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Editorial on the Research Topic 


Improving our understanding of the management and pathogenesis of rare and neglected tumors of the central and peripheral nervous system


The Frontiers Research Topic titled “Improving our Understanding of the Management and Pathogenesis of Rare and Neglected Tumors of the Central and Peripheral Nervous System” includes 22 articles published from May 2022 to February 2023. This collection comprises 13 original research articles, 7 case reports, and 2 reviews, with the common aim to collect information about clinical and surgical management, new diagnostic techniques (pre-, post-, and intraoperative), innovative therapeutic therapies, as well as preclinical studies based on genetic, cellular, molecular, or omic approaches, dedicated to rare tumors of the central and peripheral nervous system in both pediatric and adult populations. Although uncommon compared to other tumors, primary Central Nervous System (CNS) and Peripheral Nervous System (PNS) cancers can cause severe morbidity and mortality across all populations. Despite the efforts and care improvement dedicated to the most prevalent brain and spine tumors (such as glioblastomas, metastases, or meningiomas), some of these diseases still lack defined management plans or specific preclinical assessment of their cellular/molecular features, thus affecting patients’ management.

While CNS tumors can now be much more precisely characterized than a few years ago, the translation of this increased knowledge into more effective treatments is still seriously lagging behind, in particular considering specific populations such as children or the elderly. This is particularly true for pediatric CNS tumors. In a large series of 80 children, Zhang et al. confirmed that Diffuse Intrisic Pontine Glioma (DIPG, included in Diffuse Midline Gliomas, H3K27 altered) display a broad spectrum of clinical and imaging features; whereas surgery could play a role in addition to adjuvant therapies, H3K27 alteration was the independent prognostic influencing factor. Falco et al. analyzed the role of intraoperative fluorescent dyes in the surgical management of pleomorphic xanthoastrocytoma (PXA), a rare brain tumor most commonly affecting children and young adults. Surgical resection is the mainstay of treatment, and the extent of resection is associated with improved survival. Among the twelve patients included, comprising three pediatric patients, sodium fluorescein helped distinguish tumors from viable tissue in all cases. Their data suggest a role in improving the extent of resection during surgery of PXA. Merchant et al. presented a case of Oligodendroglioma IDH-mutant and 1p/19q-codeleted associated with a germline mutation in PMS2 like Lynch Syndrome, to evaluate the role of germline PMS2 mutations in gliomas, and highlighted the importance of genetic testing in neuro-oncology. Frederico et al. elegantly analyzed the heterogenicity among adult patients harboring MN1-altered CNS tumors. These uncommon lesions were recently added to the 2021 WHO classification under the name Astroblastoma, MN1-altered. Thought to occur most commonly in children and predominantly in females, MN1-altered CNS tumors are associated with typical (whereas not pathognomonic) histological patterns, with a distinct DNA methylation profile and recurrent fusions implicating the MN1 (meningioma 1) gene. The authors emphasize the diagnostic challenges, considering that most cases with morphological features of astroblastoma (but not all) show these molecular features, whereas not all tumors with MN1 fusions show astroblastoma morphology. From a clinical point of view, there is significant variability in reported outcomes: multiple recurrences are frequent, despite multimodality treatments. Additionally, the authors propose a standardized model for patient-reported outcomes. Pavlova et al. evaluated, in the preclinical setting, the effect of radiation therapy on patient-derived glioblastoma cells to evaluate the contribution of homologous recombination and nonhomologous end in DNA break repair after exposure to different radiation doses.

Solitary fibrous tumor (SFT), previously known as hemangiopericytoma or SFT/hemangiopericytoma, is a rare intracranial malignancy thought to originate from pericyte cells lining the capillary walls. These tumors represent less than 1% of intracranial tumors and are frequently mistaken for meningiomas on imaging. Unlike most meningiomas, however, SFT has a propensity for local recurrence and extracranial metastasis after resection. Surgery usually represents the pivotal therapeutic point, but the role of adjuvant treatment is often unclear. Three papers analyzed the impact of radiation therapy in the management of SFT. Liu et al. evaluated 38 patients with SFT, confirming that patients with high WHO-grade SFT have an impaired PFS and reduced OS, which appears even more negatively affected by a subtotal resection. Postoperative radiotherapy increases the local control rate in patients with WHO grade 3 tumors. Gou et al. focused on the role of postoperative stereotactic radiosurgery or intensity-modulated radiotherapy; this second option seems to increase disease-free survival compared to radiosurgery. Finally, Allen et al. proposed for the first time the use of a mixed-modality, multi-fraction radiosurgery technique to treat recurrent SFT, to maximize radiation dose to the targets while minimizing complication risk after resection.

Three papers analyzed different aspects of intracranial lymphomas, considering that intracranial lymphomas can mimic different brain tumors. Yang et al. evaluated the impact of risk factors such as age, Ann Arbor stage, and treatment in the prognosis of primary intracranial malignant lymphomas. Cheng et al. evaluated a series of primary ventricular lymphomas, an extremely rare and frequently misdiagnosed disease, with high mortality (median survival time of 15 months). Wang et al. evaluated the case of a suspected pituitary apoplexy, in which the diagnosis was lymphoblastic lymphoma derived from B-cells.

