathway showed a distinctive phenotype of adrenocortical tissue compared to all the other tissue samples (Figure 2). A separate cluster that contained all three NAG and most of the ACA had a distinct expression pattern compared to the majority of ACC. At variance, typical epithelial (from thyroid and colon) and mesenchymal tissues (from sarcomas) and all cell lines showed divergent expression patterns and clustered in several small groups separately from the adrenocortical tissues. Notably, colon tissues, whether normal or malignant clustered together as did most of the sarcomas. The different cell lines, whether of adrenocortical origin or not, did not cluster with their tissue counterparts (Figure 2).




Figure 2 | Unsupervised clustering of RT-PCR data of the FGF pathway genes. Unsupervised hierarchical matrix based on FGF pathway expression. On the left side is a graphical representation of the log 2 transformed normalized expression data arranged vertically by tissue name, and horizontally by gene name in the order that they were arranged on the PCR plate. To the right side is the data rearranged through the unsupervised similarity matrix clustering. The colored bar under the tissue names is encoding the different types of tissues analyzed: NAG=normal adrenal glands, ACA, adrenocortical adenomas; ACC1+2,  ACC in ENSAT stages I and II; ACC3, ACC in ENSAT stage III; ACC4, ACC in ENSAT stage IV; EPTN, normal (non-neoplastic) classical epithelial tissues; EPTC, malignant tumors of classical epithelial tissues/carcinomas; MESC,  malignant tumors of classical mesenchymal tissues/sarcomas and CELL, cell-lines.



Several genes of the FGF pathway were significantly differentially expressed among the different clusters, including 16 genes differentially expressed between ACA and ACC (Table 2 and Supplementary Figure 2). Among the 11 genes expressed at lower levels in ACC compared to ACA, there were the genes encoding for FGFs and their receptors like the FGF12, FGF14, and FGFR2, for phospholipases like Phospholipase D1, Phosphatidylcholine-Specific (PLD1) and Glycosyl-phosphatidylinositol Specific Phospholipase D1 (GPLD1), Ras-Related Protein R-Ras 1 (RRAS), 2 (RRAS2) and 3 (MRAS) and the Mitogen-Activated Protein Kinases 10 (MAPK10) and 5 (MAP3K5) as well as Phosphatidylinositol-4-Phosphate 3-Kinase Catalytic Subunit Type 2 Gamma (PIK3C2G). The five genes significantly upregulated in ACCs vs ACAs encoded for the FGFR1, FGFR4, FGF8, and FGF19, and the Neuroblastoma RAS Viral Oncogene Homolog (NRAS).


Table 2 | Statistically significant differential mRNA expression between different groups of adrenocortical tissues.



The differences between ACCs with localized, ENSAT I/II tumors compared to stage III/IV ACCs were less prominent with only 8 genes with statistically significant differential expression between the two groups (Table 2 and Supplementary Figure 3). Most of these genes were expressed at lower in advanced ACC: RAS Like Proto-Oncogene A (RALA), Raf-1 Proto-Oncogene (RAF1) and the kinases Protein Kinase C Alpha (PRKCA), Mitogen-Activated Protein Kinase 9 (MAPK9), Mitogen-Activated Protein Kinase Kinase Kinase 1 (MAP3K1) and 2 (MAP3K2), and Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1). Fibroblast growth factor 21 (FGF21) was the only one of the analyzed genes that was expressed at significantly higher levels in advanced ACC.



RNAScope In Situ RNA Hybridization

To assess the tissue distribution of the FGF receptors FGFR1, 2 and 4 as potential treatment targets, and to confirm real-time PCR results in a larger sample set (n=166), we applied RNAScope in situ RNA hybridization.

We did not differentiate between the different subcellular localizations of the hybridization signal (cytoplasmic, perinuclear and nuclear) as a means to assess the complete gene specific RNA in the cells. The housekeeping gene PPIB (Peptidylprolyl Isomerase B) showed a relatively constant average expression in all ACC samples analyzed (between 10 and 15 molecules per cell, Figure 3A), and the hybridization with the bacterial DapB was negative in all the samples. The expression of FGFRs was variable between the samples but homogenously distributed within most samples (Figures 3B–D). FGFR expression was nearly exclusively in tumoral cells. Significantly more FGFR1 and FGFR4 mRNAs were detected in ACC compared to ACA (5.1 ± 4.3 mRNA molecules/cell vs 1.7 ± 1.4 mRNA molecules/cell, p=0.03 in the case of FGFR1 and 5.5 ± 4.9 mRNA molecules/cell vs 2.1 ± 1.4 mRNA molecules/cell, p=0.002 in the case of FGFR4) (Figure 4A). In contrast, FGFR2 was significantly higher expressed in ACA (5.2 ± 2.7 mRNA molecules/cell for ACA vs 2.5 ± 2.5 mRNA molecules/cell for ACC, p=0.0001) confirming our real-time RT-PCR results in frozen tissues.




Figure 3 | Examples of expression RNAScope staining in ACC. (A) an example of house keeping gene, PPIB, staining, while (B–D) show various levels of FGFR4 expression, from low to high.



Next, we compared expression between tumors in early and advanced stages and found significantly higher expression only of FGFR4 in ENSAT stage 3 + 4 (6.2 ± 5.2 mRNA molecules/cell) compared to ENSAT 1 + 2 (4.1 ± 3.7 mRNA molecules/cell, p=0.02) ACC (Figure 4B). Similarly, we found significantly higher expression FGFR4 (Figure 4C) in recurrences/metastasis compared to primary tumors (8.8 ± 6.6 mRNA molecules/cell for recurrences vs 4.7 ± 4.1 mRNA molecules/cell for primary tumors).




Figure 4 | Expression of FGF receptors 1, 2 and 4 in adrenocortical tissues as assessed by RNAScope. Expression levels in ACA vs ACC (A), in ACC ENSAT stages 1 + 2 vs 3 + 4 (B) and in ACC primary tumor samples vs local or distant recurrences (C). Statistical significance: *p<0.05, **p<0.01, ***p<0.001.





Influence on Patient Survival

In a next step we assessed the influence of the FGFR 1, 2 and 4 on patient survival in the RNAScope ACC patient cohort. The median expression value for each receptor was chosen as cut-off between low and high expression and was 3.9 spots per cell for FGFR1, 1.9 for FGFR2 and 4.4 for FGFR4. High FGFR1 expression was associated with both a shorter OS of 84.12 ± 16.75 vs 147.98 ± 23.20 months (HR=1.8, 95%CI: 1.01-3.25, p=0.047) (Figure 5A) and a shorter RFS of 24.84 ± 6.71 vs 74.71 ± 15.06 months (HR=2.93, 95%CI: 1.25-6.84, p=0.013) (Figure 5B), whereas FGFR2 was not associated with either OS and RFS (Figures 5C, D and Table 3). FGFR4, while significantly associated with a shorter OS of 50.52 ± 7.59 vs 154.60 ± 19.64 months (HR=2.44, 95%CI: 1.41-4.22, p=0.001) (Figure 5E), was not associated with RFS (Figure 5F and Table 3). Interestingly, in a multivariate analysis, including ENSAT tumor stage and proliferation index Ki-67, two well established prognostic factors for ACC (41, 42), the association between FGFR1 expression and the recurrence-free survival and between FGFR4 expression and the OS remained significant (HR=6.10, 95%CI: 1.78 – 20.86, p=0.004 and HR=3.23, 95%CI: 1.52 – 6.88, p=0.002, respectively) (Table 3).




Figure 5 | Association between expression of FGF receptors 1, 2 and 4 with patient survival. (A, C, E) overall survival (B, D, F) recurrence-free survival. *p < 0.05 and **p < 0.01.




Table 3 | Influence of FGFR - 1, 2 and 4 expression on overall and recurrence-free survival of ACC patients in univariate and multivariate analyses including Ki-67 and ENSAT stage.






Discussion

Almost half of the patients with metastatic ACC disease die of the disease already in the first year after diagnosis, one of the worst survival rates among solid cancers. This urges the need for better therapeutic options but while targeting receptor tyrosine kinases was hailed as game changing in other solid cancers, the trials with e.g. VEGFR and IGFR inhibitors in ACC were disappointing (14). This is the largest study screening the FGF/FGFR pathway in adrenocortical tissues with the declared scope of finding potential treatment targets.

The analysis of pan-FGF/FGFR pathway expression data showed that there are significant differences in the expression pattern of constituents of this pathway between the different subtypes of adrenocortical tissues but also between these and normal and neoplastic tissues of other organs. The normal and benign adrenocortical tissues clustered close together in unsupervised analyses but separately from the malignant adrenocortical carcinomas. This indicates that the different members of the pathway have similar expression patterns between the normal and benign adrenocortical tissues but different from the ACC. Interestingly, the expression in all adrenocortical tissues clustered again separately from the expression in other normal and neoplastic tissues of both epithelial and mesenchymal origin indicating that adrenocortical tissues represent a particular tissue type as we could show before (43). A defining property of FGFs and their receptors is that they bind to heparin and heparan sulfate and are therefore intimately connected with the extracellular matrix of tissues (44) where they play an important role during epithelial morphogenesis (45). As the loss of connectivity with the extracellular matrix is an important process necessary in the establishment of 2D cell-lines (46), it was not surprising that all cell-lines, including those of adrenocortical origin, had completely divergent FGF/FGFR pathway gene expression pattern from the corresponding tissues. Hence these cell-lines may not be regarded as a reliable research model for FGF signaling in adrenocortical tissues and future studies addressing the therapeutic potential of modulating these pathways will need to use more physiological models such as patient-derived tumor xenograft or spontaneous adrenocortical carcinoma mouse models.

A quantitative analysis of the genes significantly differentially expressed between the benign ACA and ACC revealed quite a high number of genes (16/93) with altered expression in ACC. A qualitative analysis of these genes showed that several of the genes that were expressed at lower levels in ACC are associated with patterns of expression indicative of tissues differentiation. Thus, a downregulation of these genes would lead to less differentiated, more disorganized tissues. For example in the adrenal, PLD1 and MRAS are associated with hormonal secretion patterns (47–49), FGFR2 is known to regulate the differentiation (50) and the spatial organization of the adrenal gland (51) while PIK3C2G has been identified as a novel X-zone marker and is downregulated in the adrenal glands of Gata6 knockout (cKO) mice (52). Importantly, FGFR1 and FGFR4 were considerably higher expressed in ACC (53–55). The concordant up-regulation of their ligands FGF8 and FGF19 suggests an autocrine/paracrine growth promoting loop (56).

The differences between the localized (ENSAT I and II) and more aggressive (ENSAT III and IV) ACCs were more subtle as can be observed also by the lower number of genes that had significantly different expression levels between the two subgroups. Most of the genes were associated with metastatic processes such as what was classically defined as epithelial to mesenchymal transition suggesting its involvement in the adrenocortical cancer progression. For example RalA plays an important role during embryogenesis and regulation of epithelial-mesenchymal interaction in tissues of mesenchymal origin including the fetal adrenal (57). The same is true for MAPK9/JNK2 the phosphorylation status of which is controlling metastatic processes by promoting the switch of tumor cells from mesenchymal-epithelial transition to epithelial-mesenchymal transition (58) and its inactivation was identified as a carcinogenic factor in other types of cancer (59). PIK3R1 was also reported to negatively regulate the epithelial-mesenchymal transition and stem-like phenotype of renal cancer (60) so its downregulation would lead to mobilization of cells and support establishment of metastases. Interestingly, FGF21, the only gene found significantly upregulated in advanced vs localized ACC is a secreted endocrine factor that functions as a major metabolic regulator stimulating the uptake of glucose and as such has been associated with aggressiveness in several types of cancer (61–63) but also with outcome in other types of diseases (64). All these findings, and especially the upregulation of the secreted factor FGF21 in advanced ACC are important discoveries for ACC and should be addressed in more detail in further studies.

Importantly, from the therapeutic potential point of view, the three FGFRs that we could show to be differentially expressed between benign and malignant adrenocortical tumors, FGFR1, 2 and 4, were also confirmed in the larger cohort of FFPE tissues. The partial cross reactivity of FGFR antibodies due to the sequence similarity of the FGFR family rendered immunohistochemistry unreliable as a validation method. That is why most studies assessing FGFR expression as a prognostic marker for selective FGFR inhibitors use an in situ RNA detection method instead of immunohistochemistry (28, 65, 66). We opted for the in-situ hybridization technique RNAScope that allowed us to both quantify and also determine the tissue distribution of the mRNA of interest, a major advantage when compared to the bulk measurement used in the targeted screening. RNAscope confirmed the previous finding that FGFR1 and 4 are overexpressed in ACC when compared to ACA while FGFR2 is higher expressed in the latter. Not surprisingly FGFR1 and 4 expression was significantly negatively associated with patient survival endpoints while their individual role in recurrence and metastasis remains unclear from these clinical analyses.

The high expression of the FGFR1 and 4 in ACCs is a promising first indication that FGFR inhibitors like ponatinib (pan-FGFR, PDGFR, SRC, RET, KIT and FLT1 inhibitor) (24), lenvatinib (VEGFR, pan-FGFR, PDGFRα, KIT and RET inhibitor) (23), rogaratinib (selective FGFR 4 inhibitor) (65) or others may have better therapeutic efficacy than the other RTK inhibitors that have been tested until now for the treatment of ACC.

To summarize our data, we could show that FGF/FGFR pathways are expressed in adrenocortical tissues and that their expression pattern is different from other tissues. Expression changes in different member molecules of this pathway are associated with tumor progression (FGFR1 and 4) and loss of tissue differentiation, and aggressiveness. These include factors that are generally associated with what is classically known as epithelial to mesechymal transition including cell mobilization and metastatic spread. It must be noted however from our previous work that the adrenal cortex shares less similarity with epithelial compared to mesenchymal tissues based on marker protein expression. Furthermore, FGFR1 and 4 were also associated with patient prognosis in a relatively large cohort of ACC patients. All this data is raising the hopes that future studies with FGFR inhibitors will show the therapeutic potential of these novel targets in the treatment of refractory ACC.
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Background

Parathyroid carcinoma (PC) is a rare malignancy, the incidence of which is less than 1/1 million per year. Sarcomatoid parathyroid carcinoma (SaPC) is an extremely peculiar subtype; only three cases have been reported internationally. It consists of both malignant epithelial components and sarcomatoid components (mesenchymal origin) simultaneously. This “confusing” cancer exhibits higher invasiveness, and traditional surgery does not appear to achieve the expectation, which differs significantly from that of general PC.



Objective

To characterize the clinicopathologic features of SaPC and explore similarities and differences between SaPC and general PC.



Materials and Methods

We collected clinical data of SaPC cases from our center and literature. The SaPC case in our center was presented. To better understand the characteristics of SaPC, we also reviewed clinical information in general PC cases from our center and literature within the last 5 years, and a systematic review was performed for further comparison.



Results

A 60-year-old woman was admitted for a neck mass and hoarseness. After the surgery, she was confirmed as SaPC and ultimately developed local recurrence at 3 months. Together with the reported cases from literature, four cases of SaPC (three cases from literature) and 203 cases of general PC (200 cases from literature) were reviewed. Both tumors showed obvious abnormalities in parathormone (PTH) level and gland size. Compared to general PC, SaPC has a later age of onset (60.50 ± 7.42 vs. 51.50 ± 8.29), relatively low levels of PTH (110.28 ± 59.32 vs. 1,156.07 ± 858.18), and a larger tumor size (6.00 ± 1.63 vs. 3.14 ± 0.70). For SaPC, all four cases were initially misdiagnosed as thyroid tumors (4/4). Spindle cell areas or transitional zones were common pathological features in SaPC cases (3/4).



Conclusion

SaPC is a very rare pathologic subtype of PC and appears to be much more easily misdiagnosed as a thyroid tumor. Spindle cell areas or transitional zones are highly possible to be pathological features in its sarcomatoid components. Despite many similarities, there are some differences between SaPC and general PC—SaPC does not show the obvious endocrine feature but stronger aggressiveness. Surgical treatment of SaPC does relieve life-threatening symptoms and improve quality of life even with recurrence in the short term.
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Introduction

Parathyroid carcinoma (PC) is a rare malignant neoplasm. The incidence is less than 1 in 1 million per year (1). At present, general PC is believed to be a slowly progressive disease characterized by specific clinical features (2), and radical surgery is believed to be the only effective curative treatment for this disease (3–5). Sarcomatoid carcinoma is an exceedingly rare tumor subtype. It refers to a bipolar malignancy with both carcinoma and sarcomatoid components. In PC, this tumor subtype was initially named parathyroid carcinosarcoma or parathyroid carcinoma with sarcomatoid differentiation (6–8). We utilized the term “sarcomatoid carcinoma” referring to nomenclature of other tumors with similar features. Sarcomatoid parathyroid carcinoma (SaPC) was first reported in 2002 by Nacamuli et al. (6) and characterized by strong invasiveness and life-threatening recurrence shortly after the operation, which is quite different from general PC. For sarcomatoid carcinoma, there are several hypotheses about its formation, and epithelial–mesenchymal transformation (EMT) appears to play a major role (9, 10).

Here, we introduce similarities and differences between SaPC and general PC based on our experience with cases in our center and the literature. In addition, we provide more insights into the diagnosis and surgical strategies of SaPC.



Materials and Methods


The Collection of Medical Records

From January 2016 to September 2021, four patients with PC were enrolled in this study, including one patient with SaPC (one female) and three patients with general PC (three females). They underwent surgery in our department and were followed up. We obtained clinicopathologic and prognostic information of the patients after approval by the Ethics Committee of the Second Hospital of Dalian Medical University.



Systematic Review

The systematic review was conducted under the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines (11). Literature that contained general PC cases was searched using terms “parathyroid carcinoma” OR “parathyroid cancer” in PubMed (MeSH) and Cochrane Library (Title Abstract Keyword) from 2016 to present. General PC cases were defined as an age of onset >18 years old, having elevated preoperative parathormone (PTH) level (>65 pg/ml), and finally diagnosed with PC (based on postoperative histopathology). Literature related to SaPC was obtained by manual searches. Only publications in English were considered. The date of the last retrieval was September 18, 2021, and literature was reviewed independently by two authors. For all enrolled cases, we reviewed age, gender, preoperative total serum calcium level, preoperative PTH, and tumor size (the greatest diameter) for further analysis. Prognostic information is also reviewed in SaPC cases. SPSS software 23.0 is used for statistical analyses, and GraphPad Prism 8.0 software is used for data plotting. Data are expressed as mean ± SD. Two-tailed independent samples t-test is used for evaluating statistical differences; p < 0.05 is considered significant (*), and p < 0.01 is considered extremely significant (**).




Results


Case Presentation

A 60-year-old woman was admitted with a continuously enlarged neck mass for 1 year and hoarseness for 1 week. In addition, she presented with dyspnea for 5 months. The patient had no family history of parathyroid diseases or hyperparathyroidism-jaw tumor syndrome. Physical examination showed a firm left neck mass of approximately 6.0 cm * 5.0 cm. Laboratory findings revealed elevated serum PTH (188.1 pg/ml, reference range: 15–65 pg/ml) and hypercalcemia (total serum calcium: 3.29 mmol/L, reference range: 2.1–2.6 mmol/L). Indicators related to thyroid function were within normal limits. Laryngoscopy showed left vocal cord paralysis. Ultrasonography showed that the left thyroid lobe was enlarged significantly, a hypoechoic lesion nearly occupied the whole lobe, and comparable signs were presented on the neck CT (Figure 1A). Tc-99m sestamibi scintigraphy demonstrated two-phase nuclide accumulation on the left thyroid (Figure 1B). Chest CT showed multiple micro pulmonary nodules (Figure 1C).




Figure 1 | Clinical characteristics of the sarcomatoid parathyroid carcinoma (SaPC) case. (A) Neck CT showed the giant tumor. (B) Tc-99m sestamibi scintigraphy suggests abnormal nuclide uptake in the left thyroid. (C) Chest CT presented micro pulmonary nodule before surgery. (D) The profile of the resected tumor. (E) Chest CT shows pulmonary metastasis at the closely located position in preoperative chest CT (C). (F) Enhanced MRI showed extensive local organ and tissue invasion.



During the surgical exploration, we found that the tumor invaded the anterior cervical muscle group and left recurrent laryngeal nerve. Only the superior parathyroid was found in the left neck. En bloc resection (including part of the invaded recurrent laryngeal nerve and muscle tissue and entire thyroid) and left central lymph node dissection were performed to completely remove the affected tissue. The tumor profile showed that the thyroid was markedly infiltrated, and the normal gland was almost invisible (Figure 1D). Postoperative histopathological findings revealed that SaPC widely invaded the ipsilateral thyroid, and 1/6 of the lymph nodes showed metastasis. Immunohistochemical staining was further performed to confirm the diagnosis (Figure 2); results were presented below: (1) Carcinomatous components: Some PC cells show negative nuclear staining of parafibromin (Figure 2A); Cytokeratin (AE1/AE3) (+); Chromogranin A (+); E-Cadherin (+); PTH (+); Calcitonin (–); Thyroglobulin (-); Desmin (-); KI-67 index 10%; (2) Spindle cell components: Desmin (+; Figure 2B); Cytokeratin (AE1/AE3) (-); Chromogranin A (-); E-Cadherin (-); Calcitonin (-); KI-67 index 30%. In addition, the existence of transition zones (Figure 2C) and positive N-cad staining in both carcinomatous and sarcomatoid components (Figure 2D) was found during pathological examination.




Figure 2 | Pathological characteristics of the sarcomatoid parathyroid carcinoma (SaPC) case. (A) Negative staining of parafibromin in the nucleus (thick arrow) and contrast-positive staining (thin arrow) of parathyroid carcinoma (PC) cells (×630). (B) Spindle cells shuttled through carcinomatous component regions showed positive desmin staining (×200). (C) The morphology of cell changes between two component regions (arrow) (H&E, ×400). (D) N-cad was positive in carcinomatous (thick arrow) and spindle cell components (thin arrow) (×200).