Other papers investigated different CNS tumors, included within a wide spectrum of embryonal origin and clinical behaviors. Li et al. evaluated a de novo mutation in von Hippel–Lindau (VHL) syndrome, performing whole-exon gene analysis to improve the understanding of the diagnosis. Early recognition and treatment of VHL syndrome can also be available with genetic testing technology in case of a negative familial history. Strengthening the understanding of this complex genetic disease and improving the diagnostic rate of VHL syndrome is helpful for personalized treatments. Xu et al. assessed clinicopathological characteristics, prognostic factors, and outcomes in a series of 17 children harboring embryonal tumors with multilayered rosettes (C19MC-altered or not elsewhere classified). They confirmed the aggressive behaviors of such tumors: for patients receiving chemotherapy, the median overall survival time was 7.4 months, while those who did not receive chemotherapy was 1.2 months. Children older than four years tend to have a higher rate of metastasis.

Kim et al. evaluated the impact of Gamma-Knife radiosurgery for vestibular schwannomas in neurofibromatosis type 2 patients. Longitudinal volumetric analyses showed that most treated lesions showed effective tumor control up to 85% at 60 months, whereas unirradiated lesions progressed with a relative volume increase of 14.0% (7.8-27.0) per year during the observation period. However, 29% of cases showed pseudoprogression with significant volume expansion in the early follow-up period, which practically reduced the tumor control rate to 57% at 24 months, and the short-term effects of this treatment are not highly advantageous in terms of hearing preservation. Therefore, careful patients selection is necessary for such treatment.

Fang et al. presented a gene expression evaluation of adamantinomatous craniopharyngioma (ACP), an epithelial tumor arising from Rathke’s pouch remains. They screened for differentially expressed genes (DEGs) to identify key signaling pathways. Hierarchical clustering showed that the DEGs could precisely distinguish the ACP group from the control group, suggesting that E-cadherin (CDH1) may play a relevant role in the pathways in cancer signaling pathway that regulates ACP development, and it could be a target suitable for precision medicine.

Feng et al. conducted a Surveillance, Epidemiology, and End Results population-based study for the elderly with malignant meningiomas, a rare form of a relatively common CNS tumor, with poor survival. The multivariable analysis among this specific population revealed that surgical resection is recommended for elderly patients with malignant meningiomas (if surgery is not contraindicated for systemic, patient-specific factors). However, gross-total resection does not significatively impact patients’ survival, compared to subtotal resection in older patients. Also, Serratrice et al. evaluated meningiomas but focused on spinal forms. They reviewed the fundamental epidemiological and clinical aspects of spinal meningiomas, their histological and genetic characteristics, and their management, including updated surgical advancements.

The remainder of the accepted manuscripts studied PNS tumors, from preclinical studies to clinical and surgical points of view. The special issue comprises six papers based on Peripheral Nerve Sheath Tumors (PNST). Gu et al. performed a preclinical assessment of MEK inhibitors for Malignant PNST (MPNSTs), rare soft-tissue sarcomas refractory to standard therapies. The majority of MPNSTs show inactivation of NF1 and upregulation of RAS/RAF/MEK/ERK signaling pathways. The authors evaluated different MEK inhibitors in terms of efficacy, safety, and mechanism of adaptive response in the case of MPNSTs. Using a tissue microarray, they identified p-ERK as a biomarker for predicting the prognosis of MPNST patients as well as an effective therapeutic target. Trametinib consequentially appeared as the most potent MEK inhibitor for treating MPNSTs. Globally, reduced reactivation of the MAPK pathway and compensatory activation of the parallel pathways contributed to better efficacy.

Imaging differentiation among benign and malignant PNST is pivotal in Neurofibromatosis type 1. Liu et al. reviewed different non-invasive image-based diagnostic common findings. Moreover, the addition of novel technologies like radiogenomics can introduce future perspectives that ultimately can contribute to the radiology image-based clinical screening of MPNST in NF1 patients. Bonomo et al. provided a new case of sporadic spinal psammomatous malignant melanotic Nerve Sheath Tumor (SSP-MMNST), a rare subgroup of PNST arising along the spine, with only a few reports described. The literature review identified 21 eligible studies assessing 23 patients, with a mean onset age of 41 years and a slight male gender predominance. In all cases, resection is the treatment of choice in all amenable cases, followed in selected cases with residual tumors by adjuvant radiotherapy or chemotherapy.

Nevertheless, the metastatic and recurrence rates were 31.58% and 36.8%, respectively. Wei et al. focused on the differential diagnosis of tuberous sclerosis and neurofibromatosis type 1. The treatments for the two diseases vary significantly, and misdiagnoses can seriously threaten the patient’s health. Finally, Nazzi et al. assessed the role of sodium fluorescein in PNST, evaluating a comprehensive series of 142 cases submitted to fluorescein-guided surgery. In fact, surgery is the mainstay of treatment for PNST, but sometimes distinguishing between intact functional nerve and the fibers from whence the PNST arose may not always be easy to perform, constituting the most relevant risk factor in determining a worsening neurological condition. Intraoperative fluorescein characteristics and postoperative neurological and radiological outcomes were analyzed and compared with a historical series. Bright fluorescence was present in all schwannomas and neurofibromas, although with a less homogeneous pattern, whereas it was significantly less evident for MPNST. The authors concluded that SF is a valuable method for safe fluorescence-guided resection of PNST and mimicking lesions, with a positive effect mainly in plexiform neurofibromas, suggesting a possible role in improving the functional and oncological outcome of these lesions.

In summary, the special issue provides great information on different, rare central and peripheral nervous system tumors. The editors hope that this collection of knowledge can be exploited to help improve knowledge and research on neuro-oncology.
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Objective

Malignant meningioma (MM) is a relatively rare disease with poor survival. Few studies had focused on MM in the elderly population. This study aims to explore the prognostic factors and optimal therapeutic strategy in elderly patients with MM.



Methods

We took advantage of the Surveillance, Epidemiology, and End Results (SEER) database to include 275 adult patients with histologically confirmed MM between 2011 and 2018. The Kaplan–Meier curves were plotted by different covariates to reveal the survival probability. Univariate and multivariable Cox proportional hazard regression analyses were applied to identify prognostic factors for cancer-specific survival (CSS).



Results

The multivariable analysis in the elderly group revealed that when compared with patients receiving gross total resection (GTR), patients receiving biopsy had significantly worse CSS (HR = 3.72; 95% CI: 1.35–10.21; P = 0.011), whereas patients receiving subtotal resection (STR) had nearly the same CSS (HR = 0.83; 95% CI: 0.37–1.86; P = 0.653). Meanwhile, postoperative radiotherapy (PORT) showed no significant association with CSS in the elderly patient group (HR = 0.94; 95% CI: 0.42–2.12; P = 0.888).



Conclusion

Surgical resection is recommended for elderly patients with MM in the absence of surgical contraindications, but GTR does not present survival benefit in the elderly patients compared with STR. Additional large-scale clinical studies are needed to explore the survival benefit of PORT applied in patients with MM.





Keywords: malignant meningioma, elderly patient, treatment strategy, SEER, patient prognosis



Introduction

Meningioma is the most common primary neoplasm of the central nervous system, accounting for 38.3% of all brain tumors (1). According to the most recent report from the Central Brain Tumor Registry of the United States, malignant meningioma (MM) composes 1.04% of all meningiomas with an incidence of 0.09 per 100,000 people (1). There is evidence that age-specific incidence rates of meningiomas increase in both men and women, with a median age at diagnosis of 65 and 66 years old for malignant and non-malignant meningiomas, respectively (1, 2). As far as we know, most studies on MMs did not take the elderly (≥65 years old) as an independent patient group to describe (3). There were reports revealing that older age was associated with worse patient survival (4–7). Several studies suggested that craniotomy for resection of meningioma in the elderly patients carried higher risk of mortality and morbidity compared with younger patients (8, 9). Other studies reported that no significant difference was detected in the mortality rate after surgery for elderly versus non-elderly patients, but more elderly patients presented postoperative complications and neurological deterioration (10–12). At present, there is still a lack of consensus on the surgical outcome of elderly patients with MM, and the specific treatment strategies need to be further explored. Furthermore, it is expected that the average human life expectancy continues to increase and more elderly patients with MM will be diagnosed (10). Therefore, we conducted this study aiming to explore the prognostic factors and figure out the optimal therapeutic strategy, especially in elderly patients with MM.



Materials and Methods


Study Population

Given the low incidence of MM, we took advantage of the Surveillance, Epidemiology, and End Results (SEER) database and retrospectively analyzed 275 patients diagnosed with histologically confirmed MM between 2011 and 2018. The subgroup analysis for elderly and younger patients was performed with respect to extent of surgical resection (EOR), postoperative radiotherapy (PORT), and their influence on long-term patient survival. All records of intracranial MM with positive histology between 2004 and 2018 were initially extracted from the SEER database, which provides patient demographics, tumor characteristics, treatment methods, and survival status with de-identified records. WHO grade 3 meningioma was defined as MM, which included the ICD-O-3 histology and behavior records of 9530/3 (Meningioma, malignant), 9531/3 (Meningiothelial meningioma, malignant), 9532/3 (Fibrous meningioma, malignant), 9534/3 (Angiomatous meningioma, malignant), 9535/3 (Hemangioblastic meningioma, malignant), 9537/3 (Transitional meningioma, malignant), 9538/3 (Papillary meningioma), and 9539/3 (Meningeal sarcomatosis) according to existing studies (13, 14). Patients with unknown information of marital status, race, tumor size, laterality, cancer-specific survival (CSS) status, and age<18 years old were excluded. Patients with recurrent MM were also excluded, which had at least one prior record of WHO grade 1 or WHO grade 2 meningioma in the SEER database. The detailed protocol was provided by the SEER*Stat tutorial naming “case listing exercise 1b: view patient histories” (https://seer.cancer.gov/seerstat/tutorials/case-listings.html). Surgery code 0 (no surgery of primary site; autopsy only), code 10 (no specimen sent to pathology), code 22 (resection of tumor of spinal cord or nerve), and code 90 (surgery, not otherwise specified) were excluded. In addition, the small part of patients treated with radiotherapy prior to surgery, intraoperative radiotherapy, radioactive implants, radioisotopes, and unknown method were excluded. Supplementary Table 1 showed that the records of surgery code changed significantly since 2011, which revealed the advancement in surgical techniques. To provide the most up-dated evidence, the patient diagnosed before 2011 were excluded, and little parts of patients with surgery code 40 (partial resection of lobe of brain) and 55 (gross total resection of lobe of brain) were also excluded (n = 20). The final study population included 275 adult patients diagnosed between 2011 and 2018 recorded as surgery code 20 (local excision, biopsy), 21 [subtotal resection (STR) of tumor], and 30 [radical, total, gross resection of tumor (GTR)] (Figure 1).