The patient recovered soon postoperatively and remained hoarse. She did not experience choking when drinking water, and dyspnea significantly improved. Three months later, the patient complained of progressively aggravating dyspnea and a gradually growing neck mass. Serum calcium and PTH levels were without abnormal elevation during this time (Figure S1). Clinical examinations suggested regional relapse and multiple pulmonary metastases (Figure 1E). In contrast to the chest CT before, it seemed that pulmonary metastasis had occurred before the first surgery. Enhanced MRI showed extensive local organ and tissue invasion by the recurred tumor (Figure 1F). At last, the patient gave up the medical treatments.



Systematic Review

Together with the reported cases, four cases of SaPC (male:female = 1:1, three cases from literature) and 203 cases of general PC (male:female = 0.85:1, 200 cases from literature) were included in this study. The process of the assessment of literature related to general PC was shown in the PRISMA flowchart (Figure 3). The details of all four SaPC cases are present in Table 1. A total of 197 PTH results, 169 total serum calcium results and 189 tumor size results of general PC cases are reviewed, which are presented in the online supplementary material [Table S1 (12–47)]. Overall, both SaPC and general PC cases showed abnormal PTH levels and gland size. Compared with general PC, SaPC presented a later age of onset (60.50 ± 7.42 vs. 51.50 ± 8.29, p = 0.032*), lower levels of PTH (110.28 ± 59.32 vs. 1,156.07 ± 858.18, p = 0.016*), and larger tumor size (6.00 ± 1.63 vs. 3.14 ± 0.70, p = 0.039*). Besides, SaPC also shows a lower serum calcium level (2.70 ± 0.42 vs. 3.41 ± 0.91), but it is not significant (p = 0.120) due to small samples. For SaPC cases (Table 1), all four cases were initially suspected as thyroid tumors (4/4), three of four patients showed hoarseness (3/4), and two of four patients showed a neck mass (2/4). Spindle cell areas or transitional zones are common pathological features in SaPC cases (3/4).




Figure 3 | The detailed literature search process presented in a Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flowchart. *No primary tumours: secondary to other parathyroid diseases or not identified as parathyroid cancer in the initial surgery. **Lacking clinical features: Articles which lacking more than two study elements in the systematic review (age, gender, preoperative PTH, preoperative total serum calcium or tumour size.




Table 1 | Basic clinical data of SaPC cases in our center and literature.






Discussion

PC is a rare malignancy in the endocrine system (48). The prevalence of PC in the USA is approximately 30 cases per year (49). For most patients, uncontrolled hypercalcemia is the main cause of death (50). SaPC is a rare and special subtype of PC, and only three cases have been reported internationally. Tumor invasion and metastasis seem to be associated with a patient’s death in SaPC.

Collectively, it is difficult to do the differentiation diagnosis of PC before surgery—how to distinguish malignant from benign, or how to distinguish PC from thyroid tumors, especially in non-functional PC (51) and SaPC. In recent years, the medical circle has made a breakthrough in the management of thyroid cancer, especially with the publication of the 2015 American Thyroid Association (ATA) guidelines (52) in the year 2016. According to the 2015 ATA guidelines, all patients suspected of thyroid cancer need assessment of parathyroid function. Thus, more atypical PC can be found, just like our case. Simultaneously, more cases and clinical experience of PC have been accumulated in recent years. Recognition of parathyroid carcinoma has been enlarged and deepened than any before. Well-recognized clinical manifestations of PC include extremely elevated serum calcium levels and serum PTH levels and a prominent neck mass (53). The significantly increased level of serum alkaline phosphatase has a predictive value for PC (54). Owing to the unclear cytologic atypia between benign and malignant parathyroid tumors, fine-needle aspiration (FNA) results do not diagnose the disease preoperatively instead of increasing the risk of needle tract metastasis (40). Therefore, unlike the thyroid cancer (52), FNA is not applicable when parathyroid diseases are suspected. Imaging examination is routinely used to localize the abnormal parathyroid gland. Ultrasonography and CT are common preoperative examinations before surgery. Methoxy Isobutyl Isonitrile (MIBI) scan is effective in differentiating parathyroid and thyroid tumors when high PTH levels are found in patients. It can also distinguish PC from benign parathyroid diseases by differences in the retention level of 99mTc-MIBI (55). In our study, MIBI scan showed that a large range of abnormal uptake occurred on the left thyroid (Figure 1B); this might be a useful adjunct to reveal evidence of invasion when PC is suspected. Definitive diagnosis of PC is restricted to histological findings, which contain observable vascular or peripheral nerve invasion, penetration of the capsule, and infiltration of surrounding tissues (56). Currently, it is believed that parafibromin (encoded by CDC73/HRPT2) is a significant immunohistochemical marker, and there is evidence that its negative expression in parathyroid cells indicates PC (57). Similarly, invasion and negative staining of parafibromin (Figure 2A) can be seen in SaPC cases. Recent studies showed that germline CDC73 mutation is closely related to HPT-JT syndrome and other variant phenotypes of sporadic PC (58, 59). There might be a connection between germline CDC73 mutation and SaPC. Unfortunately, we did not conserve the blood sample for the gene test. And the patient was lost to follow-up from December 2020. This is the limitation of this work, and more studies are needed to pursue this connection.

Interestingly, there are some differences in manifestations between SaPC and general PC. Firstly, the endocrine feature of SaPC is less distinct—although the PTH level is higher than normal, it is about one-tenth of general PC, which may be related to functional carcinomatous regions replaced by non-functional sarcomatoid regions at different levels. Moreover, all four cases of SaPC were suspected as thyroid tumors before surgery, which might be associated with the anatomical location and tumor invasiveness, but more cases are needed for validation. Notable signs, such as hoarseness and a larger tumor size, are common in this subtype, which might be an embodiment of the fast disease progression. Pathologically, the diagnosis of SaPC also includes the presence of mesenchymal cell areas and corresponding immunohistochemical markers. Specific spindle cell regions or transitional zones can also be observed in reported cases and our case of SaPC (Table 1; Figures 2B, C), which might be potential histomorphological characteristics of this subtype. In addition, the positive staining of N-cad in both components (Figure 2D) and the appearance of transitional zones seem to support the hypothesis of EMT. Combined with our case (Figure 2B), sarcomatoid regions showed a positive expression of different mesenchymal tissue markers (desmin or vimentin), indicating that the direction of sarcomatoid differentiation in PC may be different between individuals.

Presently, surgery is the overriding therapeutic modality for PC patients (12, 20, 60). Margin status in the initial surgery is crucial to the prognosis (61), and early salvage surgery can still achieve reasonably good therapeutic efficacy (19). En bloc resection with ipsilateral thyroid lobectomy and ipsilateral central lymph node dissection seems to be an appropriate surgical approach (62). However, a study suggested that resection of the ipsilateral thyroid cannot prolong survival (63). Thus, in-depth studies on the extent of resection are needed.

Nevertheless, the effect and extent of surgery in SaPC require further study. In our case (No. 1, Table 1), we performed the radical surgical procedure, and dyspnea improved temporarily, but tumor recurrence occurred 3 months later. Combined with reported cases, SaPC showed early recurrence after radical surgery. Surgical treatments in SaPC indeed achieve improvements in clinical symptoms, but recurrence and death occurred about 6 months later. In general, surgery for SaPC does relieve tumor compression, correct hypercalcemia, and improve quality of life even with recurrence in the short term.

According to the literature, radiotherapy and chemotherapy after surgery for general PC are ineffective (64, 65). The result shows no difference in SaPC with these treatments—the first two patients received postoperative chemotherapy but relapsed in months. In terms of sarcomatoid carcinoma in other organs such as kidney (66) and lung (67), they show the similar clinicopathological characteristics as SaPC, and targeted therapy has been confirmed to be potentially beneficial. This may be the future direction of treatment for SaPC.

Due to the rarity of the disease, there are currently no well-accepted staging criteria for PC. Patients who receive radical resection often have a favorable outcome, with a 5-year survival of up to 82.3% and 66% in 10 years (68). In our center, all four patients with typical PC received radical surgery, and none experienced recurrence (follow-up period was between 15 and 66 months; data not shown). However, SaPC was highly aggressive, with postoperative recurrence and early systemic metastases in all four patients (Table 1), which led to the patient’s death in a short time—two of the four patients with SaPC died within 7 months. We noticed that a longer period of the systematic review might benefit the research, which is a limitation of this work. We will continue to concern relative research henceforth.



Conclusion

SaPC is a highly unusual subtype of PC, and patients eventually succumb to direct tumor invasion and metastasis, while general PC has a good prognosis after radical surgery. Patients with SaPC seem to be easily misdiagnosed as thyroid tumors. Spindle cell areas or transitional zones are likely to be pathological features of SaPC. Despite many similarities, there are also some differences between SaPC and general PC—SaPC does not present a significant endocrinological feature but presents more aggressiveness. Surgery in SaPC cases indeed improves severe symptoms and quality of life even in patients experiencing a relapse in the short term, and other effective treatments are needed to explore.
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Nowadays, neither imaging nor pathology evaluation can accurately predict the aggressiveness or treatment resistance of pituitary tumors at diagnosis. However, histological examination can provide useful information that might alert clinicians about the nature of pituitary tumors. Here, we describe our experience with a silent corticothoph tumor with unusual pathology, aggressive local invasion and metastatic dissemination during follow-up. We present a 61-year-old man with third cranial nerve palsy at presentation due to invasive pituitary tumor. Subtotal surgical approach was performed with a diagnosis of silent corticotroph tumor but with unusual histological features (nuclear atypia, frequent multinucleation and mitotic figures, and Ki-67 labeling index up to 70%). After a rapid regrowth, a second surgical intervention achieved successful debulking. Temozolomide treatment followed by stereotactic fractionated radiotherapy associated with temozolomide successfully managed the primary tumor. However, sacral metastasis showed up 6 months after radiotherapy treatment. Due to aggressive distant behavior, a carboplatine-etoposide scheme was decided but the patient died of urinary sepsis 31 months after the first symptoms. Our case report shows how the presentation of a pituitary tumor with aggressive features should raise a suspicion of malignancy and the need of follow up by multidisciplinary team with experience in its management. Metastases may occur even if the primary tumor is well controlled.




Keywords: pituitary tumor, silent corticothoph tumor, pituitary carcinoma, radiotherapy, temozolomide



Introduction

Most pituitary tumors are benign although they often invade surrounding structures. However, pituitary carcinomas are extremely rare accounting for only 0.1-0.2% of all pituitary tumors. This prevalence may be likely underestimated due to the challenge in diagnosing pituitary carcinoma (1). As defined by the World Health Organization, pituitary carcinomas are tumors of pituitary origin that have cerebrospinal and/or systemic metastases. Importantly, there are no histological features that can help to discriminate between pituitary carcinoma and non-metastasic pituitary tumors (2).

Literature has changed the landscape of aggressive, atypical pituitary tumors and pituitary carcinomas. The 2017 WHO classification of tumors of the pituitary gland removed the term atypical and set a number of histopathological characteristics with a high probability of recurrence (such as elevated proliferative activity or some subtypes of pituitary tumors) without a defined cut-off for Ki-67, mitotic count or p53 immunoreactivity. Thus, the description and definition of risk characteristics are highly relevant but without a separate denomination. Raverot et al. argued for a clinicopathological classification that includes aggressiveness and invasiveness, with aggressive and invasive tumors being more prone to metastatic dissemination (up to 10% of these cases) (3).

Pituitary carcinomas carry a poor prognosis with a median survival time of 1-2.6 years depending on whether systemic metastasis is found. A recent study has reported overall survival rates for pituitary carcinoma of 57.1% and 28.6% at 1 and 5 years, respectively (4). Treatment of pituitary carcinoma usually involves a multimodal therapy approach combining surgery, radiation and medical therapy. However, due to their rarity, there is a lack of reliable information to establish a standard treatment (3).

Here, we describe the multidisciplinary team experience in managing the only case of pituitary carcinoma diagnosed in our reference center over the span of 12 years. We discuss the diagnosis and treatment of this patient and review the recent literature about pituitary carcinoma.



Case Description

A 61-year-old man presented in the emergency room in 2015 complaining of headache. Physical examination revealed third-cranial nerve palsy on the left side and bitemporal hemianopsia. The patient had a history of hypertension, type 2 Diabetes Mellitus and referred loss of libido. No signs or symptoms of hormone hyperproduction were noticed, Cushing disease was ruled out by clinical signs but not by other laboratory testing such as free urinary cortisol or suppression test due to scarce pretest clinical probability. There was not relevant family history. Computed tomography imaging revealed a sellar mass with erosion of the sphenoid bone and invasion into the cavernous sinus regions and extension into the hypothalamus. A subsequent magnetic resonance imaging (MRI) scan of the brain region confirmed a 25-mm pituitary mass lesion extending into both left and right cavernous sinuses (Knosp grade 3) (Figures 1A, B). This lesion showed isointensity and hyperintensity on T1- and T2-weighted MRI, respectively. Laboratory test results revealed central hypogonadism and hypothyroidism and prolactin levels of 292 µUI/mL.




Figure 1 | MR images previous to first surgery. Sagital (A) and coronal (B) T1-weighted images.



Endoscopic endonasal transsphenoidal surgery was performed and subtotal resection was achieved. Postoperative MRI (48 hours after surgery) revealed a tumor remnant (20x7x20 mm) (Figures 2A, B). The patient developed permanent postoperative diabetes insipidus but third-cranial nerve palsy improved and was discharged on hormone replacement therapy with oral desmopresine (0.1 mg twice a day), hydrocortisone (20 mg/day divided three times a day) and levothyroxine (50 mcg once a day). Hydrocortisone was initiated after hypotension and hypoglycemia after surgery, hormonal determination after surgery is shown in Table 1.




Figure 2 | Pituitary MR images. (A, B) Sagital and coronal T1-weighted postsurgical images. (C, D) Sagital and coronal T1-weighted images, tumor rest growing can be noticed from small capsular rest to 20 mm invasive tumor.




Table 1 | Hormonal laboratory determination 24 hours after first pituitary surgery.



Two months after surgery, the patient presented in the emergency room with acute headache, worsening of third-cranial nerve palsy and visual loss. Computed tomography imaging surprisingly showed regrowth of the pituitary mass with a maximum diameter of 36 mm, erosion of the sphenoid bone and invasion of the sinus (Figures 2C, D). Histological examination of the previous surgery showed a solid and papillary neoplasm composed of slightly basophilic cells (Figures 3A-C). Nuclear atypia, multinucleation and mitotic figures were frequent (bigger than 2/10 HPF but not specifically quantified in the report). These cells were positive for ACTH and negative for other pituitary hormones. Ki-67 labeling index was 50% overall but higher (50-70%) in many areas of the tumor, a feature that was alerted in the pathology report. Thus, was classified as invasive, aggressive silent corticotroph tumor with high proliferation index (Grade 2b suspected of malignancy according to Trouillas et al. classification) (5).




Figure 3 | Histology of the pituitary tumor. (A) Primary tumor showed solid and papillary proliferation of basophilic cells with increased nuclear atypia and mitoses. (B) Ki-67 labeling showed areas with elevated proliferation index. (C) Tumor cells were positive for ACTH. Original magnification x200.



Based on the histological findings and rapid progression of the tumor, our multidisciplinary team decided to perform a second surgery and administer postoperative chemotherapy adjuvant treatment with Temozolomide. The patient underwent only partial resection of the tumor due to extensive invasion of the sphenoid bone. A 13-mm tumor remnant could be observed postsurgically. No operative complications were developed. Although no specific symptoms were noted, a screening for metastasis was performed prior to chemotherapy. Computed tomography (CT) imaging of thorax and abdomen and MRI of the spine revealed no metastatic lesions.

Temozolomide treatment was initiated 16.14 weeks after surgery at a dose of 200 mg/m2/day for 5 of every 28 days and was well tolerated by the patient. After four cycles, a MRI was performed and revealed size stabilization of the size of the lesion. This led our multidisciplinary team to decide to additionally treat the patient with fractionated stereotactic radiation therapy. Thus, after the eighth temozolomide cycle treatment and 13 months after the initial diagnosis, radiation therapy was administered at a total dose of 50 Gray in 28 fractions and temozolomide dose was switched to 75 mg/m2/day. MRI was performed three months after starting radiation therapy that did not show growth of the tumor remnant. CT of the thorax and abdomen was negative for metastatic disease. Six months after the start of the radiation therapy, the imaging tests were repeated, and the tumor lesion remained stable and campimetric improvement was also achieved. However, the CT scan now showed a mass at S1-S3 level (Figure 4A) compatible with metastasis. A biopsy of the sacral region was obtained. Histological examination showed a solid and papillary neoplasm positive for ACTH, consistent with metastasis of the primary pituitary tumor (Figures 4B, C). In this specimen nuclear atypia was pronounced with the presence of numerous giant tumor cells. Ki67 labeling index was 70-80%. Sacrectomy was not considered due to the extensive invasion of the metastatic lesion and temozolomide treatment at a dose of 200 mg/m2/day was restarted. Despite restarting temozolomide, the patient developed severe bilateral lower extremity weakness and the chemotherapy treatment was changed to carboplatin AUC 5 and etoposide 100 mg/m2 three days administered every 21 days. After one cycle of treatment the patient experienced febrile neutropenia likely due to an urinary tract infection. Due to the poor patient’s general condition, radiation therapy of the sacral region was not performed. Unfortunately, and despite aggressive antibiotic treatment, the patient died 124.4 weeks after the first surgery. A clinical timeline is shown in Figure 5.




Figure 4 | MR image and histology of the sacral mass. (A) T1-weighted MR image shows a highly invasive sacral metastasis. (B) Tumor metastasis showed solid and papillary proliferation of atypical cells including numerous giant multinucleated cells. (C) Tumor cells were positive for ACTH. Original magnification x200.






Figure 5 | Clinical timeline of case report landmarks in months.





Discussion

The prevalence of incidentally found pituitary tumors in the general population is relatively high. Most of them are benign adenohypophyseal tumors commonly named as pituitary adenomas but a little unknown percentage are aggressive, invasive, resistant or even metastatic tumors. Nowadays, only proven metastatic tumors are carcinomas but a growing body of evidence show that we may have to reconsider some non-metastatic pituitary tumors as tumors with malignant potential (6). We report an additional case of pituitary carcinoma that initially presented as an aggressive pituitary tumor with a rapid metastatic dissemination despite an adequate chemotherapy treatment and radiotherapy of primary lesion. This exceptional case highlights two difficult aspects of aggressive tumors: the diagnosis of malignancy and the management of these aggressive tumors.

Despite intensive research on the subject, predicting an aggressive behavior of pituitary tumors remains an unmet clinical need. Currently, there are not clinical, radiological, surgical and pathological markers of malignancy, except the metastasis that is the reason why until now only the tumors with metastasis are considered as malignant and named “carcinoma”. However, in our patient some unusual signs may suggest the malignancy of the primary tumor which was clinically an aggressive tumor.

First of all, initial clinical symptom was third-cranial-nerve palsy which is actually a clinical manifestation of cavernous sinus invasion proven by RMI.

Secondly, aggressiveness and prompt regrowth after the first surgery. It only took two months for the tumor to grow to a similar size as before the first surgery, triggering third-cranial-nerve palsy once more.

Finally, the pathology report gives several clues about the potential inner nature of our tumor. Corticotroph tumor, especially the silent one, is the tumor type the most frequent carcinoma with the lactotroph one (7). In the 2017 WHO classification for pituitary tumors, silent corticotroph tumor is a special subtype a with high probability of recurrence and more aggressive behavior (2). All this, together with the elevated Ki-67 labeling index (≥10%) prompted us to perform screening for metastasis. The use of Ki-67 as a marker for aggressive behavior in pituitary tumors has long been suggested but no clear consensus exists on the cut-off values that can distinguish between pituitary carcinoma and benign tumors (8, 9). Nonetheless, a particularly high Ki-67 labeling index may be suggestive of malignant potential, as described in several reports (10, 11). In agreement with this notion, the observed Ki-67 labeling index in our patient was extremely high compared to most published data on pituitary tumors, and more specifically, pituitary carcinomas (11). A Ki-67 index ≥10% is found in aggressive pituitary tumors as well as pituitary carcinomas and this may be because many aggressive tumors are, in fact, malignant (6).

As is noted by Trouillas et al, although probably the vast majority of pituitary tumors will have a benign behavior, there is a need for an integrative classification which allows to identify malignant potential in order to improve clinical results with an early diagnosis of complications. Trouillas et al. proposed a five grade clinicopathological classification of pituitary endocrine tumors which included a tumor grade based on invasive and proliferative characteristics. So, invasive and proliferative tumors are classified as Grade 2b with a poor prognosis and an increased probability of progression. These tumors could be considered as suspected of malignancy as 6/8 carcinomas from the original series were classified as Grade 2b at the initial surgery and with an identification of metastasis during follow-up in 10% of the initial Grade 2b tumors (3, 5).

Current recommendations in metastasis screening refer structural and/or functional imaging studies should be considered in aggressive tumors in the evidence of discordant biochemical and radiological findings in the absence of site-specific symptoms. Due to previously analyzed tumor characteristics, we considered our pituitary tumor as suspect of malignancy (3) from the second surgery with initial metastasis screening before first cycle of temozolomide and periodical screening after that. We decided to perform thorax and abdomen CT and spine MRI rather than 18F-FDG PET/CT. Up to our knowledge, there is no enough evidence on the best study for screening of pituitary metastasis of pituitary carcinoma. 18F-FDG PET/CT could be more sensitive to small metastasis, but in our case and due to local aggressiveness we thought both studies could give similar sensitivity but with higher specificity.