Figure 1 | Flow chart of patient selection criteria with de novo MM between 2011 and 2018.





Covariates Included

The following demographic information was included for analysis: age group (<65 and ≥65 years), gender (male and female), race (other, black, and white), and marital status (single, divorced, married, and widowed). The following tumor characteristics were analyzed: tumor site (cerebral meninges and other), laterality (unilateral, bilateral, and midline), histology (9530/3 and other), tumor size (≥4.9 and <4.9 cm, the best cutoff was defined by x-tile software) (15), and other tumor(s) (before MM, and after MM, defined by the record of “sequence number” in SEER*Stata). EOR includes code 20 (biopsy), code 21 (STR), and code 30 (GTR). Concerning adjuvant therapy, PORT

(no/unknown and beam radiation), and chemotherapy (no/unknown and yes) were included for analysis. CSS was defined as the event of interest in this study.



Statistical Methods

The distribution of the baseline characteristics between different age groups was compared by the chi-squared test (categorical variables with all cell counts>5) or the Fisher’s exact test (categorical variables with cell counts ≤5). The Kaplan–Meier curves in the entire cohort were plotted by all covariates to reveal the CSS probability of different groups, which were compared by log-rank test. Univariate and multivariable Cox proportional hazard regression analyses were applied to identify prognostic factors from all covariates for CSS. The baseline characteristics between groups receiving different EOR were compared by the chi-squared test, Fisher’s exact test, or one-way ANOVA test (continuous variable). The Kaplan–Meier curves by EOR and PORT were plotted in elderly and younger patient group. Furthermore, univariate and multivariable Cox proportional hazard regression analyses were also applied to assess the survival benefits provided by EOR and PORT for younger and elderly patients, respectively. P < 0.05 was considered statistically significant. All statistical analyses were performed in R version 3.5.1 (http://www.r-project.org/).




Results


Baseline Characteristics

The median age was 62 years old, and median survival time was 28 months. At the time of data collected, 183 cases were alive, 56 cases died of MM, and 36 cases died of other causes. The 1-, 2-, and 5-year CSS rates were 88.5%, 80.7%, and 52.1%, respectively. The baseline characteristics were compared between age groups in Table 1. The marital status showed a significant difference, whereas race and gender showed no difference between age groups. The majority of patients had tumor larger than 4.9 cm, tumor located in cerebral meninges, unilateral tumor, tumor with histology 9530/3, tumor without metastasis, and no other tumor(s). Tumor characteristics including tumor size, site, laterality, histology, metastasis, and other tumor(s) showed no significant difference between different age groups (P > 0.05). Concerning treatment methods, the results revealed that the GTR rate was 52.4% in the entire cohort, 51.3% in the younger group, and 53.7% in the elderly group. Compared with patients in the younger group, more patients received biopsy only and fewer patients received STR in the elderly group. A total of 149 patients received PORT and 12 patients received postoperative chemotherapy, which showed no significant difference between age groups.


Table 1 | Patient demographics, tumor characteristics, and treatment options of 275 patients with MM from 2011 to 2018 in different age groups.





Prognostic Factors of CSS in the Entire Cohort

Kaplan–Meier curves indicated that patients in the elderly group, with tumor size>4.9 cm, receiving biopsy only, and receiving chemotherapy had significantly worse survival probability. In addition, the Kaplan–Meier curves by PORT, gender, race, marital status, histology, tumor site, laterality, metastasis, and other tumor(s) showed no significant difference (Figure 2 and Supplementary Figure 1). The results of univariate analysis revealed that patients in elderly group (HR = 2.73; 95% CI: 1.57–4.74; P = 3.56e−4), with tumor size>4.9 cm (HR = 1.77; 95% CI: 1.04–3.04; P = 0.036), receiving biopsy only (HR = 2.62; 95% CI: 1.29–5.31; P = 0.007), and receiving chemotherapy (HR = 3.69; 95% CI: 1.75–7.81; P = 6.3e−4) presented significantly worse CSS. PORT, gender, race, marital status, histology, tumor site, laterality, metastasis, and other tumor(s) were not significantly associated with CSS (P > 0.05) (Table 2 and Supplementary Table 2). Consistently, the results of the multivariable analysis revealed that patients in the elderly group (HR = 3.41; 95% CI: 1.86–6.23; P = 6.81e−5), with tumor size>4.9 cm (HR = 1.78; 95% CI: 1.01–3.16; P = 0.048), receiving biopsy only (HR = 3.03; 95% CI: 1.43–6.44; P = 0.004), and receiving chemotherapy (HR = 4.19; 95% CI: 1.77–9.90; P = 0.001) showed significant worse CSS. Meanwhile, PORT, gender, race, marital status, histology, tumor site, laterality, metastasis, and other tumor(s) were not significantly associated with CSS (P > 0.5) (Table 2 and Supplementary Table 2).




Figure 2 | The Kaplan–Meier curves by (A) age group, (B) tumor size, (C) EOR, and (D) PORT in the entire cohort.




Table 2 | Results of univariate and multivariable Cox proportional regression analysis of age group, tumor size, EOR, and PORT in the entire study population.





The Survival Benefits of EOR and PORT in Subgroups

The subgroup analysis of elderly and younger patients was conducted to assess the survival benefits of EOR and PORT. First, the Kaplan–Meier curves in the younger group indicated that patients receiving biopsy presented the worst survival probability, and patients receiving GTR had a slightly better survival probability than that receiving STR (P = 0.055). The Kaplan–Meier curves in the elderly group showed that the survival probability of patients receiving different EOR had no significant difference (P = 0.22). The Kaplan–Meier curves in both age groups suggested that PORT did not affect survival probability (Figure 3). The univariate analysis in the younger group showed that when compared with patients receiving GTR, patients receiving biopsy had significantly worse CSS (HR = 4.23; 95% CI: 1.13–15.81; P = 0.032) and patients receiving STR had slightly worse CSS (HR = 2.66; 95% CI: 0.93–7.69; P = 0.069). Meanwhile, the univariate analysis in the elderly group illustrated that when compared with patients receiving GTR, patients receiving biopsy had slightly worse CSS (HR = 2.07; 95% CI: 0.89–4.82; P = 0.091), but patients receiving STR possessed nearly the same CSS (HR = 1.09; 95% CI: 0.51–2.35; P = 0.808). The results of univariate analysis revealed that PORT presented no significant association with CSS in both younger group and elderly group (Table 3). Consistently, the multivariable analysis in the younger group suggested that when compared with patients receiving GTR, patients receiving biopsy had significantly worse CSS (HR = 6.47; 95% CI: 1.42–29.44; P = 0.018) and patients receiving STR had slightly worse CSS (HR = 2.77; 95% CI: 0.81–9.48; P = 0.103). The multivariable analysis in the elderly group revealed that when compared with patients receiving GTR, patients receiving biopsy had significantly worse CSS (HR = 3.72; 95% CI: 1.35–10.21; P = 0.011) and patients receiving STR had nearly the same CSS (HR = 0.83; 95% CI: 0.37–1.86; P = 0.653). At the same time, the results of multivariable analysis illustrated that PORT showed no significant association with CSS in both younger group and elderly group (Table 3). The results of univariate and multivariable analyses of gender, race, marital, tumor size, histology, site, laterality, metastasis, other tumor(s), and chemotherapy in different age groups were presented in Supplementary Table 3 (<65 years) and Supplementary Table 4 (≥65 years), respectively.




Figure 3 | The Kaplan–Meier curves by EOR and PORT in different age groups. (A) EOR in group <65 years. (B) EOR in group ≥65 years. (C) PORT in group <65 years. (D) PORT in group ≥65 years.




Table 3 | Results of univariate and multivariable Cox proportional regression analysis of EOR and PORT in different age groups.



The baseline characteristics of patients were compared between groups receiving different EOR in Supplementary Table 5 (<65 years) and Supplementary Table 6 (≥65 years), respectively. The results suggested that the patient demographics and tumor characteristics such as age, gender, tumor size, and tumor location presented no significant difference between elderly patients receiving different EOR.




Discussion

Because of the prolongation of life expectancy, the treatment strategy of meningiomas in elderly patients has become a more and more important issue. Thus, we utilized the SEER database and retrospectively analyzed 275 patients diagnosed as MM with long-term outcome results, aiming to explore the prognostic factors and figure out the optimal therapeutic strategy for this specific population.

Elderly patients are more likely to be accompanied by other diseases, resulting in poor physical condition before surgery. Considering the risk of surgery and the corresponding surgical morbidity and mortality, conservative treatment may be a reasonable choice for elderly patients. However, it was reported that elderly patients who received conservative treatment had increased tumor-related mortality compared with patients who underwent surgical resection (16). Furthermore, both the univariate and multivariable analysis in our study suggested that biopsy was significantly associated with worse CSS in elderly patients. The European Association of Neuro-Oncology guidelines suggested surgical resection followed by PORT for the treatment of patients with MM (17). However, the specific surgical benefits and the choice of surgical patterns need to be further discussed.