The treatment of aggressive pituitary tumors and pituitary carcinoma usually combines radiation and medical therapy. First of all, clinical and hormonal presurgical analysis is mandatory in every patient with adenohypophyseal tumors found in RMI because it can lead to adjuvant medical treatment. In prolactinomas, adjuvant medical treatment with dopamine agonist could delay surgical treatment event in giant ones (12). Some subtypes of adenomas have some clinical special features because of the previously mentioned probability of progression and recurrence as lactotroph adenoma in men, sparsely granulated somatotroph adenoma or silent corticotroph adenoa. Until recently, no clear guidelines were available to help clinicians to manage aggressive and malignant pituitary tumors. The European Society of Endocrinology (ESE) published clinical practice guidelines for the management of aggressive pituitary tumors and carcinomas in 2018 (13). The authors acknowledge the limitations of these guidelines since the literature on aggressive pituitary tumors and carcinomas is scarce. However, additional support for the development of the clinical guidelines was obtained from a survey of ESE members specifically designed for that purpose (7). Transcranial or transsphenoidal surgery is the treatment of choice for patients with pituitary tumors. Surgery rarely achieves cure but it can provide relief of symptoms, particularly those associated to mass effect. Tumor recurrence in pituitary carcinoma is very common and additional therapy approaches such as radiation and chemotherapy are thus required. ESE guidelines recommend discussion within a multidisciplinary team regarding additional surgeries prior to consideration of other treatment options. In our patient, even though a diagnosis of carcinoma was not initially confirmed, the aggressive features of the pituitary tumor raised the suspicion of a malignant potential. Thus, we decided to perform an additional surgery and adjuvant chemotherapy to control tumor growth. The alkylating agent temozolomide is the most common chemotherapeutic option for aggressive pituitary tumors and carcinomas (7, 14, 15) and ESE guidelines recommend the use of temozolomide as first-line chemotherapy for aggressive pituitary tumors and carcinomas even though the evidence is based mostly on case reports and small series rather than randomized clinical trials (13). It has been difficult to obtain precise response rates to temozolomide from the literature because of heterogeneity in treatment regimens, and definitions in disease control but it is considered that about half of the patients do not respond to temozolomide treatment (15). Importantly, patients receiving concurrent temozolomide treatment and radiotherapy seem to respond more often (7). ESE guidelines suggest that temozolomide response should be assessed after three cycles of therapy and that treatment can be extended according to their tolerance and clinical response. In our patient, temozolomide treatment was well tolerated and considering that tumor size remained stable we decided to use a lower dose of temozolomide (75 mg/m2) concomitant with radiation therapy, as in the Stupp protocol. However, the identification of metastasis during the follow-up led us to restart temozolomide monotherapy at the highest recommended dose. Temozolomide treatment was largely ineffective though that combined with the rapid progression of the tumor forced us to consider an alternate oncological treatment. Unfortunately, the literature about second and third line treatments for temozolomide-resistant pituitary tumors is scarce and the reported chemotherapeutic agents have been very heterogeneous. Indeed, the recent ESE guidelines were unable to provide recommendations in this regard. We decided initiated chemotherapy with a combination carboplatin and etoposide [as standard treatment for certain poorly differentiated neuroendocrine tumors (16, 17)] and local radiotherapy treatment for sacral mass later, but the efficiency was limited due to severe complications developed. Indeed other treatments were foreseen, as immunotherapy, mTOR inhibitors and even peptide receptor radionuclide therapy, but according to aggressiveness, histopathological characteristics, refraction to temozolomide and requirements of aggressive treatment, a platine scheme was selected as is contemplated by Raverot et al. in ESE Clinical Practice Guidelines (11, 18). Possible scheme that could be used after the onset of sacral metastasis is capecitabine-TMZ combination (CAPTEM). This combination could enhance TMZ results due to attenuation effect of MGMT DNA repair activity by capecitabine. CAPTEM has been used in different clinical settings with good tolerance and morphological response. Better results have been described when CAPTEM has been used as first line or as second line treatment, particularly in those cases in which TMZ resistance has not been achieved. In TMZ-resistant pituitary tumors, CAPTEM can achieve a partial response in some cases but its efficacy seems to be lower (18).

In conclusion, our case illustrates how the presentation of a pituitary tumor with aggressive features should raise suspicion of malignancy. There remains a need to identify other treatment options for aggressive pituitary tumors and carcinoma.
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Due to its rarity, adrenal hemorrhage is difficult to diagnose, and its precise etiology has remained unknown. One of the pivotal mechanisms of adrenal hemorrhage is the thrombosis of the adrenal vein, which could be due to thrombophilia. However, detailed pathological evaluation of resected adrenal glands is usually required for definitive diagnosis. Here, we report a case of a cortisol-secreting adenoma with concomitant foci of hemorrhage due to antiphospholipid syndrome diagnosed both clinically and pathologically. In addition, the tumor in this case was pathologically diagnosed as cortisol-secreting adenoma, although the patient did not necessarily fulfill the clinical diagnostic criteria of full-blown Cushing or sub-clinical Cushing syndrome during the clinical course, which also did highlight the importance of detailed histopathological investigations of resected adrenocortical lesions.
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Introduction

Adrenal hemorrhage is rare and caused by various etiologies (1, 2). Systemic studies demonstrated that abdominal trauma, infections, surgery, angiography, and adrenal venous thrombosis could cause adrenal hemorrhage (1–6). As such, it is difficult to diagnose and determine its etiology solely through clinical investigations. In addition, only a few cases have been reported on their pathological findings. In addition, histopathology of adrenal hemorrhage in adrenocortical adenoma has not been described in the literature. Herein, we report the first case of adrenal hemorrhage in a cortisol-secreting adenoma due to thrombophilia by antiphospholipid syndrome.



Case Presentation


Clinical Summary

A 67-year-old woman was incidentally diagnosed with a nodular lesion in her right adrenal gland (25 × 29 mm) by non-enhanced abdominal computed tomography (CT) (Figure 1A). She was referred to our hospital and was admitted for further endocrinological examination. Her body mass index was 26.0 kg/m2, and she did not have any clinical findings, suggestive of Cushing’s syndrome. Her blood pressure was within normal limits (109/51 mmHg). In addition, she did not have hyperlipidemia [low-density lipoprotein (LDL)-cholesterol, 134 mg/dL; high-density lipoprotein (HDL)-cholesterol, 58 mg/dL; triglyceride 79 mg/dL). Her HbA1c was 5.5%. Results of those laboratory findings were almost within the normal range, but her potassium level was slightly low (3.7 mmol/L). She had never received any anticoagulant therapy and medication for hypertension, hyperlipidemia, and diabetes mellitus in her past history. In the endocrine evaluation, her morning adrenocorticotropic hormone (ACTH) level was relatively low (5.0 pg/mL), while her cortisol level was within the normal range (12.60 µg/dL). Results of 1-mg dexamethasone suppression test demonstrated serum cortisol suppression (0.89 µg/dL), which was lower than 1.8 µg/dL. Her nocturnal serum cortisol levels (taken at 21 pm after 30 min resting) were not necessarily high (2.68 µg/dL), which was lower than 5.0 µg/dL. Dehydroepiandrosterone sulfate level was within normal limits (28.0 µg/dL; normal range, 12–133 µg/dL). These results did not necessarily meet the clinical diagnostic criteria of full-brown Cushing’ syndrome (CS) and subclinical Cushing’s syndrome (SCS) (7). Her plasma renin activity was low (0.2 ng/mL/hr), while her plasma aldosterone concentration was not necessarily high (80.8 pg/mL; normal range, 4.0–82.1 pg/mL). The ratio of plasma aldosterone concentration/plasma renin activity (ARR) was 404. Results of the upright furosemide-loading test met the diagnostic criteria of primary aldosteronism, while those of the captopril-challenge test and the saline-loading test were within the normal range (Table 1). These results above were not conclusive of the clinical diagnosis of primary aldosteronism (7, 8). The plasma/urinary catecholamine and urinary metanephrines values were within the normal range. However, the simultaneous presence of autonomous cortisol secretion and primary aldosteronism could not completely be ruled out in this case. Therefore, the patient was carefully surveyed following her first admission. Three years after her admission, abdominal non-enhanced and enhanced CT demonstrated that the right adrenal tumor had enlarged (35 × 40 mm) and became heterogeneous (Figures 1B, C). Therefore, she was readmitted for further endocrinological examination.




Figure 1 | Imaging analysis. (A) Non-enhanced computed tomography (CT) at the first admission. (B, C) Non-enhanced (B) and enhanced (C) CT 3 years after the first admission. (D) T2-weighted magnetic resonance imaging (MRI) at the second admission.




Table 1 | Summary of endocrine disorders of the patient.



Her body mass index was 26.6 kg/m2, and she did not have any clinical findings suggestive of Cushing’s syndrome, same as the first admission. She remained normotensive (106/62 mmHg) and without hyperlipidemia and diabetes mellitus. Her potassium level was 3.6 mmol/L. In the endocrine evaluation, her morning ACTH level was still low (8.7 pg/mL), but the cortisol level was within the normal range (9.01 µg/dL). Results of 1-mg dexamethasone suppression test at this admission demonstrated the serum cortisol value higher than that in her first admission (1.38 µg/dL). Besides, her nocturnal serum cortisol level (taken at 21 pm after 30 min resting) was slightly high (3.84 µg/dL). Meanwhile, dehydroepiandrosterone sulfate level was relatively low (15.0 µg/dL). In addition, 131I-adosterol adrenal scintigraphy showed high uptake of adosterol in the tumor on the right adrenal gland and suppressed uptake in the left adrenal gland. These results indicated that the tumor could be a cortisol-secreting adrenocortical adenoma despite having insufficient diagnostic criteria of SCS. Her plasma renin activity was low (0.2 ng/mL/hr), and her plasma aldosterone concentration was not high (76.2 pg/mL), with an ARR of 381. Results of the captopril-challenge tests and upright furosemide-loading tests satisfied the diagnostic criteria of primary aldosteronism. Results of the saline-loading test were within normal range, same as the first admission (Table 1). Overall, the patient could have primary aldosteronism.

Abdominal magnetic resonance imaging (MRI) was performed for the patient and showed a high-intensity region inside the tumor, suspected to be adrenal hemorrhage, despite having no abdominal pain (Figure 1D). In addition, she had a history of repeated miscarriage and was positive for anticardiolipin antibody (21.0 U/mL). Based on those findings above, antiphospholipid syndrome was clinically diagnosed.

Considering the tumor enlargement and the clinical necessity of anticoagulant therapy, a laparoscopic resection was performed on the right adrenal tumor. A laparoscopic resection was on the right adrenal tumor. After the operation, she was placed in hydrocortisone replacement therapy. However, her cortisol level remained low (1.14 µg/dL) 14 days after the operation. Three months after the operation, her ACTH and cortisol levels were 25.8 pg/mL and 5.62 µg/dL, respectively. In addition, results of 1-mg dexamethasone suppression test adequately demonstrated cortisol suppression (0.69 µg/dL), and dehydroepiandrosterone sulfate level increased (18.0 µg/dL) (Table 1). Therefore, the replacement of hydrocortisone was tentatively terminated at that time. Six months after operation, her ACTH and cortisol levels became normal (33.5 pg/mL and 10.1 µg/dL, respectively). However, there were no changes of ARR and results of the upright furosemide-loading test before and 3 months after operation. The captopril challenge test demonstrated that there were only slight but not significant differences of ARR between before and 3 months after operation (Table 1). Therefore, the possibility of primary aldosteronism of the right adrenocortical tumor could be excluded, and the culprit lesion of primary aldosteronism could exist in the left adrenal gland. Regarding the treatment of her antiphospholipid syndrome, anticoagulant therapy was started after operation. She had no symptoms of thrombopenia and hemorrhage in the other organs after the start of anticoagulant therapy.



Pathological Findings

Macroscopically, a well-circumscribed yellow nodule of the adrenal gland was detected in the resected specimen (Figure 2A). Microscopically, the nodule is composed of large polygonal tumor cells with abundant foamy clear cytoplasm and focally small compact cells composed of eosinophilic cytoplasm arranged in nests, cords, and trabeculae. Mitotic figures were not detected, and the Ki-67 labeling index was <2% in the tumor. The criteria of Weiss (1/9: clear cells in the cytoplasm were only detected) revealed that the tumor was an adrenocortical adenoma (9). In addition, fresh hemorrhage and organizing hematoma were histologically detected within the adenoma above. Fibrin thrombus was formed in the small vessels in the tumor. CD31-positive endothelial cells encroached the thrombus above and recanalization in the blood vessels inside the tumor. Any histological findings of infarction and inflammatory infiltration suggesting vasculitis or infection were not detected. In addition, hyalinized degenerative changes were also detected in the small vessel walls within the adenoma. These findings above were all consistent with the possibility of intratumoral hemorrhage and thrombosis mainly caused by antiphospholipid syndrome (Figures 2B–D and 3A, B).




Figure 2 | (A) Surgical specimen showing hemorrhage in the adrenal tumor. (B) Hematoxylin and eosin-stained tumor section showing hemorrhage in the tumor. (C) Hematoxylin and eosin-stained section on high magnification showing hemorrhage without vasculitis and ominous findings of infection (40×). (D) CD31 immunostaining (40×).






Figure 3 | (A) Hematoxylin and eosin immunostaning. (B) Hematoxylin and eosin-stained tumor section on high magnification showing cortical adenoma (40×). (C) c17 immunostaining. (D) c17-stained tumor section on high magnification (40×). (E) HSD3B2 immunostaining. (F) HSDB2-stained tumor section on high magnification (40×). (G) CYP11B1 immunostaining. (H) CYP11B1-stained tumor section on high magnification (40×). (I) HSDB1 immunostaining. (J) HSDB1-stained tumor section on high magnification (40×). (K) DHEA-ST immunostaining. (L) DHEA-ST-stained tumor section on high magnification (40×). (M) Hematoxylin and eosin-stained concomitant adrenal tissue on high magnification (40×). (N) High magnification of DHEA-ST-stained concomitant adrenal tissue on high magnification (40×). (O) CYP11B2 immunostaining. (P) CYP11B2-stained tumor section on high magnification (40×).



The tumor cells were immunohistochemically positive for steroidogenic enzymes illustrated in the figures, including DHEA-ST and 3BHSD1 (Figures 3C–L). On the other hand, adrenocortical atrophy was not detected, but DHEA-ST immunoreactivity was diminished in the concomitant adrenocortical cells, consistent with the clinical findings that this tumor had slightly elevated autonomous secretion of cortisol (Figures 3M, N).

In contrast, CYP11B2-positive cells were not detected in the tumor and adjacent non-neoplastic adrenal tissue. In addition, paradoxical hyperplasia of the zona glomerulosa was not detected (Figures 3O, P). These findings all indicated that the tumor produced cortisol. No aldosterone-secreting cells causing primary aldosteronism were identified in the tumor and non-neoplastic adrenal tissues, which was consistent with results of clinical investigations.




Discussion and Conclusion

One of the major causes of adrenal hemorrhage is thrombosis of the adrenal vein, resulting in occlusion, swelling, and rupture of the adrenal vein (1, 2). Antiphospholipid syndrome is an autoimmune disease and clinically associated with hypercoagulability, which results in thrombophilia through auto-antibodies against the heterologous groups of phospholipids (10). These antibodies also caused arterial/venous thrombosis in various organs. Therefore, antiphospholipid syndrome can account for adrenal hemorrhage of this case through development of adrenal venous thromosis.

When diagnosing adrenal hemorrhage, imaging, such as abdominal CT, MRI, 131I-adosterol adrenal scintigraphy, has been generally recommended to evaluate its morphological features (11). In our case, adrenal incidentaloma was suspected by abdominal CT, abdominal MRI, and 131I-adosterol adrenal scintigraphy. Abdominal CT and MRI revealed the intratumoral heterogeneity inside the tumor, which eventually turned out to be due to adrenal hemorrhage. Nevertheless, the patient did not complain of any abdominal pain. As for the 131I-adosterol adrenal scintigraphy, an adrenal gland with hemorrhage was reported to commonly demonstrate dissipation or decreased adosterol accumulation because of the impaired cortisol secretion. However, in our case, the adosterol accumulation on the right adrenal gland was markedly detected, while it was diminished on the left adrenal gland. In addition, her cortisol level became lower after tumor extirpation. Therefore, we considered the possibility that the right adrenal tumor could harbor autonomous cortisol secretion despite the fact that preoperative laboratory data was not necessarily diagnostic of full-brown CS and SCS.

The treatment of adrenal hemorrhage is not standardized because the clinical phenotypes varied (2). Izabela et al. demonstrated that patients with a shrinking tumor should not be the candidates for surgery (12). This is because some cases of the adrenal hemorrhage spontaneously reabsorb and recover from the hematoma, which makes follow-up imaging revaluation, such as abdominal MRI or CT, clinically justified. However, when the tumor enlarges, as in our present case, adrenalectomy may be warranted due to the potential of rupture. In addition, the case in our study had concomitant antiphospholipid syndrome. Espinosa et al. reported that patients having antiphospholipid antibody treated with anticoagulation therapy had a better prognosis than those without because antiphospholipid syndrome causes noninflammatory thrombotic microangiopathy in multiple organs (13). Satta et al. demonstrated a case in which adrenal insufficiency was the first clinical symptom of antiphospholipid syndrome and represented deep vein thrombosis 7 months after the diagnose of adrenal insufficiency (14). However, anticoagulation therapy has also been reported to cause adrenal haemorrhage (6). For instance, McCroskey et al. reported patients with antiphospholipid syndrome who developed adrenal hemorrhage after anticoagulation therapy (15). Hence, appropriate anticoagulant therapy should be required for patients with antiphospholipid syndrome.

In our present case, we removed the right adrenal gland because of its enlargement and internal hemorrhage, possibly caused by the cortisol-secreting adenoma. Anticoagulation therapy was safely initiated after tumor extirpation, which improved her condition. There were no clinical evidence of thrombosis development in any of the organs for 3 years after the surgery. Therefore, acute adrenal insufficiency should be considered, particularly in bilateral adrenal hemorrhage (1, 2, 16–18). In addition, unilateral adrenal hemorrhage could also lead to adrenal insufficiency (19). In our present case, adrenal insufficiency due to adrenal hemorrhage did not occur preoperatively. However, postoperative adrenal insufficiency was expected because of the diminished adosterol accumulation in the left adrenal gland when performing preoperative 131I-adosterol adrenal scintigraphy. We carefully administered hydrocortisone postoperatively, and the patient did not experience any episodes of adrenal insufficiency. These findings indicated that 131I-adosterol adrenal scintigraphy should be performed preoperatively in similar cases to further evaluate for adrenal insufficiency due to adrenal hemorrhage and excessive cortisol secretion by the tumor.

The pathological findings also indicated that the tumor was a cortisol-secreting adenoma, although the laboratory data did not fulfill the clinical criteria of full-brown CS or SCS (7). Results of the careful pathological investigation of the resected adrenal specimens may explain this discrepancy. Few adrenocortical cells were positive for DHEA-ST, indicating that the amount of cortisol secreted from this tumor was not necessarily sufficient to suppress hypothalamo-pituitary-adrenal axis. In addition, immunoprofiles of steroidogenic enzymes in our present case were also consistent with results of previously reported studies, which could be consistent with the presence of autonomous cortisol secretion (20, 21). On the other hand, there was no evidence of aldosterone-secreting cells in the adrenal tumor and extirpated concomitant adrenal tissue, which was consistent with results of pre- and postoperative endocrinological investigations. The culprit lesion in the left adrenal gland was expected to cause primary aldosteronism, despite the absence of masses on imaging, but it awaits further investigations for clarification.

Two cases of adrenal hemorrhage that occurred in patients with cortisol-secreting adenoma have been reported in the literature (22, 23). However, there have been no previous reports of adrenal hemorrhage from thrombophilia due to antiphospholipid syndrome in cortisol-secreting adenoma. In our present case, hemorrhage in the tumor possibly caused by antiphospholipid syndrome was accurately diagnosed through both pathological and clinical investigations. Antiphospholipid syndrome was reported to represent 1–5% in the general population (24). Taking the prevalence of antiphospholipid syndrome into consideration, adrenal hemorrhage due to antiphospholipid syndrome should exist to some extent as the previous reports indicated (6, 13–15). In addition, there could be adrenal hemorrhage in patients with cortisol-secreting adenoma due to antiphospholipid syndrome like our present case. Hence, this case could provide important information as to the proper diagnosis and therapy toward similar cases in future. In addition, appropriate anticoagulant therapy for patients with antiphospholipid syndrome could possibly avoid adrenal hemorrhage, but it awaits further investigations for clarification.

In summary, we reported the first case showing adrenal hemorrhage in a cortisol-secreting adenoma due to thrombophilia secondary to antiphospholipid syndrome. The lesion was diagnosed clinically and pathologically, following the diagnosis of adrenal incidentaloma and subsequent adrenalectomy. Even though the adrenal incidentaloma is diagnosed as a non-functional tumor based on specific endocrinological criteria, periodic follow-up must be performed, particularly in the cases with slight endocrine abnormalities. Our present case also highlighted the importance of histopathological evaluation of resected adrenal glands to accurately diagnose the unusual clinical and/or radiological changes detected in the adrenal.
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Background

Clear cell adenocarcinoma (CCA) is considered a relatively rare tumor with a glycogen-rich phenotype. The prognosis of CCA patients is unclear. In this study, recent trends in the epidemiological and prognostic factors of CCA were comprehensively investigated.



Methods

Patients with CCA from years 2000 to 2016 were identified from the Surveillance, Epidemiological, and End Results (SEER) database. Relevant population data were used to analyze the rates age-adjusted incidence, age-standardized 3-year and 5-year relative survivals, and overall survival (OS).



Results

The age-adjusted incidence of CCA increased 2.7-fold from the year 2000 (3.3/100,000) to 2016 (8.8/100,000). This increase occurred across all ages, races, stages, and grades. Of all these subgroups, the increase was largest in the grade IV group. The age-standardized 3-year and 5-year relative survivals increased during this study period, rising by 9.1% and 9.5% from 2000 to 2011, respectively. Among all the stages and grades, the relative survival increase was greatest in the grade IV group. According to multivariate analysis of all CCA patients, predictors of OS were: age, gender, year of diagnosis, marital status, race, grade, stage, and primary tumor site (P < 0.001). The OS of all CCA patients during the period 2008 to 2016 was significantly higher than that from 2000 to 2007 (P < 0.001).



Conclusions

The incidence of CCA and survival of these patients improved over time. In particular, the highest increases were reported for grade IV CCA, which may be due to an earlier diagnosis and improved treatment.





Keywords: clear cell adenocarcinoma, SEER database, incidence, survival, glycogen-rich phenotype



Background

Clear cell carcinoma (CCA) consists of a series of malignant tumors, likely caused by abnormal deposition of glycogen (1). Glycogen is a branched-chain polysaccharide composed of glucose that is necessary to maintain homeostasis of normal cell metabolism, but can promote tumor growth, especially under adverse conditions (2–4). Studies have shown that hypoxia within the centers of solid tumors leads to an increase in glycogen storage, allowing adaptation to low oxygen levels and lack of nutrients. The possible mechanism involves hypoxia-inducible factor 1α (HIF-1α)-mediated signaling pathways (4, 5). Therefore, the regulation of glycogen synthesis and degradation is crucial for cellular homeostasis. In recent years, more and more studies have emphasized that reprogramming of glycogen metabolism affects the occurrence and progression of malignant tumors; hence, it has become a recognized feature of tumor cells (6, 7). Although a few drugs targeting glycogen metabolism are currently being tested as a component of comprehensive treatment for tumors, they have not yet been approved for clinical application (8, 9).

There is evidence that CCA shows striking similarities in the gene expression profiles of various organs (10). In addition, histological staining of CCA tumors shows “clear cells” with a transparent and oval appearance that are rich in cytoplasmic glycogen. Since CAA has no obvious symptoms, its diagnosis is based on histopathological identification of these characteristics. Previous research also suggests a link between glycogen-rich tumors and tumor aggressiveness, and CCA of the kidney, ovary, and bladder have a poor prognosis and are resistant to treatment (11–14). In addition, although studies have described the effect of CCA on the prognosis of some cancer patients, the epidemiology and survival of CCA patients in the general population have not been well described. Therefore, in this study, we attempted to perform the most complete analysis of the incidence, patient demographics, and prognostic factors of CCA using data from the Surveillance, Epidemiological, and End Results (SEER) program.



Methods


Database and Patient Selection

The SEER program is the definitive source of cancer incidence and survival data collected by the National Cancer Institute, covering approximately 34.6% of the US population. Our study used the SEER 18 database and identified all malignancies that were diagnosed as CCA between 1 January 2000 and 31 December 2016: kidney and renal pelvis (KRP); ovary; cervix and corpus uteri; lung and bronchus; urinary bladder; vagina; pancreas; breast; peritoneum, omentum, and mesentery (POM); prostate; and liver. The CD-O-3 histology code was used to identify CCA. This code corresponds to the following clinical/histological diagnoses: 8310/2, 8310/3, and 8313/3. The following information was collected from the database: primary tumor site; ICD-O-3 histology; age at diagnosis; gender; marital status; race; grade; tumor stage in 2000; and sites of metastasis at diagnosis (bone, brain, liver, and lung from years 2010 to 2016). Studies with a lack of survival data or fewer than 50 CCA solid tumors were excluded. The final cohort included 104,206 patients.



Statistical Analysis

SEER*Stat software (version 8.3.6, National Cancer Institute Surveillance Research Program) was used to calculate the age-adjusted incidence and age-standardized relative survival. Incidence and relative survival were standardized to the 2000 United States general population.

All statistical analyses were performed using IBM SPSS v25.0 software (International Business Machines, Armonk, NY, USA). The data were analyzed to produce figure using Microsoft Excel software. Differences in demographic and clinical characteristics of different primary tumor sites were determined using Pearson’s chi-squared test. Overall survival (OS) was generated using the Kaplan-Meier curves and the difference in survival between groups was assessed using a log-rank test. A multivariate Cox proportional hazards regression model was used to estimate the 3-year, 5-year, and OS for all patients, respectively. Two-tailed P values < 0.05 were considered statistically significant.




Results


Annual Incidence of CCA

To assess the recent trends in CCA incidence, we identified all CCA cases from 2000 to 2016 in the SEER database. As shown in Figure 1A, the incidence of age-adjusted CCA was 3.3 per 100,000 persons in 2000, and increased to 8.8 per 100,000 persons in 2016; for comparison, the annual age-adjusted incidence of all malignancies is also depicted.




Figure 1 | Incidence trends of CCA from 2000 to 2016. Annual age-adjusted incidence of all CCA cases and all malignant neoplasms (A). Annual age-adjusted incidence of CCA by age group (B), stage (C), grade (D), and ethnicity (E).



In addition, we divided all CCA cases into different subgroups based on the age and race of the patient as well as grade and stage of the tumor. First, the age-specific incidence was calculated for three age groups: <60 years, 60–69 years, and >70 years. As shown in Figure 1B, the incidence of CCA increased dramatically from 2000 to 2016 in patients aged <60 years, with nearly a 3-fold rise to 4.7 per 100,000 persons; among those aged 60–69 years or >70 years, there was a more modest increase of 2.5-fold.

Among the tumor grade groups, the most dramatic rise in incidence was described in patients with grade IV CCA (from 0.1 per 100,000 persons in 2000, to 0.7 per 100,000 persons in 2016; Figure 1C). Among the tumor stage groups, the incidence of localized CCA increased the most relative to regional or distant (from 2 per 100,000 persons in 2000 to 6.2 per 100,000 persons in 2016; Figure 1D). Among the ethnic groups, the incidence of CCA increased the most in Caucasians (from 2.1 per 100,000 persons in 2000 to 8.4 per 100,000 persons in 2016; Figure 1E).

Overall, according to the SEER 18 data, the incidence of CCA cases diagnosed increased statistically significantly from 2000 to 2016 (annual percent change (APC): 4.6, 95% confidence interval (CI) [3.4, 5.7], P < 0.05).



Patient Characteristics

To compare the demographic and clinical characteristics of CCA at the different primary tumor sites, we analyzed 104,206 CCA patients identified in the SEER database (Table 1). We found that the median age of these patients at diagnosis was 62 years (range: 53–71 y), and the median OS was 46 months (range: 17–91 mo). Comparing the different primary tumor sites, the lowest median age at diagnosis (56 y) was that of patients with ovarian CCA, and the highest (71 years) was for patients with bladder CCA.


Table 1 | Descriptive demographic and clinical characteristics of patients with CCA according to primary tumor site*.



The primary tumor site in these patients was significantly associated with the age at diagnosis (P < 0.001; Table 1). Patients aged ≥61 years were more likely to develop primary CCA of the KRP, corpus and cervix uteri, lungs, bladder, pancreas, prostate, or liver; while patients aged 31-60 years were more likely to have CCA of the POM. Moreover, the tumor grade was significantly different between the various primary tumor sites (P < 0.001; Table 1): patients with grade II tumors were more likely to have CCA of the KRP; while patients with grade III tumors were more likely to have CCA of the corpus and cervix uteri, lungs, breast, or prostate.

The tumor stage was significantly different between the various primary tumor sites (P = 0.001; Table 1): localized CCA was more likely to be in the KRP, ovary, cervix uteri, breast, prostate, or liver; while distant CCA was more likely to be in the lungs or pancreas. In addition, we determined that the metastatic sites differed depending on the type of CCA. Patients with CCA of the KRP, cervix uteri, or vagina were most likely to have lung metastases; patients with CCA of the ovary, bladder, or pancreas were more prone to have liver metastases; and patients with CCA of the lung, breast, or prostate were tended to have bone metastases (Figure 2).




Figure 2 | Characteristics of CCA patients according to the primary tumor site. Proportion of metastatic sites in the bone, brain, liver, or lung (B).





Survival

We identified the latest trends in the survival of all CCA cases from 2000 to 2011 in the SEER database, relative to the general population. As shown in Figure 3A, the age-standardized 3-year and 5-year relative survivals increased from 2000 to 2011, rising by 9.1% and 9.5%, respectively. Specifically, when we examined the CCA cases by grade (Figures 3B, C), we found that the age-standardized 3-year and 5-year relative survivals of patients with grade I CCA increased from 89.6% and 84.0% in 2000 to 98.1% and 96.0% in 2011, respectively. Meanwhile, the age-standardized 3-year and 5-year relative survivals of patients with grade II CCA slightly improved from 85.4% and 79.7% in 2000 to 93.6% and 90.0% in 2011, respectively.




Figure 3 | Trends in the 3-year and 5-year relative survival probabilities of CCA patients from 2000 to 2011. Trends in the 3-year and 5-year relative survival probabilities of all CCA patients (A). Trends in the 3-year and 5-year relative survival probabilities of CCA patients by grade (B, C) and stage (D, E).



Those with grade III–IV CCA showed an even greater improvement: the 3-year and 5-year relative survivals of grade III patients increased from 66.7% and 41.6% in 2000 to 79.8% and 63.5% in 2011, respectively. The 3-year and 5-year relative survivals of the grade IV patients increased from 60.9% and 39.6% in 2000 to 73.8% and 51.1% in 2011. When we examined the age-standardized 3-year and 5-year relative survivals by tumor stage, we found that the relative survival of patients with localized, regional, or distant tumors had improved slightly over time (Figures 3D, E).

The age-standardized 3-year and 5-year survivals of the CCA patients relative to the general population and according to the primary tumor site were analyzed (Figure 4A). The largest change in 3-year to 5-year survival was for CCA of the POM (46.8% to 32.2%) or prostate (72.3% to 59.2%), and the smallest change was for CCA of the pancreas (11.4% to 8.3%) or KRP (85.6% to 81.1%). We examined the known 3-year and 5-year relative survivals of CCA of different primary tumor sites according to the tumor stage (Figures 4B, C). The best 5-year relative survival for regional and distant tumors was for patients with ovarian CCA.




Figure 4 | Trends in the 3-year and 5-year relative survival probabilities according to the primary tumor site. Trends in the 3-year and 5-year relative survival probabilities of patients with CCA at various primary tumor sites (A). Trends in the 3-year and 5-year relative survival probabilities by stage (B, C).



We performed a multivariate analysis and calculated the hazard ratio for OS (Table 2). Age, gender, year of diagnosis, marital status, ethnicity, grade, stage, and primary tumor site were all significantly associated with OS. We found that women (HR, 0.85; 95% CI, 0.83–0.87) had a better OS than men, and patients with grade III (HR, 1.21; 95% CI, 1.16–1.26) or grade IV (HR, 1.68; 95% CI, 1.59–1.77) CCA had a worse OS than did those with grade I CCA. However, the OS was not statistically different between grade II and grade I CCA. After adjusting for other variables, regional CCA (HR, 1.91; 95% CI, 1.86–1.97) and distant CCA had a shorter median survival time compared with localized and regional CCA (14mo VS 193,103 mo, respectively). Compared with CCA of the KRP, patients with CCA of the liver had the worst OS (HR, 4.89; 95% CI, 3.71–6.44), those with CCA of the pancreas had the second worst OS (HR, 3.70; 95% CI, 2.99–4.59), and those with CCA of the ovary had the best OS (HR, 0.75; 95% CI, 0.71–0.79).


Table 2 | Multivariate survival analysis of patients with CCA receiving diagnoses from 2000 to 2016.



We analyzed the latest trends of the OS during 2000–2007 and 2008–2016. Compared with 2000–2007, the risk of death in CCA diagnosed in 2008–2016 was less by 13% (HR, 0.87; 95% CI, 0.85–0.89). We calculated the 3-year and 5-year hazard ratios through multivariate analysis, and the patients with grade II CCA had better 3-year (HR, 0.84; 95% CI, 0.79–0.90) and 5-year (HR, 0.88; 95% CI, 0.83–0.93) survivals than did those patients with grade I CCA. All of the above comparisons are significant (P < 0.001).

Furthermore, the Kaplan-Meier curve and median OS were analyze for age, gender, year of diagnosis, marital status, race, grade, stage, and primary tumor site. The results were consistent with multivariate cox regression analysis. Specifically, the population with Widowed/Divorced had the worst prognosis, with the median OS of only 98 months (Figure 5D). CCA patients with distant-stage had a median OS of only 14 months, compared with 193 and 103 months for localized and regional, respectively. The median OS was best for breast cancer CCA (not achieving median OS) and ovarian cancer CCA (175 mo) (Figure 5G), while the median OS was worst for pancreas (3 mo) and liver (6 months). All of these differences in OS were significant (P < 0.001; Figures 5A–H).




Figure 5 | Kaplan-Meier analysis of survival by age (A), gender (B), race (C), marital status (D), year of diagnosis (E), grade (F), stage (G), primary tumor site (H).






Discussion

In this study, we used the SEER database to report the largest number of CCA cases for the first time, focusing on incidence, demographic characteristics, and prognostic factors. We found that the age-adjusted incidence of CCA increased from 3.3 per 100,000 persons in 2000 to 8.8 per 100,000 persons in 2016, which is a 2.7-fold increase. This increase may be due in part to factors such as increased early diagnosis of these tumors and insurance coverage (15–17). The survival of CCA patients also increased significantly over time, reflecting that comprehensive treatment based on surgery has improved for CCA patients in recent years (18–20).

Although the incidence increased across all ages, grades, stages, and races during this period, the incidence increased the most for grade IV CCA, then localized stage; and American Indians and Alaskan Natives among races. However, it is unclear whether these differences are due to underlying dietary habits, environmental factors, biological factors, or health care models. Furthermore, CCA is associated with variables such as older age, white, male, grade II and local stage. CCA also occurs most frequently in the kidneys and ovaries. Patients with kidney or ovarian CCA are more likely to have metastasis to the lungs and liver compared with other solid CCAs, respectively, a finding consistent with previous reports (21, 22).

In addition, we analyzed the relative survival of patients with all grades and stages of CCA and found that survival over time increased the most in patients with grade IV CCA. One possible explanation is that surgery-based comprehensive treatment models for high-grade CCA have improved in recent years (23, 24). The results of the multivariate survival analysis showed that age, gender, year of diagnosis, marital status, ethnicity, disease stage, grade, and primary tumor site are important predictors of the OS of CCA patients. We also found that the most useful predictor of prognosis in patients with CCA is probably the primary tumor site. Therefore, the results of our research above can be used as a practical guide for clinicians.

Previous studies have shown that CCA is formed by the abnormal accumulation of glycogen. The prognosis is poor for patients with CCA of the kidney, uterus, ovary, bladder, or breast (11, 13, 25, 26). The present research showed that compared with CCA of the kidney, CCA of the liver and pancreas has a relatively worse OS, while CCA of the ovary has a better prognosis.

The poor prognosis of CCA patients may be due to several biomolecular mechanisms. Glycogen metabolism has recently been recognized as an important pathway for metabolic reprogramming in cancer cells. Others have reported that tumorigenesis and progression inhibit hypoglycemic glycogen metabolism and thereby inhibit active oxygen levels and p53-dependent cell senescence (14). Furthermore, tumor cells can mobilize glycogen to promote glycolysis and increase cancer cell proliferation, invasion, and metastasis through various signaling pathways such as p38α mitogen-activated protein kinase and mammalian target of rapamycin (27, 28).

Abnormal glycogen accumulation can serve as an important energy supply that compensate for nutritional deficiencies in the tumor microenvironment (2). Therefore, targeting glucose metabolism is considered an important approach for cancer treatment (4, 8). However, there is currently no effective treatment for CCA. A deep understanding of cancer glycogen metabolism is needed to identify novel targeted treatments for these glycogen-rich cancers, to serve as options to surgery for comprehensive treatment.

There are some limitations to our research. First, this study was retrospective and had an inherent selection bias. Second, our study did not include factors such as the quality of surgery and systemic treatments, which may confound the results. Finally, the SEER database does not capture a number of possible prognostic indicators such as insurance status, eating habits, and environmental factors, which may also influence treatment decisions and survival outcomes.



Conclusions

In this large-scale study, we evaluated the incidence of CCA as well as the demographics and survival of CCA patients. Over time, the incidence of CCA and patient survival increased. In particular, the highest increases were reported for grade IV CCA compared with all subgroups, which may be due to increased diagnosis of the disease and improved treatment. Our research will help clinicians fully understand the natural history and progression of these glycogen-rich tumors as well as provide a theoretical basis for identifying novel targeted therapies.
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The interest on partial adrenalectomy has steadily increased over the past twenty years. Adrenal pathologies are mostly benign, making an organ-preserving procedure attractive for many patients. The introduction of minimally invasive techniques played probably an important role in this process because they transformed a complex surgical procedure, related to the difficult access to the retroperitoneal space, into a simple operation improving the accessibility to this organ. In this review we summarize the role of partial retroperitoneoscopic adrenalectomy over the years and the current indications and technique.
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Introduction

The first description of experimental partial adrenalectomy is attributable to Frederick Gates. In 1918, he investigated the potential role of the adrenal glands in antibody formation (in guinea pigs) and found out that these glands are not an essential part in immunity processes. Moreover, they observed that the removal of three-quarters to seven-eighths of the adrenal tissue does not cause adrenal insufficiency (1). The first description of partial adrenalectomy in humans was published in 1934 based on the hypothesis that medullary adrenal hyperplasia is responsible for severe arterial hypertension and bilateral partial adrenalectomy might be its therapy (2). The operation that consisted in the removal of two-third to three-fourth of each adrenal was performed in two stages from the back through a “so-called” kidney incision under spinal anesthesia. This report includes 8 cases with no mortality or severe complications. The first report of partial adrenalectomy for bilateral adrenal tumors was published in 1982 but the operation was performed in 1965 (3). A 13-year-old boy underwent total adrenalectomy on the right side and partial on the left side for bilateral pheochromocytoma. For two days after surgery the patient received diminishing doses of cortisol and 6 days postoperatively 5 mg prednisone was given twice a day orally. The substitution therapy was discontinued after 4 months and a computer tomography scan 15 years later proved the adrenal remnant without tumor recurrence. In 1983, Irvin and colleagues, and in 1984 van Heerden and coworkers reported on partial adrenalectomy in bilateral pheochromocytomas each in 3 patients (4, 5). Irvin described a family of a father and two daughters with bilateral pheochromocytomas who had been recurrence-free for 3–8 years after partial adrenalectomy. The Mayo group mentioned “enucleation” of bilateral pheochromocytomas in two patients in the early 1950s and a third case of an airline pilot (5) published more in detail as a case report in 1985 (6). By successful function-preserving adrenalectomy on both sides the latter patient could continue his professional career. As none of these patients—mainly with hereditary diseases—developed a tumor recurrence, the concept of partial adrenalectomy seemed to be a real alternative to life-long corticoid replacement with high risks of Addisionian crisis and death (7, 8) and became an alternative strategy for selected patients in adrenal surgery. The first reports of minimally invasive partial adrenalectomy were published by us in 1996 (9). In 5 cases (2 Conn’s adenomas, 3 non-functioning tumors) the retroperitoneoscopic approach was used.



Material and Methods

A literature search (Medline database) with the keywords “partial adrenalectomy” and/or “cortical-sparing adrenalectomy” and “retroperitoneoscopic partial adrenalectomy” has been performed and the data were analyzed. The present review and the search from the literature focused specifically on the retroperitoneoscopic technique. Papers with >10 reported cases have been included while smaller series and case reports were not considered for the present analysis. Additionally, all the data presented have been extracted from our previous publications with a specific focus on partial adrenalectomy performed by the retroperitoneoscopic approach (10–16). Table 1 summarizes the results of the studies presented in this review.


Table 1 | Retroperitoneoscopic partial adrenalectomy.





The Surgical Technique

The first description of an experimental retroperitoneal endoscopic adrenalectomy was published in 1993 by Brunt et al. (22). The authors performed the procedure in a domestic swine model using insufflation of the retroperitoneal space with carbon dioxide and concluded that the posterior route could have been potentially suitable to the treatment of adrenal lesions. In 1994 and 1995 retroperitoneal adrenalectomy in humans has been described in Japan, New Zeeland, Sweden, Italy, Germany and Turkey (23–28) including our own paper (29). Some used the lateral approach (23–25, 27), others the posterior access (26–29). The latter is more accepted today with the patient in the prone, half-jackknife position. On our own hands a rectangular pillow is used that allows the abdominal wall to hang through ventrally (Figure 1). Alternatively, a roll may be positioned below the chest and the pelvis. The angle of the hip joint should be around 90°. This position creates an optimal space between the ribs and the iliac crest. A 1.5 to 2 cm skin incision is performed at the level of the 12th rib and the retroperitoneal space is reached by blunt and sharp dissection with scissors. A finger is inserted into the retroperitoneum in order to position a 5 mm port inserted just below the tip of the 11th rib under digital control. A blunt trocar with an inflatable balloon and an adjustable sleeve (Medtronic, Minneapolis, USA, ®) is introduced into the initial incision site and blocked. Under CO2 insufflation pressure of 20–30 mmHg a working space is created by opening Gerota’s facia and pushing all retroperitoneal fatty tissue ventrally. By this maneuver the region around the kidney and the adrenal gland are visualized. A third trocar (5 or 10 mm in diameter) is inserted under visual control paying attention to avoid the subcostal nerve running parallel to the 12th rib. The final position of the trocar is demonstrated in Figure 2. The dissection starts on the upper pole of the kidney that is freed from the adhesions to the retroperitoneal fatty tissue. The kidney is gently retracted caudally and medially to expose the lower pole of the adrenal gland. The dissection is then continued medially from caudal to cranial. On the right side the vena cava is visualized and the retrocaval dissection is performed until the adrenal vein is reached; on the left side the adrenal vein is isolated medially when completing the dissection of the lower pole of the adrenal. The cranial dissection represents the last step of the procedure. Total adrenalectomy is usually performed as an “en-bloc” resection of the gland and retroperitoneal fatty tissue and needs to be modified in partial adrenalectomy. Preconditions for successful function-preserving adrenal surgery are special knowledges in anatomy and surgical technique. Adrenal glands are perfused from medial, inferior, and cranial but not from lateral. By this, adrenal tissue can be dissected in any direction preserving at least one direction of perfusion. The preservation of the main vein is not mandatory. Planning of cortical-sparing procedures is based on a detailed analysis of preoperative imaging in order to understand position and size of the tumor within the gland. Intraoperative ultrasound may facilitate the identification of neoplasias, especially in obese patients. For tumors located at the upper pole of the gland, the dissection of the lower pole should be avoided and vice versa (Figure 3). The division of the adrenal tissue can be performed by any energy device and residual bleeding from the remnant that can be easily controlled by standard coagulation instruments (Figure 4).




Figure 1 | Patient’s position.






Figure 2 | Trocar’s position.






Figure 3 | Tumor located on the upper pole on the right side: the dissection of the lower part of the adrenal gland is avoided.






Figure 4 | Division of the gland performed by bipolar instrument.