There were studies reporting that meningioma surgery in elderly patients presented a higher risk of mortality and morbidity compared to intracranial tumor surgery in general (8, 18). Steinberger et al. revealed in their study that old age was an independent predictor of morbidity and mortality in patients undergoing craniotomy for resection of meningioma (9). Ferroli et al. reported in their retrospective cohort study that postoperative complications and surgical complexity could significantly influence the early outcome in elderly patients undergoing brain tumor surgery, and postoperative complications was the only factor with a strong correlation to postoperative worsening at the 3-month follow-up (19). In another study, the authors reported that no significant difference was discovered regarding the 30-day mortality rate for elderly versus non-elderly patients, whereas elderly patients had a significantly higher complication rate compared with non-elderly patients (10). Boviatsis et al. also revealed that the mortality rate between the elderly group and the younger group was not significant, but more elderly patients were discharged having deteriorated neurologically in comparison to their preoperative status (11). Hence, although there is dispute on whether the surgical resection would increase the mortality rate or not, it is generally recognized that the incidence of postoperative complications is higher in elderly patients.

Regarding the EOR and its influence on the long-term patient survival, several studies revealed that GTR was a favorable factor for patient survival in the general population (20, 21). Other studies indicated that GTR was not significantly associated with patient survival (22, 23). One particular study suggested that the overall survival of patients treated with near total resection was better than patients treated with GTR (24). Taking age into consideration, Brokinkel et al. reported that the progression-free interval of patients undergoing GTR was distinctly prolonged as compared with STR and emphasized the importance of achieving maximum safe resection in elderly patients (25). Another study also reported that the EOR had no influence on the functional outcome of elderly patients (26). However, D’Andrea et al. indicated that radical resection could increase postoperative morbidity in elderly patients (27). In another study, Chen et al. suggested that the aggressive resection of meningiomas in elderly patients could increase the morbidity and mortality, and survival with residual tumor was acceptable in this specific population (28). Our results revealed that GTR only improved CSS in younger patients compared with STR but did not present survival benefit in elderly patients. Therefore, we believe that surgeons should take into account the factors that the elderly are more prone to surgical complications when formulating surgical strategy for this special patient group, and a more balanced choice should be made in the pursuit of GTR and preservation of neurological function, so as to improve the postoperative functional status and survival of elderly patients.

Generally, PORT is recommended after tumor resection for the treatment of MM (17). There was supporting evidence revealing that PORT improved the survival of patients with MM (29, 30). Orton reported that PORT improved the overall survival of patients with MM undergoing both GTR and STR (4). However, another study illustrated that patients with MM did not benefit from PORT (20). For elderly patients with MM specifically, Zhou et al. and Achey et al. both suggested that PORT could not provide survival benefits after GTR (6, 31). The results of univariate analysis and multivariable analysis in our study showed that PORT exhibited no significant association with CSS in both younger group and elderly group. However, there may be a selection bias that those patients considered to possess a higher risk of recurrence or with more aggressive tumors are more likely to receive PORT. In addition, the information about PORT is not complete in the SEER database, which may affect the accuracy of the conclusion. We believe that additional large-scale clinical studies are needed to explore the survival benefit of PORT applied in patients with MM.

We are aware of the limitations of this study. The patients extracted from the SEER database may not represent the general patient cohort. For the elderly population, the concomitant disease before surgery, the complications, and functional status after surgery are important factors and may affect patient survival largely, which could not be obtained through the SEER database. Furthermore, the records of Simpson grades of resection and the exact radiotherapy information are also not available. Moreover, the insufficient number of patients may affect the analysis results and lead to selection bias.



Conclusion

Surgical resection is recommended for elderly patients with MM in the absence of surgical contraindications, but GTR do not present survival benefit in the elderly patients compared with STR. Meanwhile, PORT exhibits no significant association with CSS in elderly group. Additional large-scale clinical studies are needed to explore the survival benefit of PORT applied in patients with MM. Despite several limitations, we believe that this study would help clinicians evaluate the prognosis of patients with MM and optimize treatment strategies for elderly patients specifically.
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Neurofibromatosis type 1 (NF1) is a dominant hereditary disease characterized by the mutation of the NF1 gene, affecting 1/3000 individuals worldwide. Most NF1 patients are predisposed to benign peripheral nerve sheath tumors (PNSTs), including cutaneous neurofibromas (CNFs) and plexiform neurofibromas (PNFs). However, 5%-10% of PNFs will ultimately develop into malignant peripheral nerve sheath tumors (MPNSTs), which have a poor prognosis. Early and reliable differentiation of benign and malignant tumors in NF1 patients is of great necessity. Pathological evaluation is the “gold standard” for a definite diagnosis, but the invasive nature of the biopsy procedure restricts it from applying as a screening tool during the decades-long follow-up of these patients. Non-invasive image-based diagnostic methods such as CT and MRI are often considered essential screening tools for multiple types of tumors. For NF1 patients’ lifelong regular follow-ups, these radiological methods are currently used for tumor evaluation. However, no consensus was established on screening the malignant transformation of benign PNSTs. Moreover, novel technologies like radiogenomics and PET-MRI have not been well evaluated and fully adopted for NF1 patients. This review summarizes current studies of different imaging methods for differentiating benign and malignant tumors in NF1. Meanwhile, we discussed the prospects of the usage of new tools such as radiogenomics and PET-MRI to distinguish MPNST from benign PNSTs more precisely. Summarizing these findings will help clarify the directions of future studies in this area and ultimately contribute to the radiology images-based clinical screening of MPNST in NF1 patients and finally improve the overall survival rates of these patients.