In recent years indocyanine green (ICG) fluorescence has been used to visualize viability of adrenal remnant after resection. The first report was published in 2013 by Manny and colleagues in three patients during robotic adrenalectomy (30). In the setting of a collaboration with the Institute for Research Against Cancer of the Digestive System (IRCAD) in Strasbourg we analyzed the behavior of the adrenal tissue in a porcine model and found out that fluorescence imaging can provide real-time guidance during minimally invasive adrenal surgery. Prior to dissection, it allows to easily discriminate the adrenal gland from surrounding retroperitoneal structures. After adrenal gland division, ICG injection associated with a computer-assisted quantitative analysis helps to distinguish between well-perfused and ischemic segments (31). These findings have been confirmed in some studies analyzing different adrenal pathologies in the humans (32, 33). Fluorescence guidance can be also useful to estimate more precisely the volume of the adrenal remnant. This is particularly important in patients submitted to bilateral surgery to decide about the necessity of corticosteroids substitution. It is well-known that preservation of 15 to 30% of one gland is necessary to avoid a substitution therapy (34). Brauckhoff et al. studied 10 patients with bilateral adrenal tumors which underwent measurement of plasma adrenocorticotropic hormone (ACTH), serum cortisol, and maximal cortisol liberation with an ACTH test after subtotal bilateral adrenalectomy, which left 15 to 30% of adrenal tissue in situ. In the early postoperative period, all patients had normal basal serum cortisol levels, despite in 6 patients a pathologic ACTH test result was observed. During follow-up all patients were found to have a normal ACTH test result. None of the patients required long-term steroid supplementation. This is confirmed by our experience on 66 patients operated for bilateral pheochromocytomas (14). All patients with preservation of less than 15% of adrenal tissue ultimately became steroid-dependent.


Pheochromocytoma

Partial adrenalectomy should always be considered in the case of pheocromocytoma. The risk of developing bilateral tumors is much higher than historically assumed, as part of the well-known 10%-rule for pheochromocytoma. This is particularly true when considering that familial diseases account nowadays for almost 40% of the cases (35). The main consequence of performing adrenal preservation, especially in hereditary pheochromocytoma, is the possible development of recurrent disease that needs to be weighed against avoidance of a lifelong steroid therapy. Nevertheless, a clear distinction between ipsilateral and contralateral recurrence should be made, as only ipsilateral recurrence can be avoided if total instead of partial adrenalectomy is undertaken. Older studies based on open partial adrenalectomy reported recurrence in up to 20% (35), whereas recent papers using minimally invasive techniques describe lower recurrence rates of less than 10%. Data of the European-American-Asian-Bilateral-Pheochromocytoma-Registry including a total of 625 patients with bilateral tumors show that partial adrenalectomy was performed for smaller tumors compared to total adrenalectomy (3 vs. 3.5 cm) and more often since 2010 (36). This seems to be related to the increased use of minimally invasive techniques which allow a more precise dissection. Recurrent ipsilateral pheochromocytoma developed in 35 of 625 patients (5.6%); 33 out of 248 patients (13%) after partial adrenalectomy and 2 out of 301 (0.6%) after total adrenalectomy. Moreover, metastatic pheochromocytoma was diagnosed in 8 of 625 patients (1.3%). Our group published the results of partial adrenalectomy for pheochromocytoma in 2006 (10). In this series 94 unilateral and 12 bilateral tumors were removed by the posterior approach. Fifty-seven partial adrenalectomies had been performed. There was neither mortality nor conversion to open surgery. A bleeding occurred after left-sided resection in a patient with bilateral pheochromocytomas. This patient required transfusion of 4 units of blood and retroperitoneoscopy to remove the hematoma on the first postoperative day. After a mean follow-up of 45 ± 33 months no recurrence was observed. Later on, we reported the results in the subgroup of children and adolescents between the age of 7 and 20 years (16). There were 35 retroperitoneoscopic and two combined laparoscopic–retroperitoneoscopic operations. Thirty-one partial adrenalectomies have been performed. None of the bilateral pheochromocytoma patients needed corticoid supplementation following partial adrenalectomy. After a mean follow-up of 9.1 ± 4.6 years, 2 patients affected by von Hippel–Lindau disease developed an ipsilateral recurrent after 16 and 22 months, respectively. These tumors were removed by redo surgery by the retroperitoneoscopic approach.

According to the data available, the risks of recurrence and malignancy are low and justify, in our opinion, the use of partial adrenalectomy in most cases. Moreover, redo surgery by the posterior retroperitoneoscopic approach is almost always feasible independent of the surgical access of the first operation (11). Partial adrenalectomy can achieve lifelong steroid independency in most of the patients affected by bilateral tumors. We published the results of surgery on a group of 66 patients treated for bilateral disease (14). Fifty-seven patients (88%) were affected by genetic diseases. In 32 cases surgery was synchronously performed on both sides, in 34 cases unilateral adrenalectomy followed previous surgery on the contralateral side. A cortical-sparing resection was possible in 89 procedures resulting in a corticoid-free postoperative course in 60 patients (91%). A postoperative corticosteroid substitution therapy was necessary in six patients. After a median follow-up period of 48 months, one patient showed a persistent disease and needed reoperation, none developed a recurrent disease. Partial adrenalectomy is suggested also from the Endocrine Society guidelines (37) at least for patients with hereditary pheochromocytoma, with small tumors who have already undergone a contralateral complete adrenalectomy. The recommendation is based on the low risk of recurrence reported (7% over 3 years, and 10–15% over 10 years) and the high probability of steroid-independency (78–90%).



Conn’s Syndrome

Preliminary results of partial adrenalectomy for hyperaldosteronism performed by the retroperitoneoscopic route have been reported by our group in 1998 (38). Between 1994 and 1997, 11 out of 22 patients which underwent cortical-sparing surgery were affected by Conn’s adenomas. These tumors are generally small and have a negligible risk of malignancy, therefore partial adrenalectomy seems to be a good alternative to total adrenalectomy. In 2003 Sasagawa and colleagues reported the results of partial adrenalectomy performed in 47 cases including 13 cases of Conn’s adenomas (17). There was one conversion to open surgery because of bleeding (2%). The authors described as intraoperative complications three (6.4%) adrenal bleedings, two (4.3%) pneumothoraces, one (2.1%) massive hemorrhage (more than 1,000 ml) and one (2.1%) injury of the renal vein. In 2008 we reported the results of partial adrenalectomy in 47 patients which represented 26% of those operated for Conn’s syndrome at our Institution between August 1994 and January 2007 (12). After a mean follow-up of almost 5 years, completed for 160 patients (87%), the rate of patients with improvement of hypertension was similar following partial (n = 37) and total adrenalectomy (n = 123): (92% vs. 85%, p = 0.41). Our results are confirmed by a prospective randomized study performed on 212 patients (108 and 104 who underwent total and partial adrenalectomy, respectively) (18). Intraoperative blood loss in the partial adrenalectomy group was significantly higher than in the total adrenalectomy group (p <0.05) but no patient needed blood transfusion. Patients in both groups showed improvement in hypertension, and in all aldosterone returned to normal.

Opponents of cortical-sparing surgery are concerned about the possible presence of multiple nodules or adrenal hyperplasia in the tumor-carrying gland. The decision to perform partial adrenalectomy should be weighed against the risk of leaving a remnant with pathological tissue. In our series from the 2008 histologic examination revealed solitary adenomas in 127 patients and nodular hyperplasia in 56. Patients with an adenoma were significantly younger than those with nodular hyperplasia (47.8 ± 13.1 vs. 53.8 ± 10.9 years, p <0.05). Suitable candidates for cortical-sparing surgery are particularly young patients (<45 years old) with a clearly visible nodule on preoperative imaging. In most of the series reported in the literature the cure rate of cortical-sparing surgery is even better than after total adrenalectomy probably because of this selection bias (39). Moreover, a recent German multicentric study showed that both, postoperative hypocortisolism (11.5% vs 25.0% after partial and total adrenalectomy, respectively; p <0.001) and postoperative hypoglycemia (2.6% vs 7.1%; p = 0.039) occurred more frequently after total adrenalectomy. No recurrence was encountered in both groups (40).




Cushing’s Syndrome

The first report on partial adrenalectomy for hypercortisolism has been published in 1934 by Walters (41). In this study ACTH-dependent and independent cases are included and a total number of 46 partial adrenalectomies with a mortality rate of 15% is reported. Certainly, partial adrenalectomy is nowadays not an option for ACTH-depending Cushing’s syndrome, as recurrences are obligatory. In cases of ACTH-independent hypercortisolism caused by adrenal adenomas or bilateral macronodular hyperplasia cortical-sparing surgery can be considered. In 2010 we published the results of retroperitoneoscopic adrenalectomy for clinical and subclinical Cushing’s syndrome. In this series 157 patients suffered from unilateral adrenal disease and 13 patients from bilateral macronodular hyperplasia. There were 44 partial adrenalectomies performed with no ipsilateral recurrence after a mean follow-up of 70.9 months (13). There are three different strategies in case of bilateral hyperplasia causing hypercortisolism: bilateral total adrenalectomy, unilateral adrenalectomy guided by the size of the glands or result of adrenal venous sampling, bilateral surgery including cortical-sparing adrenalectomy at least on one side. Unilateral surgery and bilateral surgery with partial adrenalectomy can both avoid substitution therapy. We reported the results of bilateral surgery on 42 patients with clinical or subclinical Cushing’s syndrome (15). Thirty-nine out 42 patients were treated by cortical-sparing surgery, namely, unilateral resection (n = 3), unilateral adrenalectomy (n = 15), bilateral resection (n = 9), adrenalectomy and contralateral resection (n = 14). After median follow-up of 40 months the remission rate was 92%; 11 patients required ongoing steroid supplementation. There were three biochemical recurrences after unilateral surgery (two underwent contralateral resection); two patients with new/progressive radiological nodularity were biochemically eucortisolaemic at the time of last follow-up. He and colleagues reported on the results of adrenal-sparing surgery in 87 cases (31 performed by open surgery, 56 by retroperitoneal laparoscopy) (19). The cure rate was 97.8%; recurrent or persistent hypercortisolism was observed after surgery in one patient in which total adrenalectomy was performed. Despite the increasing evidence published in the literature, partial adrenalectomy is still not recommended for patients with hypercortisolism in any of the published guidelines. Nevertheless, the evidence from the literature allow to consider it especially for tumors smaller than 4 cm which harbor a negligible risk of malignancy.



Non-Functioning Tumors

Adrenal non-functioning incidentalomas have a 2 to 5% chance of malignancy. The likelihood of a benign adrenal tumor is higher in the group of adrenal incidentalomas ≤6 cm (42). A study from Xu et al. analyzed the effect of adrenal surgery on blood pressure in patients with non-functioning adrenal adenoma and concomitant hypertension (20). After a complete endocrinological evaluation confirming the hormonal inactivity of the tumor 77 out 186 patients underwent surgery according to the diameter of the tumor (>4cm) or preference of the patient. Retroperitoneoscopic partial adrenalectomy was performed in 69 patients, and six patients underwent retroperitoneoscopic total adrenalectomy while two patients had open total adrenalectomy. After two years of follow-up 27 patients (35%) in the surgery group were cured from hypertension, whereas 24 (31%) improved, and 26 (34%) remained refractory when compared with the control group. Therefore, the authors conclude that early partial adrenalectomy can play a role in patients with incidentalomas and concomitant hypertension. Preoperative imaging could determine the risk for malignancy and define the indication for surgery which is based on the size of the tumor. As surgery is usually performed to exclude malignancy, partial adrenalectomy is not routinely recommended for those patients. Moreover, cortical-sparing surgery is mostly not feasible for tumors larger than 6 cm because of the absence of normal adrenal tissue. Conversely, it could be performed in individually selected cases for tumors between 4 and 6 cm with a low malignant potential and in case of bilateral tumors. Adrenal symptomatic cysts requiring resection are an ideal indication for partial adrenalectomy. The largest series of cortical-sparing surgery for adrenal cysts has been published by Zhang et al. (21) which performed a cortical-sparing procedure in 14 cases. The retroperitoneoscopic resection was performed with the patients in the lateral decubitus.



Metastasis

Partial adrenalectomy is not a standard procedure for adrenal metastasis. It can be indicated in selected cases in patients after previous adrenalectomy on the contralateral side or in case of bilateral metastasis. Few case reports have been published mostly on adrenal metastasis from renal cell carcinoma (43–45).



Conclusions

Over the last twenty years partial adrenalectomy has become the preferred operation for patients with bilateral pheochromocytoma and patients with metachronous tumors after previous total adrenalectomy on the contralateral side. Moreover, it is a recognized option in case of unilateral pheochromocytoma and Conn’s adenoma. The role of cortical-sparing surgery is uncertain for patients with Cushing’s syndrome and incidentaloma, as there are only few studies in the literature investigating the long-term results of partial adrenalectomy in this subgroup of patients.
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Head and neck paragangliomas (HNPGLs) are neuroendocrine tumors. They arise from the parasympathetic ganglia and can be either sporadic or due to hereditary syndromes (up to 40%). Most HNPGLs do not produce significant amounts of catecholamines. We report a case of a giant paraganglioma of the skull base with an unusually severe presentation secondary to excessive release of norepinephrine, with a good outcome considering the severity of disease. A 39-year-old Caucasian woman with no prior medical history was found unconscious and emaciated in her home. In the intensive care unit (ICU) the patient was treated for multi-organ failure with multiple complications and difficulties in stabilizing her blood pressure with values up to 246/146 mmHg. She was hospitalized in the ICU for 72 days and on the 31st day clinical assessment revealed jugular foramen syndrome and paralysis of the right n. facialis. A brain MRI confirmed a right-sided tumor of the skull base of 93.553 cm3. Blood tests showed high amounts of normetanephrine (35.1-45.4 nmol/L, ref <1.09 nmol/L) and a tumor biopsy confirmed the diagnosis of a paraganglioma. Phenoxybenzamine and Labetalol were used in high doses ((Dibenyline®, 90 mg x 3 daily) and labetalol (Trandate®, 200 + 300 + 300 mg daily) to stabilize blood pressure. The patient underwent two tumor embolization procedures before total tumor resection on day 243. Normetanephrine and blood pressure normalized after surgery (0.77 nmol/L, ref: < 1.09 nmol/L). The damage to the cranial nerve was permanent. Our patient was comprehensively examined for germline predisposition to PPGLs, however we did not identify any causal aberrations. A somatic deletion and loss of heterozygosity (LOH) of the short arm (p) of chromosome 1 (including SDHB) and p of chromosome 11 was found. Analysis showed an SDHB (c.565T>G, p.C189G) and PTEN (c.834C>G, p.F278L) missense mutation in tumor DNA. The patient made a remarkable recovery except for neurological deficits after intensive multidisciplinary treatment and rehabilitation. This case demonstrates the necessity for an early tertiary center approach with a multidisciplinary expert team and highlights the efficacy of the correct treatment with alpha-blockade.
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Introduction

HNPGLs (head and neck paragangliomas) are neuroendocrine tumors. They arise from the parasympathetic ganglia and can be either sporadic or due to hereditary syndromes (up to 40%). Most HNPGLs do not produce significant amounts of catecholamines (1). Often, HNPGLs are detected in late stages due to compression or infiltration of cranial structures (1).

We report a case of a paraganglioma of the skull base with an unusually severe presentation secondary to excessive release of norepinephrine, with a good outcome considering the severity of disease after an intensive multidisciplinary approach for more than a year. Remarkably, we identified two somatic missense variants in SDHB (succinate dehydrogenase gene B) and PTEN (phosphatase and tensin homolog), respectively.



Case Description


Regional Medical Center

A 39-year-old Caucasian woman with no prior medical history was found unresponsive by her parents in their home with a Glasgow Coma Scale (GCS) of 3. She had a respiratory rate of 5-7 per minute, hypotension, and immeasurably low blood glucose concentrations. Following a total of 500 mL 100 mg/mL intravenous glucose solution, she was admitted to the local hospital. On admission to the ICU, she had a GCS of 10, a respiratory rate of 15 per minute, blood pressure of 89/64 mmHg, pulse 94 bpm, peripheral oxygen saturation of 97%, and body temperature (ear) of 34,9° Celsius. The abdomen was swollen and tense, the skin was pale, and the extremities were bluish and marbled. Neurological examination revealed lagophthalmos on the right side and a right-sided central facial nerve palsy. No cardiac or pulmonary murmurs were present on auscultation. Cardiac ultrasonography revealed left ventricle failure with an ejection fraction of 10%. The patient had multiple chronic ulcers on her feet and lower legs, including decubitus on both heels and lower back (Figure 2). The patient was emaciated (38 kg, BMI: 14.8 kg/m2), oedematous and had severe constipation.




Figure 2 | Before and after; MRI scans, pictures of scores, and DSAs. MRI (magnetic resonance imaging) scans before and after tumor resection, clinical pictures of sores on right foot and left hand at admission and at end of hospitalization, and DSA (Digital Subtraction Angiography) images before and after embolization.



The paramedics described that the patient’s home showed signs of profound social deprivation with unsanitary living conditions. According to the family, she had developed a slurred speech and had been eating less than usual (mainly corn starch porridge) over the course of 2-3 months.

After the initial life-saving treatments for multi-organ failure (Table 1), the initial hypotension was replaced by refractory life-threatening hypertension with blood pressure spikes up to 246/146 mmHg despite treatment with carvedilol 12,5 mg x 2, ramipril 5 mg x 2, and methyldopa 500 mg x 4.


Table 1 | Initial life-saving treatments for multi-organ failure.



Respiratory distress, and hypercapnia, as well as bilateral pleural effusion ensued, necessitating intubation for 49 days and pleural drainage. Further necrotic sores evolved on her toes and fingertips. This was initially thought to be due to sepsis and DIC and amputation was considered. Aggressive treatment with antibiotics, surgical revision, and bandaging was carried out.

The patient also had stomach pain due to coprostasis, which was difficult to treat with normal laxatives.

On the 7th day in the ICU, an occupational therapist described right-sided facial nerve palsy, lagophthalmos of the right eye, her uvula was pulled to the left, and she had soft palate dysfunction. Right-sided jugular foramen syndrome (paresis of the glossopharyngeal, vagal, hypoglossal, and accessory nerves) as well as a right-sided facial nerve palsy were diagnosed on day 31 following an ENT assessment.

A brain CT was performed at admission to rule out intracranial bleeding. Unfortunately, due to movement artifacts, the skull base could not be evaluated in this CT and a new brain CT was not prioritized as intracranial bleeding had been ruled out. Due to the central facial nerve palsy diagnosed on day 31 repeat CT scanning as well as magnetic resonance (MR) imaging were performed, revealing a giant (93.553cm3) tumor of the skull base located both intra- and extracranially (Figure 2). Subsequent 18F-FDG PET/CT imaging revealed a high FDG uptake confined to the tumor. A tumor biopsy was performed to determine the type of tumor. This showed a classic paraganglioma with a Ki-67 index of 4%. Plasma metanephrines were measured after the pathology results and showed very high concentrations of normetanephrine (35.1-45.4 nmol/L, ref <1.09 nmol/L), confirming the clinical suspicion of a catecholamine secreting paraganglioma. Chromogranin A measured on day 40 was 242 uL/L (ref: <102 uL/L).



Tertiary Medical Center

The patient spent 72 days in the local ICU before being admitted to a tertiary referral center under a multidisciplinary team. 123MIBG-scintigraphy showed no uptake in the tumor or elsewhere and alpha-blockade treatment was initiated. 18Ga-Dotatoc PET-CT showed localized grade 2 uptake in the tumor with no radiological signs of metastatic disease in the thorax or abdomen. Alpha-blockade treatment was gradually increased, according to daily orthostatic blood pressure measurements, to high doses of phenoxybenzamine (Dibenyline®, 90 mg x 3 daily) and labetalol (Trandate®, 200 + 300 + 300 mg daily). The goal was to stabilize the blood pressure and improve the general physical state before the first tumor embolization treatment. Upon alpha blockade and blood pressure stabilization the patient gained weight (Figure 1), and the chronic sores and necrotic fingertips and toes started to heal (Figure 2).




Figure 1 | Development of the patient’s weight (kg), normetanephrine levels, antihypertensive medicine, nutritional intake, and physical location over the first 365 days of hospitalization.  Black lines: embolization procedures, orange line: tumor resection surgery, orange rhombes: plasma-3-methoxy-norepinephrine levels (nmol/L), blue arrows: changes in blood pressure medications, green blocks: changes in the patient’s ability to drink/eat. She was at no point able to sustain nutrient intake without supplemental nutrition by naso-gastric tube. Black boxes show the patient’s location.



The patient’s nutrient intake was closely regulated by a dietician to help her gain weight together with close monitoring of blood samples to avoid refeeding syndrome. Together with physio- and occupational therapists, ADL (activities of daily living) functions were assessed and trained intensively. After approximately 2 months of alpha-blockade treatment the patient was able to swallow bread crusts, not just liquids and soft foods (see Figure 1).

Finally, the patient was physically strong enough and the first tumor embolization was performed on day 150. Tumor branches of the ascending pharyngeal artery were embolized with Embospheres and an anastomosis was coiled. This reduced the anterior spinal artery supply to about 60-70%. Between the first and the second tumor embolization the patient’s antihypertensive medication was adjusted to phenoxybenzamine 70 + 80 + 80 mg daily and labetalol 300mg x 3 daily. Before the second embolization on day 238 an MRI scan showed tumor growth since the first embolization (6 x 5.4 x 5.5 cm). The right internal carotid artery was coiled, and the anterior tumor compartment was subsequently embolized. Complete embolization of all the arterial tumor supply was not achieved.

In relation to the surgical procedures the patient was categorized as an ASA (American Society of Anesthesiologists) score of 4, indicating an immediately life-threatening condition. Preparations in the form of an arterial line for continuous blood pressure monitoring and large bore central venous catheter was inserted as moderate to severe blood loss was expected.

Phenoxybenzamine and labetalol were discontinued on the day of the craniotomy on day 243 when the tumor was resected by a total petrosectomy. Infusions with adenosine and magnesium-sulphate were started at the induction of anesthesia. Intravenous norepinephrine was infused intermittently to maintain mean arterial blood pressure (MAP) between 70-100 mmHg. In relation to the petrosectomy a defect in the dura in the posterior fossa was repaired with pericranium. Fat tissue from the abdomen was harvested to fill the petrous bone defect and the defect was restored by a titanium cranioplasty. The procedure lasted close to seven hours and the hemorrhage volume (estimated at 5100 ml) was replaced with packed red blood cells, plasma, and platelets in accordance with local guidelines and thromboelastographic testing of coagulation. Respiratory and circulatory stability was achieved during all three procedures in general anesthesia. Infusions with adenosine, magnesium and norepinephrine were adjusted frequently in the 2 days after surgery to keep a MAP above 80 and systolic blood pressure below 180 mmHg.

Normetanephrine normalized after surgery (0.77 nmol/L, ref: < 1.09 nmol/L) and her blood pressure normalized (approx. 130/80 mmHg) without antihypertensive drugs. The damage to the cranial nerves (n. glossopharyngeus, n. vagus, n. hypoglossus, n. accessories, and n. facialis) was permanent.


Pathology, Genetic Analysis, and Diagnosis

The tumor cells stained positive for synaptophysin, chromogranin, and S-100 along with SOX10 highlighted haphazardly distributed sustentacular cells. SDHA immunostaining was strongly positive, however SDHB was faint and thus difficult to conclude upon. The pathology analysis of the excised tumor itself showed the same histopathological patterns. Also, staining revealed loss of PTEN staining and alpha-inhibin staining was focally and weekly positive in tumor cells.

Molecular analysis including sequencing on tumor DNA revealed an SDHB (c.565T>G, p.C189G) and PTEN (c.834C>G, p.F278L) missense mutation. An SNP-array of tumor DNA showed loss of heterozygosity of p.1 (including SDHB) and p.11 in tumor tissue. Germline DNA was sequenced in parallel and the initial gene panel analysis did not show any variants in FH, MAX, MEN1, NF1, RET, SDHX, THEM127 or VHL. Subsequent whole genome sequencing on germline DNA did not reveal any genetic etiology of the disease.




Follow-Up and Outcome

The patient was transferred to a local neurology ward on day 292. The primary focus was to improve Activity of Daily Life with physio- and occupational therapists and after a total of 402 days in hospital she was transferred to a rehabilitation facility. She has been fitted with a Montgomery prosthesis to help her weak voice and may in future regain the ability to eat normal foods. Follow-up MRI three months post-surgery showed no signs of tumor remnant or regrowth. Future lifelong follow-up is planned according to international guidelines for pheochromocytomas and paragangliomas (PPGLs) (2).




Discussion

This case of a giant paraganglioma of the skull base with an unusually severe presentation secondary to excessive release of norepinephrine highlights how the correct diagnosis, treatment, and the use of a multi-disciplinary approach can result in a relatively good outcome.

Our patient presented with a multi-organ crisis which is a rare presentation in PPGLs. She developed pulmonary exudates, acute renal failure and DIC. The symptoms were at first confused with sepsis, which has also previously been reported in other severe cases (3). PPGLs can present with life-threatening cardiovascular manifestations (3, 4). In our case the cardiogenic shock was most likely associated with severe hypotension on the basis of pump failure due to a severe left ventricular dysfunction, which has previously been reported in a substantial number of patients with PPGLs (4, 5).

HNPGLs that secrete catecholamines give rise to hypertension and in our case the norepinephrine-mediated alpha receptor stimulation resulted in vasoconstriction and hypertension (6) but also episodes of orthostatic hypotension. It has previously been reported that norepinephrine can cause orthostatic hypotension. The mechanisms behind this could be an impaired vasoconstrictor response due to downregulation and desensitization of the alpha-adrenergic receptors and feedback inhibition of sympathoneuronal norepinephrine release either by sympathoinhibition or as a result of stimulation of presynaptic alpha2-adrenergic receptors (3, 7). It is however difficult to discern whether the patients cachectic state could also have contributed to or be the reason for the orthostatic hypotension.

Our patient also suffered from peripheral ischemia with necrosis due to extreme vasoconstriction caused by hypercatecholaminaemia which has previously been reported in other patients with extremely high concentrations of normetanephrine (6).

Together with long term immobilization the excess amount of catecholamines could explain the coprostasis. Norepinephrine inhibits the plexus of the enteric nervous system which will inhibit bowl movements, gastrointestinal secretions and blood flow. Also, norepinephrine inhibits the presynaptic release of acetylcholine which stimulates normal bowel functions (8). This can explain why it was so difficult to treat the constipation, which is a rare but previously described complications in PPGLs (8).

The question is still how the patient managed to develop such a severe disease with pronounced disease manifestations due to many months of tumor pressure and elevated catecholamine levels. In our case the suspicion is that the predominant cause is severe social deprivation, but it has not been possible to obtain more detailed information about the patient’s life or physical health in the time leading up to admission. After admission to the local ICU it took more than a month before the tumor was discovered as the underlying cause. Unfortunately, the tumor was not diagnosed at the initial CT scan on the day of admission due to artefacts on the scan performed mainly to rule out intracranial hemorrhage. The right facial nerve palsy, the lagophthalmos of the right eye and other signs of foramen jugulare syndrome were described both at admission and on day 7 following her admission. It is unclear why this was not followed up immediately but first on day 31 at the ENT assessment. The symptoms may have been overlooked due to the multiple other life-threatening symptoms. Had the central nerve palsy been diagnosed properly at an earlier stage a repeat CT of the brain would have revealed the tumor at the skull base.

The differential diagnosis of a HNPGL had not been considered prior to the biopsy, and the patient thus underwent a tumor biopsy due to suspicion of a malignant brain tumor. Had a HNPGL been considered as differential diagnosis, then the appropriate succession of events would have been to measure the catecholamines prior to taking the biopsy to ensure relevant alpha-blockade treatment to minimize the risk for the patient (9). This would also have provided the possibility of measuring the dopamine metabolite 3-methoxytyramine which is a very strong and relevant predictor of metastases development (10) in a patient with a somatic SDHB mutation.

After the initial CT and MRI scan our patient underwent 18Ga-Dotatoc PET-CT which is first choice in HNPGL detection (9, 11).

The patient’s poor physical state protracted the progress and it took many months to get her physically strong enough to undergo the tumor resection. The correct tumor diagnosis proved detrimental to improving the patient’s physical strength as this clearly required the correct treatment with alpha-blockade. In our case the patient’s weight stabilized just after the alpha-blockade treatment was initialized (Figure 1). Subsequently she gained weight at a steady rate and was back to her normal weight (approximately 60 kg, BMI: 23.4 kg/m2) on day 214. The initial weight stabilization and weight gain could be attributed to the alpha-blockade treatment as the excess catecholamines are known to increase metabolism in patients, resulting in weight loss (12, 13). After approximately 2 months of alpha-blockade the patient regained the ability to swallow more solid foods which likely contributed to her further weight gain. It has previously been shown in a study on rats that catecholamines can inhibit the swallowing reflex (14).

Patients with catecholamine producing PPGLs have an increased risk of developing diabetes (13). This is mainly caused by high levels of circulating catecholamines leading to compromised insulin secretion from the pancreatic β-cells, decreased glucose uptake, and increased insulin resistance (15). Perhaps, did not occur in our patient (HbA1c 38-40 nnmol/mol (ref <48 nmol/mol)) because of her emaciated state and lack of food intake at admission where she was severely hypoglycemic due to her cachectic and catabolic condition. One could also speculate, that the reason for her not developing diabetes during her hospital stay was because of the alpha-blockade treatment.

A previous case report from 2011 concluded, that multidisciplinary approach is necessary when treating large secreting intracranial paragangliomas. Mainly, the use of pre-operative embolization decreases the risk of surgical hemorrhage before complete surgical resection which is the optimal treatment as a curative aim (16). The embolization approach has also been used in other casuistic cases (17) and a systematic review and meta-analysis concluded that embolization of carotid body tumors prior to surgery reduced blood loss during surgery (18).

Our patient was comprehensively examined for germline predisposition to pheochromocytomas and paragangliomas, however we did not identify any causal aberrations. Rare cases of sporadic paragangliomas due to somatic variants of SDHB have been reported (19–21). Pathology immunohistochemistry analysis showed loss of PTEN expression in tumor tissue, underlining the influence of the PTEN missense mutation. Our case is the first to report highlight the possible significance of PTEN mutations in PPGLs. PTEN is one of the most frequently somatically mutated genes in cancer (22–24) and has been reported in brain tumours, lung cancer, prostate cancer, endometrial cancer breast cancer and pancreatic cancer (22). Furthermore, a quarter of thyroid adenomas and several sporadic malignant thyroid cancers were found to have PTEN LOH (22).

The somatic PTEN variant (c.834C>G, p.F278L) has previously been reported, but not in PPGLs (25). The SDHB variant (c.565T>G, p.C189G) has not previously been reported and neither variant is annotated in dbSNP (https://www.ncbi.nlm.nih.gov/snp/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), or in GnomAD (https://gnomad.broadinstitute.org/). PTEN mutations have not been found in human PPGLs but LOH at the PTEN loci has previously been reported in 2% (26) to 16% of examined tumors (27) Furthermore it has been shown in studies on mice that PTEN mutations can cause development of malignant PPGLs (27) and the loss of PTEN expression has therefore been associated with the progression of these tumors.

Alpha-inhibin immunohistochemistry was focally and weekly positive in tumor tissue. The expression of alpha-inhibin has been suggested as a screening tool for pseudo-hypoxic paragangliomas (Cluster 1 disease including SDHB-related disease) (28). Although alpha-inhibin cannot stand alone as a diagnostic tool for SDHx-related disease (28) it may contribute in cases where the SDHB expression is difficult to conclude on as in our case.

SDHB mutations in general are strongly associated with recurrence (29). Furthermore, as per the newest WHO guidelines, paragangliomas are not differentiated into benign or malignant as these tumors are all potentially malignant and should have follow-up according to guidelines (30).

The TIER classification system is a proposed alternative for classifying somatic variants (31). Even though we suspect that this variant of SDHB could be pathogenic we have not been able to classify it as more than a TIER III class variant (Variant of Unknown Significance) based on the lack of functional studies. Based on our current knowledge it is therefore not possible to predict the future clinical outcome for our patient and she will be followed with lifelong clinical screenings.

In conclusion we describe a case with an unusually severe presentation of a giant skull base PPGL with a relatively good outcome under the given circumstances. This case demonstrates the necessity for an early tertiary center approach with multidisciplinary expert teams. Furthermore, it highlights the efficacy of the correct treatment with alpha-blockade sooner rather than later. The condition is treatable but can be fatal and have serious long-term consequences for the patients. There is need for a more extensive knowledge on how to follow up on patients with PPGLs based on genetic, pathological, and clinical symptoms in the individual patient.
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Author Age Sex Signs/symptoms Hematoma [Ca++] PTH Surgery Follow- Changes in PHPT Clinic Diagnosis
size (cm) up time
Wootten (2) 63 M tetanic contractures N/A 19.4 mg/dL 169pg/mL N 6M  Spontaneous spontaneously
of the hands remission resolving primary
hyperparathyroidism
Nylen (8) 64 M Abrupt neck sweling 1.58 8.6mg/di 127pg/ml N 16M  Spontaneous parathyroid apoplexy.
and pain, neck remission
tenderness
Baskar (9) 30 F  Chronic symptomatic N/A — 2.37mmol/Lt 1256ng/L N 5Y Spontaneous MEN1
hypercalcemia remission
Ferrari (21) 48 M symptoms of sever 2.8 118 mg/dL 11315pg/mL N 2Y  Spontaneous parathyroid apoplexy
symptomatic remission
hypercalcemia
Micale SaraJ 71 F  neck discomfort, 21x24x |81 mg/dL —64.3pg/m N 16D  Spontaneous infarction of
(23) sore throat, difficulty 3.6 remission parathyroid adenoma
swallowing
Novodvorsky 54 F  symptomatic 4.4 11.88 mmol/L  117.6 pmol/L N 11M  Spontaneous Infarct hemorrhage of
(24) hypocalcaemia remission parathyroid adenoma
Kara (25) 67 F slight neck sweling N/A —9.3mg/dl 190.1 N 105M  Spontaneous hemorrhage of
remission parathyroid adenoma
Schinner (26) 68 M Chronic symptomatic 3.7x1.2x1.7 3.3 mmol / | 19.7 pmol/ | N 4y Spontaneous infarction of the
hypercalcemia remission parathyroid adenoma
Onoda (28) 67 F  Asymptomatic 1.4X1.1X1.0 — — N 2y Spontaneous parathyroid infarction
remission or homeorrhagic
infarction
Lucas (29) 53 F  Acute neck 3 —8.6mg/dl —38pg/ml N 10M  spontaneous infarction of
pain, dysphagia, remission, but parathyroid adenoma
neck mass dyspnea recurrence in 10
months
Kovacs (39) 49 F  Abrupt neck pain, N/A —2.17mmol/L  16.41 (1.38- N 29M  Spontaneous infarction of the
dyspnea,tenderness, (2.1-2.6)* 5.72) pmol/L remission parathyroid adenoma
Chan (40) 78 F  Chronic symptomatic  25x 1.5 | 1.37mmol/L  132.5 pmol/ N b Spontaneous Parathyroid apoplexy
hypercalcemia (2.20-2.62 remission, but
mmol/)t recurrence in 1 year

“total calcium; TCorrected calcium; PTH, parathyroid hormone; |Below normal: 1Above normal: —Within the normal range.
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Author Age Sex Signs/symptoms Hematoma [Ca++] PTH Surgery Time Changes in Pathological
size (cm) before PHPT diagnosis
operation
Howard (7) 57 neck pain, nausea, 3.5x2x2 120 mg. per N/A surgery N/A Spontaneous  infarction of the
vomiting and 100 ml remission after adenoma
tachycardia Hypercalcemia
supervened
DeGroote 45 symptomatic 3x3 20mg/100 ml N/A Neck exploration 4D N/A parathyroid
(17) hypercalcemia, adenoma, chief
suddenly neck pain, cel type, with a
neck tenderness, fresh hemorthagic
Severe dehydration 1.5-cm cystic area
and muttiple areas
of cystic necrosis
within the gland
Chodack (18) 61 symptomatic 6.5x4 118.5mg/100 N/A emergency emergency N/A chief-cell
hypercalcemia, cc exploration exploration parathyroid
gradual increase in adenoma
sleepiness and
confused, neck
nontender mass,
Tracheal
displacement, fever
Mizunashi 62 progressive 2.5x2.0x1.6  14.25 mmol/L 12300 ng/L surgery Emergency Intractable Parathyroid
(20) symptomatic operation  hypercalcemia  adenoma with
hypercalcemia., intratumoral
confusion hemorrhage
Johnston (22) 19 tetany, neck 3.6x2.5 156.1mg. per  N/A surgical exploration  N/A N/A The capsule
100 ml. surrounding the
adenoma was
intact and the
central area was
necrotic, with a
rim of viable
“Wasserhelle”
cells around the
periphery.
Novodvorsky 51 Asymptomatic 1.7 x0.5x —2.43mmol/L 18.7 pmol/L  uneventful bilateral 20M spontaneous  parathyroid
(24) 1.0 neck exploration remission, but  autoinfarction
recurrence in
17 months
Cetani (27) 39 neck pain, swelling, 25 —1.28mmol/L.  —40ng/L parathyroidectomy  11M spontaneous  parathyroid
tendemess remission, but  adenoma
recurrence in
11months
Lucas (29) 67 Chronic 1.5x1.0 —9.9mg/dl 167pg/ml Neck exploration N/A Spontaneous  Spontaneous
symptomatic remission infarction of a
hypercalcemia parathyroid
adenoma
Pereira (30) 24 hand muscle 7.4cm3 | 6.8mg/dl 1110 pg/ml bilateral neck 8y spontaneous  benign
contraction, (Volume) exploration remission, but  proliferation of
Chvostek's sign recurrence in  parathyroid cells
7 years
Daniel (31) 51 intermittent 3.4 10.8 mg/dL 118pg/mL minimally invasive ~ N/A N/A hypercellular
hoarseness, parathyroidectomy parathyroid
breathy voice, tissue
coughing, right vocal
fold paresis
Taguchi (33) 85 neck mass and 36 111.7 mg/di 11348pg/ml surgery N N/A cystic
symptomatic parathyroid
hypercalcemia adenoma with
intracystic
hemorrhage
Maxwell (36) 63 neck pain and 4 —22pg/mL 110.4 mg/dL  parathyroidectomy 1M Spontaneous  hypercellular
swelling, difficulty and thyroid remission. but  parathyroid
swallowing liquids, lobectomy, recurrence in - adenoma, focus
choking sensation, 2 weeks of inflammation,
voice change cystic change,
fibrosis, and
hemosiderin
deposition
Kataoka (38) 52 Abrupt neck pain 3.1x2.3x1.8 8.4 mg/dl —40.8pg/ml*  parathyroid eY Incomplete parathyroid
and swelling, surgery remission, and adenoma with
dysphagia, fever, recurrence in  oxyphilic cells
mass 4 months surrounded by
normal rims
Chen (37) 82 abrupt thyroid 6.9x6.2x4.8 11.43mmol/L  1210.4pg/mL  surgery N/A N/A cystic ectopic
enlargement and intrathyroidal
neck mass, parathyroid
hoarseness, trachea adenoma
compression and
displacement
Natsui (41) 59 symptoms of 3.4x2.1 —8.6mg/dl 86pg/di Nodulectomy M Spontaneous  Parathyroid
symptomatic remission adenoma (erative
hypercalcemia or necrotic
subsided. mass tissues with the
hemosiderin
deposition)
Ozaki (42) 64 symptomatic 4.0x2.5x1.0 — N/A cervical exploration 3M Spontaneous  cystic
hypercalcemia, left remission degeneration of
thyroid lobe nodule parathyroid
adenoma.
Gooding (43) 58 N/A 2.7x3 12mg/dl 1129 pg/mL  surgery N/A N/A hemorrhagic
parathyroid cyst.
Ben-Shlomo 59 neck pain, acute 2x3 — N/A surgery N/A N/A hyperplastic
(44) hoarseness, Abrupt parathyroid
dysphonia, mass, tissue
complete paralysis of embedded in
the right vocal cord. blood
Ahadizadeh 55 neck swelling, 4 11.1 mg/dL 467 pg/mL parathyroid N/A Spontaneous  parathyroid
(45) dysphonia. exploration, Left remission adenoma with
hemithyroidectomy infarction
McLatchie 51 renal colic.renal 2 — — neck exploration N/A Spontaneous  infarcted chief
(46) pelvic calculus remission cell adenoma
Efremidou 59 abrupt neck pain, 2.2x1.8x2.9 112.9 mg/dl 1146.5 pg/ml  cervical exploration 2M Incomplete parathyroid
(47) and thyroidectomy remission adenoma cells
surrounding a
central region of
cystic
degeneration
Govindaraj 46 Neck mass, throat 2x12x2 — 533 pg/mL, left neck N/A Spontaneous  infarcted
(48) pain, chronic exploration remission parathyroid
symptomatic gland with
hypercalcemia neovascularizing
granulation
tissue

“total calcium; PTH, parathyroid hormone; ¥iPTH, intact parathyroid hormone assay; |Below normal: tAbove normal: —Within the normal range.
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Parameter Admission Discharge

Hemoglobin 14.5 g/dl 8.5 g/di
White blood cell count 19,350 WBC/mcL 13,390 WBC/mcL
C-reactive protein 166 mg/L 166 mg/L
pO2 (mmHg) 53 94
pCO2 (mmHg) 26 40
Plasma free metanephrines (N < 90 pg/mli) 350 <15
Plasma free normetanephrines (N < 180 231 18
pg/mi)

24-h urine fractionated metanephrines 4,032.6 -

(N < 341 mcg/24 h)

24-h urine fractionated 1,990.34 =

normetanephrines (N < 444 mcg/24 h)

N. normal.
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Months Case evolution

0 Diagnosis of pituitary macroadenoma

0 First transsphenoidal endoscopic resection + biopsy

21 Recurrence: second transsphenoidal endoscopic resection + biopsy

29 Recurrence: third transsphenoidal endoscopic resection + biopsy + adjuvant stereotaxic radiotherapy (54 Gy in 27 fractions)

29 Ketoconazole (200 mg/8 h)
Pasireotide (40 mg/month)
33 Total bilateral adrenalectomy

68 Diagnosis of Nelson's syndrome

72 CAP 2,500 mg daily on days 1 to 14 every 28 days for 14 days and TMZ 140 mg/m? once daily on days 10 to 14 every 28 days. (Total 4 cycles)
76 Maintenance treatment with TMZ 140 mg/m? once daily on days 10 to 14 every 28 days

90 Follow-up: 18 months with good tolerance since first dose of CAP + TMZ treatment

CAP, capecitabine; TMZ, temozolomide.
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Case Gender Age Clinical Additional findings Tumor Pathologic  Ki- p53 CTNNB1 Inhibin-a. Treatment  Status

(yrs) Presentation weight (g)/  diagnosis 67 (yrs)
side Ll
1 F 85 BWS Bilateral adrenal masses/  21.5 (left) ACA <2% <2% WT Subset Surgery Alive
Bilateral breast masses positive (18)
2 M 24 BWS Hepatic mass 56 (left) ACC <5% Negative ND Negative Surgery Alive
(19)
3 E 0.5 Cushing >100" (eft) ACC 30% <1% S45P Ocassional  Surgery Alive (8)
syndrome cells
4 F 1.3 Routine visit  Bilateral pulmonary 130 (left) ACC ND ND WT ND Surgery + Alive
nodules Chemotherapy (28)
5 F 4 Abdominal Tumor extension into the 550 (right) ~ UMP low 20% positive  Negative Surgery + Alive
pain inferior cava and right (IHC) Chemotherapy (21)
atrium
6 F 11 Hypertension  Tumor rupture during 388 (left) UmP <5% Occasional G34E Negative Surgery Alive
surgery area (23)

*Weight estimated from tumor volume (276cm°). BWS, Beckwith-Wiedemann syndrome; ACA, adrenocortical adenoma; ACC, adrenocortical carcinoma; UMP, uncertain malignant
potential; ND, not determined.
Partial results (patients #1,3,4 and 6) has been previously published (1, 9).
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Treatment cycle Platelets (x 10%/L) Neutrophils (x 10°/L) Hemoglobin (g/L)

1 21 5.60 120
2 170 3.10 134
3 167 1.70 131
4 74 1.60 122
3 months after PRRT 92 1.92 120
6 months after PRRT 127 3.00 123
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68Ga-DOTANOC PET

Sensitivity (%) (95% Cl)  77.78 (52.36-93.59)
Specificity (%) (95% Cl)  91.67 (73.00-98.97)
PPV (%) (95% Cl) 87.50 (64.48-96.43)
NPV (%) (95% CI) 84.62 (69.68-92.94)
Accuracy (%) (95% Cl) 85.71 (71.46-94.57)
AUC (95% CI) 0.852 (0.723-0.981)

18F-FDG PET

61.11 (35.75-82.70)
75.00 (53.29-90.23)
64.71 (45.54-80.08)
72.00 (57.96-82.75)
69.05 (52.91-82.38)
0.664 (0.485-0.844)

p value

0.278
0.121
0.127
0.274
0.015
0.0583

PPV, positive predictive value; NPV, negative predictive value; AUC, Area under ROC curve.
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Characteristics value

Sex
Male 32
Female 20
Age (years) 28-75
TNM stage
I 11
v 41
Grade
G1 15
G2 31
G3 6

TNM. tumor node metastasis.
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Value

Variables
Sex
Male 6
Female 5
Age (years) 38-70
TNM stage
Il 6
v 5
Grade
G1 2
G2 8
G3 1
LN group metastases
Positive 18
24

Negative

TNM, tumor node metastasis; LN, Lymph node.
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Sensitivity (%) (95% Cl)
Specificity (%) (95% Cl)
PPV (%) (95% Cl)
NPV (%) (95% Cl)
Accuracy (%) (95% Cl)

68Ga-DOTANOC PET

77.78 (52.36-93.59)
91.67 (73.00-98.97)
87.5 (64.48-96.43)
84.62 (69.68-92.94)
85.71 (71.46-94.57)

PPV, positive predictive value; NPV, negative predictive value.