Keywords: neurofibromatosis type 1 (NF1), malignant peripheral nerve sheath tumors (MPNST), differential diagnosis, medical radiology image methods, future prospectives



Introduction

Neurofibromatosis type 1 (NF1), a hereditary disorder that primarily affects the peripheral nervous system, has a prevalence of approximately 1:2500 to 1:3500 in individuals worldwide (1). NF1 is caused by the mutation of the NF1 gene, and the classic clinical characteristics include café-au-lait macules, skinfold freckling, benign neurofibromas, brain tumors, iris hamartomas, and typical bony lesions (2). Among those symptoms, benign neurofibromas, including cutaneous neurofibroma (CNF) and plexiform neurofibroma (PNF), are among the most common features of NF1. Approximately 30%-50% of patients with NF1 have plexiform neurofibromas. As a benign tumor, disability and deformity are common for these patients due to the vast tumor volume. Moreover, 5%-10% of these PNFs have the capacity for transformation into malignant peripheral nerve sheath tumors (MPNSTs), which have a poor overall survival rate of typically less than 5 years (1). Early diagnosis of MPNST is essential for early treatment, which will ultimately improve the prognosis of the patients. Tissue biopsy is considered the definitive diagnostic method for these patients, but as an invasive method, it cannot serve as a screening tool to be applied throughout the lifelong follow-up of patients with NF1. There is an urgent need for non-invasive, widely-used, and economical tools for these patients.

Medical radiology methods such as computed tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography-computed tomography (PET-CT) played significant roles in various types of tumors. Unlike biopsy, these image-based methods are noninvasive and more suitable screening tools. One of the main functions of medical imaging methods is to distinguish benign lesions from malignant tumors. A report suggested that ultrasound-based differentiation of malignant and benign thyroid nodules has promising potential for clinical use (3). Meanwhile, another study showed that Cone-beam CT was proposed as a novel approach to predict breast lesion malignancy (4). Actually, in NF1-PNSTs and NF1-related MPNSTs, these image-based methods are also considered essential and widely adopted in tumor diagnosis and evaluation. The above studies on other types of tumors suggest the potential of image-based methods serving as efficient, noninvasive, inexpensive, and widely available tools in the differentiation of benign PNF and MPNST (5). However, as NF1 tumors are relatively rare, clear indications of image-based distinction between benign and malignant NF1 have not yet been fully defined.

To identify current studies and possible future directions in this area, we conducted a systematic review of the literature on radiology image-based differentiation of benign and malignant tumors in NF1. This review comprehensively summarizes different image-based methods used in distinguishing benign from malignant NF1 tumors, including CT, MRI, PET-CT, and ultrasound. This review also discusses the combination of radiology images and multiple-omics disciplines, such as the potential of clinical usage of radiogenomics in this field. On this basis, we further discuss possible future directions of radiology image methods in NF1. Better clarification of these will contribute to the early differential diagnosis of MPNST from PNF and eventually improve the overall survival of these patients.



Materials and Methods


Search Strategy and Information Sources

This review was in line with recommendations from the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. The publications were identified by comprehensive searching of PubMed and our own reference library. Search terms included combinations of “Neurofibromatosis type 1,” “Malignant peripheral nerve sheath tumors,” “magnetic resonance imaging,” “Computed Tomography,” “PET imaging,” “ultrasound,” and “radiogenomics.”



Study Selection, Data Collection, and Exclusion/Inclusion Criteria

Selection of material was limited to papers published in English. All of the publications were checked by at least two investigators. Patents, books and documents, case reports, and conferences were excluded. Also studies regarding only neurofibromatosis type 2 (NF2) or other unconcerned diseases were excluded. Studies related to differential diagnosis of benign and malignant tumors based on imaging characteristics, and correlation of genomics and radiology, are the inclusion criteria.




Results

Using the search strategies mentioned above, 3203 records were presented, and among which 39 records met this review criteria. After applying the exclusion criteria, 3165 publications were removed, including; (a) 1977 records, such as patents, books and documents, case reports, and conferences; (b) 672 records did not relate to NF1; (c) 407 records did not relate to differential diagnosis and radiogenomics; and (d) 108 records did not meet the inclusion criteria. A flowchart (Figure 1) demonstrates the screening process and study selection.




Figure 1 | The flowchart of publications screening process.