18F-FDG PET

38.89 (17.30-64.25)
100
100
69.57 (55.20-80.92)
68.57 (60.15-75.93)

p value

0.018
0.489
1.000
0.150
0.175
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Initial evaluation (January 2015) - diagnosis of

Result Reference

ACTH-independent Cushing’s syndrome range
ACTH (ng/)) 6.3 0-46
Basal serum cortisol (ug/dl) 27.6 5-25
Serum cortisol after 1 mg dexamethasone (ug/dl) 16.3 0-18
Late-night salivary cortisol (ug/dl) 0.34 0-0.15
24-hour urinary free cortisol (ug/24h) 182 8-70
Aldosterone (ng/l) 36 38-313
Plasma renin concentration (ng/l) 14 3-57
Plasma metanephrine (ng/l) 57.7 0-90
Plasma normetanephrine (ng/l) 59.3 0-200
Total testosterone (ug/l) 0.2 0-0.73
DHEA-S (uig/dl) 55 26 - 200
Androstendione (ug/l) 3.03 0.47-2.68
170-hydroxyprogesterone (ug/) 1.5 0.3-3.6

Follow-up evaluation (April 2019) - diagnosis of

Result Reference

ACTH-dependent Cushing’s syndrome range
ACTH (ng/) 69.3 0-46
Basal serum cortisol (ug/dl) 23.5 5-25

Serum cortisol after 1 mg dexamethasone (ug/dl) 28.0 0-18
Late-night salivary cortisol (ug/dl) 0.21 0-0.15
24-hour urinary free cortisol (ug/24h) 206.7 8-70

The biochemical results of January 2015 (with pathological results reported in bold letters) were
suggestive for ACTH-independent Cushing’s syndrome and excluded several potential
differential diagnoses (e.g. primary hyperaldosteronism, and catecholamine excess).

The pathological biochemical results of April 2019 were instead suggestive for ACTH-

dependent Cushing’s syndrome.

ACTH, adrenocorticotropic hormone; DHEA-S, dehydroepiandrosterone-sulfate.
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overall survival

Variables univariate analysis multivariate analysis

time (months) HR 95%ClI P HR 95%CI P
Tumor stage (ENSAT)
I+l (n=46) 171.68 + 22.82
Il (n=33) 9017 £17.74 211 1.18-3.94 0.018* 523 1.95-14.01 0.001**
IV (n=25) 36.94 + 11.28 4.60 2.35-8.98 <0.001** 5.64 1.43-2218 0.013*
Kig7
low (<20) (n=53) 14321 = 17.61
high (=20) (n=19) 30.11 £ 6.77 4.31 2.12-8.78 <0.001** 17.44 5.83 -52.20 <0.001***
FGFR1
low (<median) (n=39) 147.9 £ 23.20
high (>median) (n=40) 84.12 + 16.75 1.80 1.01-38.25 0.047* 2.1 0.91-4.89 0.07
FGFR2
low (<median) (n=42) 103.09 + 15.94
high (>median) (n=37) 117.81 £ 23.76 1.09 0.60-1.98 0.75 1.19 0.50-2.83 0.68
FGFR4
low (<median) (n=50) 154.60 + 19.64
high (>median) (n=52) 50.52 + 7.59 2.44 1.41-4.22 0.001** 3.23 1.52-6.88 0.002**
recurrence-free survival

univariate analysis multivariate analysis

Variables time (months) HR 95%Cl P HR 95%Cl P
Tumor stage (ENSAT)
I+l (n=35) 63.35 + 11.58
Il (n=14) 43.65 + 14.25 1.36 0.66 - 2.81 0.40 1.74 0.67 -4.51 0.25
Ki67
low (<20) (n=29) 7122 +11.85
high (>20) (n=10) 13.89 + 5.57 4.34 1.87 -10.09 0.001** 8.66 2.64 - 2844 <0.001***
FGFR1
low (<median) (n=16) 74.71 £ 15.06
high (>median) (n=19) 24.84 +6.71 29 1.256-6.84 0.009* 6.10 1.78 - 20.86 0.004**
FGFR2
low (<median) (n=19) 59.56 + 16.40
high (>median) (n=18) 53.44 £ 12.71 0.99 0.45-2.18 0.99 0.87 0.32-2.39 0.79
FGFR4
low (<median) (n=27) 62.94 +13.21
high (>median) (n=20) 52.62 + 13.07 1.06 052-2.18 0.86 0.77 0.33-1.80 0.55

Statistical significance:*p<0.05,*'p<0.01,***p<0.001.
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Tissue

Gene symbol

PLD1
FGF12
RRAS2
PIK3C2G
MRAS
FGFR2
MAPK10
RRAS
MAP3K5
GPLD1
FGF14
FGFR1
FGFR4
NRAS
FGF8
FGF19
Tissue
Gene symbol

RALA
PRKCA
MAPK9
MAP3K2
PIK3R1
RAF1
MAP3K1
FGF21

3.4x10°%+ 4.7x10°
1.7x107+ 1.02x107
ACC 1+ 2 (n=8)
relative expression
(average + SD)

0.016 + 0.012
0.047 +0.042
0.031 £ 0.017
0.013 + 0.005
0.081 £0.102
0.007 + 0.003
0.008 + 0.003

ACA (n = 15) ACC (n =21)
relative expression (average + SD) relative expression (average + SD)
0.027 + 0.0124 0.008 +0.004
0.056 = 0.041 0.015 +£0.024
0.002 + 0.0008 0.0009 + 0.0007
8.3x10® + 1x10°® 1.2x10° + 1.6x10°®
0.025 +0.011 0.011+0.008
0.021+£0.013 0.013+0.017
0.043 + 0.028 0.021+0.032
0.005 + 0.001 0.003 + 0.002
0.029 +0.018 0.011 +0.009
2.1x10™ £ 1.3x10* 1.2x10% + 7.8x10°®
1.1x10 + 1.2x10* 6.6x10° + 9.8x10™°
0.005 + 0.003 0.023+0.015
3.3x10°+ 2.4x10° 2.0x10%x 1.8x10™
0.012 + 0.003 0.020 + 0.009

2.8x10°+ 5.9x10°
1.71x10%+ 3.0x10°®
ACC 3 + 4 (n=13)
relative expression
(average + SD)
0.006 + 0.002
0.006 + 0.006
0.013+0.008
0.007 + 0.005
0.021+0.019
0.004 + 0.002
0.005 + 0.002

5.1x107+ 5.0x107

8.8x10%+ 7.6x10°

ACC vs. ACA
fold-change (95% CI)

-3.40 (-2.41 to -4.39)
-3.74 (150 to -7.71)
-2.15 (-1.24 to -3.06)
-6.77 (-1.70 to -11.83)
-2.21 (130 t0 -3.13)
-1.63 (-1.03 to -2.23)
-2.00 (-1.02 to -2.98)
-1.59 (-1.04 to -2.13
-2.52 (-1.44 to -3.59
-1.76 (-1.15 to -2.36)
-1.70 (-1.05 to -2.35)
4.11 (2.58 10 5.63)
6.16 (3.17 t0 9.14)
1.45 (1.06 to 1.84)
8.32 (1.26 to 15.39)
9.81 (1.1 to 18.51)
ACC3 +4vs.ACC1+2
fold-change
(average + SD)
-2.67 (-2.01 to -3.32)
-7.85 (-3.32 to -12.39)
-2.74 (155 to -2.98)
1,66 (-1.04 to -2.28)
-3.85 (-1.93 to -5.76)
1,61 (-1.11 to -2.11)
-1.52 (-1.12t0 -1.92)
17.38 (9.24 to 25.51)

p -value

p<0.0001
p<0.0001
p=0.0002
p=0.021
p=0.0003
p=0.014
p=0.001
p=0.006
p=0.001
p=0.009
p=0.04
p<0.0001
p<0.007
p=0.049
p=0.010
p=0.047

p -value

p=0.001
p=0.004
p=0.012
p=0.024
p=0.024
p=0.036
p=0.036
p=0.007

ACA, adrenocortical adenoma; ACC, adrenocortical carcinoma; ACC 1 + 2, adrenocortical carcinoma in ENSAT stages | and Il; ACC 3 + 4, adrenocortical carcinoma in ENSAT stages Il
and IV. The higher values between two subgroups are squared in black. The significantly differentially expressed FGF- receptors are in bold type. A negative fold change is represented by

the “-” sign. The p-values refer to the Mann-Whitney statistical comparison between the two groups of samples. A p-value <0.05 was considered statistically significant.





OPS/images/fendo.2021.795116/table1.jpg
A

n

Sex (male/female)

Age [yr (sd]

Size of the tumor [cm (sd)]

Hormone secretion
Cortisol —n (%)

Androgen —n (%)
Aldosterone —n (%)
Inactive - n (%)
Unknown — n (%)

Tumor localization —n (%)
Primary - ENSAT stage I+l
Primary - ENSAT stage I
Primary - ENSAT stage IV
Local recurrences
Distant metastases

Ki67 index [median (range)]

Weiss Score [median (range)]

B

n

Sex (male/female)

Age [yr (sd)]

Size of the tumor [cm (sd)]

Hormone secretion
Cortisol —n (%)

Androgen —n (%)
Aldosterone - n (%)
Inactive —n (%)
Unknown —n (%)

Tumor localization —n (%)
Primary - ENSAT stage I+l
Primary - ENSAT stage I
Primary - ENSAT stage IV
Local recurrences
Distant metastases

Ki67 index [median (range)]

Weiss Score [median (range)]

NAG

3
1/2
49 (11)

NAG
3
12
49 (11)

ACA

15
7/8
46 (12)
3.2(1.5)

8 (53%)
0 (0%)
3 (20%)
4.27%)
0 (0%)

ACA
29
11/18
51 (14)
33(1.2)

11 (38%)
0 (0%)

7 (24%)

11 (38%)
0 (0%)

0(0-1)

ACC

21
12/9
51 (13)
10 (4.9)

10 (47%)
3 (14%)
1 (5%)
0 (0%)
7 (34%)

8 (38%)
8 (38%)
5 (24%)
0 (0%)
0 (0%)

20 (3-70)
7(3-9)

ACC
142
52/90
49 (14)
9.8 (4.7)

52 (37%)
10 (7%)
6 (4%)

16 (11%)

58 (41%)

47 (33%)
36 (25%)
26 (18%)
22 (16%)
11 (8%)
10 (1-70)
5 (2-9)

NAG, normal adrenal gland; ACA, adrenocortical adenoma; ACC, adrenocortical

carcinoma.





OPS/images/fendo.2021.795116/fendo-12-795116-g005.jpg
Overall Survival

Overall survival

Overall survival
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Patients at risk
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1st admission  Preoperation 3 months after The diagnostic criterion of CS/SCS

operation

presence or absence of the physical symptom of Absence Absence Absence CS: presence/SCS: absence

Cushing's syndrome

Morning plasma ACTH level (pg/mL) 5.0 8.7 25.8 CS: <5.0 pg/mL/SCS: <10.0 pg/mL.

Morning serum cortisol level (ug/dL) 12.60 9.01 5.62 CS: normal or high (> 8 pg/dl)/SCS: normal
(8-18 pg/dL)

Nocturnal serum cortisol level (ug/dL) 2.68 3.84 N.A. CS: <7.5 pg/dL/SCS: < 5.0 pg/dL

Serum cortisol level on 1-mg dexamethasone 0.89 1.38 0.69 CS: <5.0 pg/mL/SCS: <1.8 pg/mL

suppression test (ug/dL)

Dehydroepiandrosterone sulphate level (ug/dL) 28 i1 18 CS and SCS: < 12 pg/dL (considering patient’s
sex and age)

1st admission  Preoperation 3 months after The diagnostic criterion of primary
operation aldosteronism
Baseline ARR 404 381 369 ARR > 200
Captopril-challenge tests ARR (60 min) 56 189 199 ARR (60 or 90 min) > 200
ARR (90 min) al 248 182

upright furosemide-loading plasma renin activity 09 0.9 1.2 Plasma renin activity (120 min) < 2.0 ng/mL/hr

tests (120 min) (ng/mL/hr)

Saline-loading test Plasma aldosterone 1.1 <10.0 21.4 Plasma aldosterone (240 min) > 60 pg/mL

(240 min) (pg/mL)

CS, Cushing’s syndrome; SCS, subclinical Cushing’s syndrome; N.A, not assessed: ARR, the ratio of plasma aldosterone concentration/plasma renin activity.
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Cortisol” 307 nmol/L*

FSH 0,9 UL

LH 0,4 UL
Testosterone 0,1 nmol/L
Prolactin 4 pul/mL
GH <0,05 ng/mL
IGF1 149 ng/mL

*Determination of cortisol after iniciation of high dose of hydrocortisone due to clinical
signs of hypocorticism.
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Exitus =31

Carboplatin/Etoposide =30

Restart TMZ =25

Sacral metastasis diagnosis =23

TC+MR without metastasisi—17

RT+TMZ}-13
TC+MR prior TMZ, 8 cicles= 4

Second Surgery =2

First surgery™=0
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References Basic information Laboratory Tumor basic characteristics Surgery Postoperative Prognosis

findings therapy
Number Author Publication Sex Age Clinical Primary PTH Ca Pathological Tumor Local Radiation Chemo- Local Metastasis Survival
date features  diagnosis  (pg/ (mmolL) features  size invasion therapy therapy recurrence (after
mi) (cm) the
surgery)
No.1  Ourcase 2021  Female 60 Leftneck Thyroid 1881 329 transitional 600 Yes Enboc  No No Yes Yes Alive at 6
mass; cancer zone; spindie resection, months
hoarseness cell left central
component lymph
node
dissection
No. 2 Nacamuli 2002 Male 54 Left neck Lymphocytic 117 & transitional 800 No En bloc No Yes No Yes Dead at
© mass thyroiditis zone resection 7 months
No.3  Taggart 2013 Female 57 Leftneck  Thyroid 47 245  spindiecel 400 Yes Enbloc  Yes Yes No Yes Unknown
) mass; cancer component resection;
hoarseness cervical
lymph
node
No4  Hu(®) 2020 Mae 71 hoarseness Thyroid 80 234  necrosis 600 Yes paliative  No No Yes Yes Dead at
cancer resection 6 months

PTH, parathormone; SaPC, sarcomatoid parathyroid carcinoma.
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Articles identified from:
PubMed (n=780)
Cochrane library(n=82)

Articles screened
(n=833)

Full-text articles assessed for
eligibility (n=85)

Articles included in systematic
review (n=36)

Duplicate records removed (n
=29)

Articles excluded after reading
title and abstract
(n=748)

— | Articles excluded:
Database Analysis (n=8)
No primary tumour* (n=11)
Lacking clinical features** (n=21)
No full text (n=1)
No English articles (n=2)
Had been reported(n=1)
PTH<65pg/ml(n=1)
Pediatric parathyroid carcinoma(n=4)
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Case  Author Publication ~ Sex  Age atdiagnosis  Other MEN1 Ca (mmol/L) PTH (Normal value)

year (vears) diseases

1 Wuetal (11) 1902 M 48 PIT 3.15-4.05 1.47 nmol/L (0.10-0.46)

2 Sato etal. (12) 2000 F 51 N 267 /

3 Dionisi et al. (13) 2002 M 35 PET SL 3.35 75.01 pmol/L (1.1-5.83)

4 Aghaetal. (14) 2007 F 69 PIT PET 39 37.7 pmol/L (0.9-5.4)

5 Agha et al. (14) 2007 M 32 PET 37 28 pmol/L (0.9-5.4)

6 Shih etal. (15) 2009 F 53 PIT PET AA 335 143.66 pmol/L (1.59-6.89)

7 Kalavalapalli et al. (16) 2010 £ 40 PIT PET 265 7.2 pmol/L (1.59-6.89)

8 Del Pozo et al. (17) 2011 M a4 PET AA 31 21.83 pmolL (0.75-5.67)

9 Joudele et al. (18) 2011 F 39 PIT PET AA 335 34.3 pmol/L (1.18-8.43)

sL

10 Lesetal. (19) 2013 F 59 PIT AA 3.18 26.31 pmolL (1.38-5.73)

1 Singh Ospina et al. (5) 2016 M 62 PET AACT 3.4 14 pmolL (1-6.2)

12 Christakis et al. (6) 2016 M 54 PET CT 263 42 pg/mL (9-80)

13 Christakis et al. (6) 2016 M 55 PIT PET AA 3.45 673.1 pg/mL (9-80)

14 Christakis et al. (6) 2016 F 32 PETCT 3 /

15 Omi etal. (20) 2018 M 40 PIT PET 27 203 pg/ml (16-65)

16 Cinque et al. (3) 2017 M 61 PET AA / /

17 Cinque et al. 2017 M 55 A iCa 1.48 286 pg/mL (10-65)
(1.12-1.32)

18 DiMeo etal. 2018 M 62 PET 292 391.7 py/mL.

19" Present study F 51 PET AA 256 2180.4 pg/mL

20" Present study F 52 PIT 3.35 708.8 pg/mL.

21 Present study M 51 PIT PET AA 283 380 pg/mL.

B

Case Surgery Histopathologic features Recurrence/metastasis  MENT mutation

1 Single gland parathyroidectomy Nests of uniform cels separated by dense Neck and sternum /

collagenous septa and mitotic figures metastasis

2 TPTX + autoplantation Mitoses in parenchymal cells, nuclear N ©.842delC

polymorphism and capsular invasion

3 First surgery: single gland Uniform cytology, karyokinesis, fibrous Mediastinal /

parathyroidectomy bands, extracapsular, and vascular metastasis
Second surgery: SPTX invasion.

4 Resection of 3 parathyroid Dense fibrous capsule, infiltrative cells, Mediastinal /

glands mitoses, desmoplasia, fat necrosis, and metastasis
fibrous banding

5 Resection of 2 parathyroid Multiple mitoses with atypical features, N /

glands fibrous banding, and thick fibrous capsule.

6 Surgical resection of 5 benign Wide fibrous bands with vascular and N ¢.1406_13dup8

parathyroid glands plus a perineural invasion and tumor fat necross.
Focal invasion
7 First surgery: single gland Very cellular parathyroid gland. Lung metastasis. /
parathyroidectomy
Second surgery: SPTX
8 Resection of 3 parathyroids + Dense solid areas are consisting of Infiltration of the ¢.549G>C
Hemithyroidestomy oncocytic cells, desmoplastic stroma, thyroid gland (P.W183C)
focal necrosis and atypical cytology.
Infitration of the thyroid gland
9 Resection of 2 parathyroids + Capsular invasion Infitration of the .129insA
Hemithyroidectomy + Neck thyroid gland
lymphadenectomy
10 Single gland parathyroidectormy Abrormal morphology within fibrous Infitration of the /
-+ Hemithyroidectomy connective tissue and capsular invasion thyroid gland
11 First surgery: single gland Histological evidence of local invasion Esophageal /
parathyroidectomy (nerve), fibrous bands and nuclear atypia recurrence
Second surgery: single gland
parathyroidectomy
Third surgery: single
gland parathyroidectorny
12 First surgery: SPTX Lobular features, mitoses, and capsular Recurrence €.708G>A
Second surgery: TPTX invasion (p-E235K)

13 SPTX Capsular invasion, fibrosis, nuclear Recurrence ¢.1378C>T

polymorphism (p.R46OX)

14° First surgery: resection of 2.5 Lobular features and fibrous bands N /

parathyroids
Second surgery: single
gland parathyroidestomy

15 First surgery: resection of 3 Capsular invasion and vascular invasion Infiltration of the /

parathyroids + thyroid gland
Hemithyroidectomy +

autoplantation

Second surgery: Completion

thyroidectomy + resection of 1

intrathyroidal mass

16 Resection of 2 parathyroids Capsular invasion Infitration of ¢1252G>A
esophageal (p.D418N)

17 Single gland parathyroidectomy Capsular invasion Infitration of c1252G>A
surrounding (p.D418N)
adipose tissue

18 Resection of 2 parathyroids + / N /

Hemithyroidectomy + Neck
lymphadenectomy

19° First surgery: single gland Lobular features, fibrous bands, focal N c917T>G

parathyroidectomy, Second active growth, and mitoses (p.L306R)
surgery: TPTX + autoplantation

201 Resection of 2 parathyroids Active growth, mitoses, and thick bands N c431T>C

(p.F144S)

21 Resection of 2 parathyroids ‘The cubical or rounded cancer cells are Recurrence ©549G>C

small, stratified in layers as a ridge, focal (pW183C)

thick bands, capsular invasion, suspicious
vascular invasion, focal oncocytic cells

Note: 1. *: MEN1-APN cases.
2. PIT, pituitary adenoma; PET, pancreatic endocrine tumor; AA, adrenal adenoma; CT, carcinoid tumor; SL, subcutaneous lipoma; TPTX, total parathyroidectomy; SPTX, subtotal
parathyroidectomy; N, no; /, unknown; Ca, serum calcium; PTH, serum parathyroid hormone.
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Day

ICU diagnosis

Intervention

GCS 3on site, GCS 10 upon arrival to the ICU

Hypotension (blood pressure 89/64 mmHg)
Hypoglycaemia (blood glucose levels unmeasurably
low)

Left ventricle failure (LVEF max 10%)

Suspicion of vasculitis

ATN (Creatinine 160 um/L, eGFR 33 mi/min,
Carbamide 52 mmol/)
Malnourishment (BMI 14.8 kg/m?)

Suspicion of septic shock
Suspicion of Addison’s crisis

CT cerebrum showing no signs of apoplexia. Basis cranii could not be evaluated due to poor imaging
(artefacts due to movements)

Bolus IV fluids; 1000 mL Ringer Acetate, 100 mL human albumin, 500 mL isotonic NaCl.

500 mL 100 mg/mL glucose

Dobutamin and norepinephrine infusions

75-100 mg Prednisolone daily

Blood samples: erythrocyte sedimentation rate, immunoglobulins, anti-ANA, ANCA, ACE, beta-2-
glycoprotein, HgA1c

Haemodialysis

Nasogastric tube

Thiamin, vitamin B complex, vitamin C, selenium, zinc

Daily blood samples for refeeding syndrome

High-dose IV antibiotics according to local protocol (meropenem, clindamycin, ciprofloxacin)
Hydrocortisone 100 mg IV as bolus

Hydrocortisone 200 mg IV over 24 hours

2 Blood pressure spikes up to 246/146 mmHg Carvedilol 12.5 mg x 2, ramipril 5 mg x 2, methyldopa 500 mg x 4
2 DIC Antithrombin Ill, dalteparin
Thrombocytopenia (thrombocytes 17, ref: 145-390 x
10°0)
3 Coprostasis Movicol (macrogol 3350 og elektrolytter), Klyx (docusat sorbitol)
4 Respiratory distress and hypercapnia Tracheostomy and respirator treatment for a total of 49 days
4and Bilateral pleural exudates Pleurocentesis
15
5 Chronic ulcers and decubitus IV antibiotics, surgical revision, bandaging

ANA, antinuclear antibodies; ANCA, antineutrophil cytoplasmic antibodies; ATN, acute tubular necrosis; Anti-ACE, anti-angiotensin converting enzyme antibodies; DIC, disseminated
intravascular coagulation; eGFR, estimated glomerular filtration rate; GCS, Glasgow Coma Scale; HgA1c, hemoglobin Alc; IV, intravenous; LVEF, left ventricular ejection fraction; SAG-M,
Saline-Adenine-Glucose-Mannitol.
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Case Skeletal Urinary Gastrointestinal HypercalcemiaCa (mmol/L) iCa (mmol/L) P (mmol/l)  ALP (U/L) PTH (pg/ml)  250HD 24hUCa 24hUP

involvement involvement symptoms crisis (ng/mL) (mmol) (mmol)
P1* Yes Yes Yes No 256 1.31 096 219 2189.4 254 418 1.89
P2 No Yes No No 335 / 0.87 195 7088 / 2256 /
P8 Yes Yes No No 283 1.39 0.74 113 380 61 732 19.74

Note: 1. * The patient underwent two times operations; the pathology was adenomas for the first time and atypical adenomas for the second time. The resuts in this table were before the second operation. The results of P2 and P3

were before the first operation.
2. Nomal reference ranges for indlices: Ca (serum calcium): 2.13-2.70 mmoL. iCa (serum ionized calcium): 1.08-1.28 mmoVL. P (serum phosphorous): 0.81-1.45 mmol/L. ALP (alkaline phosphatase): 30-120 UAL. PTH (serum

parathyroid hormone): 13-65 pg/mL. 250HD (25-hydroxyvitamin D): 30-50ng/mL. 24hUCa (24h urinary calcium): <7.5 mmol.
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Case Surgery Pathology Histopathologic Tumor diameter  Numberof ~ Postoperative  Follow-up Recurrence/

features (cm) lesions (vear)  metastasis
ca PTH

(mmol/L)  (pg/ml)

Pi* Total Atypical adenoma  Lobular features, 25 3 202 1204 1 No
parathyroidectomy  (right superior and  fibrous bands, focal
+ auto plantation  right inferior) active growth and
Hyperplasia mitoses
(eftinferior)
P2 Left superior and Atypical adenoma  Active growth, mitoses 23 2 224 21 3 No
right inferior and thick bands
parathyroidectomy
P8 Leftinferiorand  Carcinoma The cubical or rounded / 2 239 / 4 Recurrence
right superior cancer cells are small,
parathyroidectomy stratified in layers as a

tidge, focal thick
bands, capsular
invasion, suspicious
vascular invasion, focal
oncocytic cells

Note: 1. * This patient underwent two times operations. The pathology was adenomas for the first time, and atypical adenomas for the second time. The results in this table are about
the second operation.
2. Ca (serum calcium): 2.13-2.70 mmol/L. PTH (serum parathyroid hormone): 13-65 pg/ml.
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Case

Sex

Female

Female
Male

Age
(vears)

51

52
49

Course of disease
(years)

27

10
12

MEN1 family history

Yes

No

Suspicious

Firstinvolved gland

Parathyroid

Pititary
Parathyroid

Other MEN1 diseases

Pancreatic non-functional tumor,
adrenal non-functional tumor
Pituitary prolactinoma

Pancreatic neuroendocrine tumor,
adrenocortical adenoma,

pituitary microadenomas
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Author

Walz et al.
(10)
Alesina

et al. (14)
Walz et al.
(16)
Sasagawa
etal. (17)
Walz et al.
(12)

Fu et al.
(18)
Alesina
etal. (13)
Lowery at
al (15).
He et al.
(19)

Xu et al.
(20)
Zhang

et al. (21)

2006

2012

2018

2003

2008

2011

2010

2017

2012

2015

2007

Disease

Pheochromocytoma
Pheochromocytoma
Pheochromocytoma
Conn'’s syndrome

Conn’s syndrome

Conn's syndrome
Cushing's syndrome
Cushing's syndrome
Cushing’s syndrome
Non-functioning adenomas,

concomitant hypertension
Cysts

No. of

No. of partial

Follow-up

Patients adrenalectomies (months)

127

66

31

47

183

212

170

42

93

75

14

57

89

31

13

47

104

44

35

87

69

45

48

109

Not
reported

59

96

71

40

Length not

indicated

24

12

Comments

In 21 of 22 patients with bilateral adrenal pheochromocytomas, partial
adrenalectomy was performed at least on one side
The study included only patients with bilateral disease

children and adolescents between 7 and 20 years old, 18 had unilateral
and 13 bilateral disease

All patients with functional cortical adenoma and pheochromocytoma
showed normal adrenal function after the operation

No difference in the rate of blood pressure improvement was found in
patients with partial adrenalectomy versus those with total adrenalectomy
Patients in the partial adrenalectomy group showed similar improvement
in hypertension compared to total adrenalectomy (n = 108)

No recurrence

Only patients with bilateral disease were included; remission rate 92%

Recurrent or persistent hypercortisolism was observed after surgery in
one patient

Hypertension cured in 35% of the patients and improved in 31%, no
recurrence

Nine cases of cyst decortication and five cases of partial adrenalectomy;
no recurrence
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Covariate

Age,y

<30

31-60

>61
Gender

Male

Female
Year of diagnosis

2000-2007

2008-2016
Marital

Married

Widowed/Divorced

Single

Unknown
Race

White

Black

Other

Unknown
Grading

|

I

i

\%

Unknown
Stage

Local

Regional

Distant

Unknown
Site

KRP

Ovary

Corpus Uteri

Lung

Cervix Uteri

Bladder

Vagina

Pancreas

Breast

POM

Prostate

Liver

Overall Survival

3-Year Survival

5-Year Survival

HR

1.00 (ref)
2.76 (2.16-3.52)
5.63 (4.41-7.19)

1.00 (ref.)
0.85 (0.83-0.87)

1.00 (ref.)
0.87 (0.85-0.89)

1.00 (ref.)
1.44 (1.40-1.48)
1.26 (1.22-1.30)
0.99 (0.93-1.05)

1.00 (ref.)
1.20 (1.15-1.25)
091 (0.87-0.95)
0.26 (0.18-0.36)

1.00 (ref)
0.96 (0.92-1.00
1.21 (1.16-1.26)
1.68 (1.59-1.77)
1.48 (1.41-1.55)

1.00 (ref.)
1.91 (1.86-1.97)
8.29 (8.06-8.53)
2.90 (2.66-3.16)

1.00 (ref.)
0.75 (0.71-0.79)
1.16 (1.09-1.23)
2.10 (1.95-2.26)
1.29 (1.13-1.48)
1.64 (1.32-2.03)
1.04 (0.80-1.35)
3.70 (2.99-4.59)
1.00 (0.71-2.41)
1.77 (1.33-2.36)
0.94 (0.68-1.30)
4.89 (3.71-6.44)

P value

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001
<0.001
0.619
<0.001

<0.001
<0.001
<0.001
<0.001

0.059
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
0.762
<0.001
0.992
<0.001
0.728
<0.001

HR

1.00 (ref)
1.66 (1.23-2.23)
2.34 (1.74-3.15)

1.00 (ref)
0.94 (0.91-0.97)

1.00 (ref)
0.42 (0.41-0.44)

1.00 (ref))
1.28 (1.23-1.32)
1.15 (1.10-1.20)
0.97 (0.90-1.08)

1.00 (ref.)
1.20 (1.14-1.26)
1.00 (0.94-1.06)
0.27 (0.18-0.42)

1.00 (ref.)
0.84 (0.79-0.90)
1.04 (0.97-1.11)
1.37 (1.27-1.48)
1.35 (1.26-1.44)

1.00 (ref.)
1.64 (1.57-1.71)
3.92 (3.78-4.07)
2.56 (2.30-2.83)

1.00 (ref)
0.87 (0.82-0.93)
1.10 (1.02-1.18)
155 (1.42-1.70)
1.10 (0.94-1.28)
1.34 (1.06-1.69)
0.83 (0.61-1.12)
2.77 (2.22-3.45)
1.14 (0.65-2.01)
0.96 (0.68-1.35)
0.89 (0.55-1.43)
2.12 (158-2.86)

P value

<0.001

0.001
<0.001

<0.001

<0.001
<0.001

<0.001
<0.001
0.483
<0.001

<0.001
0.909
<0.001
<0.001

<0.001
0.317
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
0.01
<0.001
0.229
0.016
0.227
<0.001
0.65
0.804
0.624
<0.001

HR

1.00 (ref)
1.94 (1.48-2.55)
2.86 (2.18-3.75)

1.00 (ref.)
0.90 (0.88-0.93)

1.00 (ref.)
0.37 (0.36-0.38)

1.00 (ref.)
1.28 (1.25-1.33)
1.18(1.14-1.23)
093 (0.87-0.99)

1.00 (ref.)
1.18 (1.13-1.24)
0.96 (0.92-1.02)
0.31(0.22-0.46)

1.00 (ref)
0.88 (0.83-0.93)
1.08 (1.02-1.24)
1.48 (1.39-1.58)
1.41(1.33-1.49)

1.00 (ref.)
1.66 (1.60-1.72)
4.49 (4.34-4.64)
2.33(2.12-2.56)

1.00 (ref)
0.90 (0.85-0.96)
1.22 (1.25-1.31)
1.78 (1.64-1.93)
1.46 (1.26-1.68)
1.69 (1.35-2.12)
0.96 (0.73-1.26)
3.56 (2.86-4.43)
1.16 (0.76-1.78)
0.90 (0.67-1.22)
0.72 (0.48-1.07)
2.46 (1.84-3.28)

P value

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001
<0.001
0.032
<0.001

<0.001
0.163
<0.001
<0.001

<0.001
0.012
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

0.001
<0.001
<0.001
<0.001
<0.001

0.762
<0.001

0.493

0.502

0.102
<0.001
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Covariate Total KRP Ovary  CorpusUteri Lung  CervixUteri Bladder ~ Vagina Pancreas Breast ~POM  Prostate  Liver P value

n 104206 94882 4750 2557 914 496 133 12 % 89 68 59 54

Age (%) <0.001
<30 926(09)  843(09) 26(0.5) 402 1(0.1) 46 (9.3) 2(1.5) 4(36) 000 000 000 000 000
31-60 46677 (44.8) 42060 (44.5) B102(653) 590 (23.1) 265(20.0) 233(47.0) 87(27.8) 48(429) 25(7.2) 46(51.7) 86(529) 14(87) 12(222)

261 56603 (54.3) 51770 (64.6) 1622(34.1) 1963 (76.8) 648(70.9) 217(438) 94(70.7) 60(636) 67 (728 43(483) 32(47.1) 45(763) 42(77.8)

Gender, n (%) <0.001
Male 50567 (57.2) 58935 (62.1)  0(0.0) 0(0) 452495  0(00)  60(@51)  0(00)  49(533 1(1.1)  0(0.0 59(100.0) 31(57.2)

Female 44619 (42.8) 35947 (37.9) 4750 (1000) 2557 (100.0) 462 (50.5) 496 (100.0) 73(54.9) 112(1000) 43(467) 88(98.9) 68(1000) 0(0.0) 23 (426)

Year of diagnosis, n (%) <0.001
2000-2007 34615(332) 30439 (32.1) 2043(43.0) 1017 (39.8) 543(59.4) 228(46.0) 59 (44.4) 57 (509) 46(50.0) 57(509) 37 (54.4) 50(847) 39(72.2)
2008-2016 69591 (66.8) 64443 (67.9) 2707 (67.0) 1540 (60.2) 371(40.6) 268(54.0) 74(656) 55(49.1) 46(500) 32(49.1) 31(456) 9(153 15(27.8)

Marital (%) <0.001
Married 64284 (61.7) 59559 (62.8) 2557 (53.8) 1160 (454) 490(536) 208(41.9) 49(36.8) 55(49.1) 55(598) 42(47.2) 37 (54.4) 41(695) 31(57.4)
Widowed/Divorced 20204 (195) 17936 (18.9) 877(185)  913(357) 270(295) 127(256) 49(368) 31(27.7) 25(7.2) 25(281) 20(29.4) 7(119 14(259)

Single 14864 (143) 13041(137) 1126(23.7)  348(136) 126(138) 136(274) 19(143) 18(16.1) 10(109) 17(19.1) 8(11.8) 7(119 8(148)
Unknown 4764(46) 4346 (46) 190 (4.0) 136(63  28(31)  25(0 16(120)  8(7.1) 222 566 3@4 468 1019

Race, n(%) <0.001
White 88231(84.7) 80971(85.3) 8709 (78.1) 1902 (74.4) 785(859) 396(79.8) 108(81.2) 76(67.9) 81(@80) 69(77.5 53(77.9) 47(79.7) 34(63.0)

Black 7693(7.4)  6869(7.2)  194(41)  410(160)  88(96)  51(103  21(158 21(188  6(65 9(101) 6@8 10(169) 8(14.8)
Other 7633(7.3)  6427(68) 832(17.5)  232(01) 3948  48(97) 4@B0) 14(125  5(4) 100112 9(182 107 12(22)
Unknown 649(06)  615(0.6) 15(0.3) 13(0.5) 2002 102 0(0.0) 1009 000) 1011 000 117 000

Grading, n (%) <0.001
| 10823 (10.4) 10666 (112) 53 (1.1) 42(16) 33(36) 13 (2.6) 0(0.0) 109 4@3) 1011 1058  2@4 7(130)

I 43452 (41.7) 42604 (44.9) 397 (8.4) 14968  164(179  47(95) 763 8(71) 14152 34(382 2(29) 18(305) 8(14.8)
1] 24787 (238) 21250 (22.4) 1613(34.0) 1199 (469) 349(38.2) 191(385) 36(27.1) 26(282) 19(207) 40(449) 23(338) 32(542) 9(167)
Y 6457(62)  5019(63)  806(17.0)  456(17.8)  31(34)  79(159) 40(30.1) 13(116) 000 2(2 9(132 234 0000
Unknown 18687 (17.9) 15343(162) 1881(39.6)  711(27.8) 337(369) 166(335) 50(37.6) 64(57.1) 55(59.8) 12(135 33(485) 5(85) 30(556)

Stage, n (%) 0.001
Local 71561(68.7) 68150 (71.8) 1655(34.8)  1075(420) 273(299) 210(423) 75(564)  0(0.0) 564) 59(663) 0000 36(610) 23(426)

Regional 19183 (18.4) 15925 (16.8) 1756(37.0) 925(362) 284(31.1) 196(395) 24(180) 0(00)  30(326) 23(258) 0(00) 10(169) 10(185)
Distant 12257 (118) 9990 (10.5) 1288(27.1) 457 (17.9) 339(37.1) 78(157) 23(17.89 000  53(657.6) 6(67) 000  11(186) 12(222)
Unknown 120512 81709 51(1.1) 10039  18(20) 12 (2.4) 1183 112(1000) 4@3)  1(1.1) 68(1000) 2@B4) 9(167)

*Reported as n (%), unless indicated otherwise.
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Chromosome  Gene  Genicregion Proteic variant (cONA)  Varianttype  Coverage  Alleic frequency  Reference sequence

3 CINNIB  Bxon3. pMettdleu 40ASC)  Nudeotide sustitution 1750 309% NM_001098210.1 (GenBar
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Location of masses

Primary tumor

Cenvical ymph nodes
Parotid

Saivary

Pancreas

Liver

Diaphragm

Variant pathological patterns of PTC

‘Columnar, tal cel, cribriorm-monar, and solt
trabecular patiems

‘Columnar, tal cel, and hobnal pattems
Colunnar and tal cel pattems

‘Columnar and tal cel pattems

Folicular and columnar pattems

Folicular, tall cel, and hobnail pattems.
Columnar pattem
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Case 1 Case 2 Case 3 Normal Range

Age at diagnosis 23y 28y 3ty

Sex Female Male Male

BMI 20.8 28.0 31.6 <28kg/m?

HbA1c 5.7 5.6 5.4 <6.5%
Glucose after 75g OGTT

Omin 3.9 8.65 4.8 3.4-6.1mmol/L

60min 6.95 16.48 8.34 <11.1mmol/L

120min 7.06 17.12 7.26 >7.8mmol/L.
Blood pressure 130/80 150/100 130/90 <140/90mmHg

Z score -1.3 -4.0 0.2 >-1

L1-L4 spine
Serum potassium 2.56 1.29 2.66 3.5-4.5mmol/L
Serum cortisol

0AM 1007.19 3048.0 785.28 0-165.7nmol/L

8AM 1229.25 3577.9 1080.58 198.7-797.5nmol/L.

4PM 1152.32 3394.7 164.21 85.3-459.6nmol/L.
Urine free cortisol 6674.8 47862 6358.8 98.0-500.1nmol/24h

Serum ACTH

0AM 133 88.8 38.4

8AM 19.8 103.0 42.0 <10.12pmol/L

4PM 235 62.6 66.4
LDDST

Serum cortisol 1997.19 850.21 <50nmol/L

Serum ACTH 24.4 _ 28.4

Urine free cortisol 7499.5 6419.9 <98.0nmol/’24h
HDDST

Serum cortisol 1673.45 (136%) 3789.9 (106%) 1793.09 (166%) <560%

Serum ACTH 226 100.0 15.7

Urine free cortisol 4243.3 (63%) 50800 (106%) 5697.0 (90%) <50%
DDAVP

ACTH max/ACTH basal 711 - 5.77
BIPSS

Central/peripheral ACTH at basal 0.93 _ 1.02

Central/peripheral ACTH after DDAVP stimulation 1.5 0.67
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Case 1

Case 2

Case 3

Serum ACTH
(pmol/L)

0AM

8AM

4PM
Serum Cortisol
(nmol/L)

0AM

8AM

4PM

Before 3m 12m

13.31.77 -

19.811.9 -

23.510.1 -
Before 3m 12m

1007.19 197.34 -
1229.25 304.11 -
11562.32 128.76 -

Before 3m 12m

88.81.11.1
103.0 4.06 54.2
62.6 4.00 12.6
Before 3m 12m

3048.0 134.65 40.50
3577.9 <25.7 31.37
3394.7 130.54 85.81

Before 3m 12m

38.43.537.3

42.07.33 86.1
66.4 6.64 49.3
Before 3m 12m

78528 121.81 <25.7
1080.58 342.89 231.36
164.21 <25.7 <25.7
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‘SDH-deficient GIST Non-SHD deficient GIST

Gender Fomdo > male Eqwl
Age Chiren>young adutolder adut O acut
Location Stomach Anywhero i GIT
KITIPDGFRA mutation No Common (:90%)
SOHB IHC Positve Negthe.
Multfocaiity Raro Common
Prodominant coll Spnded ]
Motastases to lymph node  Common Rare
Response to imatnib No Yes
Associated syndromes/ 0% SDHC epimutation (Camey tiac) Geamine KIT/POGFRA mutaton,
mutations 0% garmine SDHA mutaton Nourofiromatosis 1
20% SDHB, SDHC, SDHD mutation BRAF, KRAS, NRAS, HRAS, ARIDIA, ARIDIB, CBL_ FGFR1, MAX, MENI, PIKGCA,
EVENTRKS

IS, Gastolusiil SHoa atios G, Dasibieolil Hct 10, InansicaRoEhiNe SOM Scciss damticosise.
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Platet count
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Aarine aminotransterase
Sodum

Potassium

Lactate deydrogenase
Carinoembryonic antgen
Apha:Fetoproten
Carbonydrate anigen 199
Cancer antigen 125

8500
135
291,000
08
31
142
38
4123
03
266
2034
14632

4,000-10.000/4L
(11-16) g/ol
(140,000-450,000/L
04-1.2) my/dl.
(14-40) UL
(136-144) mEoL
85-6.1) mEqL
(98-192) UL
(<5.00) ng/mL
(<10.00) ng/mL.
(<37.00) UimL
(<35.00) UL
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Cortsol
Adrenocorticotropic homone:
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