Magnetic Resonance Imaging (MRI)

MRI is currently the preferred radiology image method for NF1. Compared to CT images, the MRI has a better resolution for this soft-tissue tumor. Based on the scarce clinical consensus, multiple current studies have already described the potential of MRI in the differential diagnosis of MPNST from NF1.

Benign neurofibroma is a well-defined mass with high intensity on T2-weighted MRI images. A central area of low intensity (the “target sign”) in PNF lesions is sometimes observed, which is due to the presence of myxoid material peripherally and fibrous tissue centrally (Figure 2). Studies demonstrated that although not all benign tumors showed a “target sign,” it indicated the lesion as benign PNF once it occurred (6). Compared with PNFs, MPNSTs on T2 sequences were more extensive with an infiltrative margin. Moreover, the invasive growth of this malignant tumor resulted in a perifocal edema reaction which presented as “feathery” outside the tumor pseudo capsule (7). On T1-weighted images, it is hard to distinguish benign neurofibromas from MPNSTs due to the isointensity to adjacent muscles, but neurofibromas showed central focal enhancement and MPNSTs showed peripheral enhancement on T1-enhanced sequence after gadolinium (Gd) administration (7, 8). The underlying pathological mechanisms were that malignant transition of the tumor occurred with necrosis, hemorrhage, or both, leading to intratumoral cystic changes, accompanied by heterogeneity on MRI, but this rarely happens in neurofibroma (9) (Figure 3). In general, several key features mentioned above can be used to distinguish MPNST from benign neurofibroma, including the largest dimension of the mass, signal features of TI-weighted images and T2-weighted images, enhancement pattern, and cystic changes (Table 1). Junji Wasa et al. reported that the presence of two or more of the four features (the largest dimension of the mass, peripheral enhancement pattern, perilesional edema like zone, and intratumoral cystic lesion) had indicated malignant peripheral nerve sheath tumors with a sensitivity of 61% and a specificity of 90% (7). A meta-analysis of the included lesions involving at least 300 patients with NF1 (616 in total, some with NF1 features were not reported) showed that pooled and weighted sensitivity, specificity, and AUC values for MRI in detecting MPNSTs were 68%, 93%, and 0.89 when using feature combination, with specificity of perilesional edema and irregular being 94% and 90%, respectively (10).However, it is worth noting that morphological identification based on MRI is highly subjective. Furthermore, not all patients have the typical signs mentioned above on MRI images, and the scarcity of “atypical patients” also restricts the clinical usage and popularization of these features.




Figure 2 | A 17-year-old male with plexiform neurofibroma (PNF) who presented multiple masses throughout the body. T2-weighted MR image showed a target sign (arrow) with peripheral area of high intensity and central area of low intensity. (A) Multiple nodules and lumps in the walking area of the bilateral femoral nerve, sciatic nerve, and obturator nerve; (B) Multiple nodules and lumps in the epidermis, subcutaneous and soft tissues of the abdomen and pelvis.






Figure 3 | A 52-year-old female with Neurofibromatosis type 1 (NF1) who presented with a large mass in soft tissue of upper left thigh. MRI showed a heterogeneous signal with cystic change (arrows) and hemorrhage (arrowheads) in the mass, suggestive of malignant transformation. (A) T1-weighted MR image;(B) T2-weighted MR image.




Table 1 | Features of Neurofibroma and MPNST on MRI.



Beyond morphological features on MRI, functional MRI (fMRI), especially the diffusion-weighted image (DWI) based fMRI, has recently played an essential role in identifying MPNST as an auxiliary diagnostic technique. Well L et al. acquired axial respiratory-triggered echo-planar sequences with 11 diffusion gradient b-values and used DWI-derived parameters (e.g., ADC, IVIM) for diagnosis (6). They found that DWI exhibited better performance in the differentiation of benign and malignant peripheral nerve sheath tumors (MPNSTs) in patients with NF1 compared with only using morphological features determined by MRI (6). Ahlawat S et al. further found that the “target sign” was more frequently visible on high b-values DWI images and ADC images than on anatomic sequences (11). They thought that the absence of a “target sign” on DWI might further indicate a neurogenic neoplasm as a malignant lesion, but this study lacked histological confirmation in benign cases and failed to assess and explain the histological architecture of the “target sign” (11). The meta-analysis mentioned above reported ADCmin or ADCmean with or without feature combination had sensitivity of 88%, specificities of 94%, and AUC values of 0.97 (10). A further study has found that DWI/ADC mapping specificity is likely to be another valuable method for MPNST differential diagnosis (12).

Another essential point about NF1 is that patients with neurofibromas may have tumors all over the body, and whole-body tumor burden is another indicator for the risk of malignant transformation (13). Whole-body MRI is an efficient tool for the whole-body tumor burden evaluation. A study demonstrated its suitability as a tool for identifying concealed MPNST (14). Wenli Cai et al. used the dynamic-threshold (DT) level set three-dimensional segmentation method to perform whole-body MRI and calculated volume, breaking the shackles of traditional two-dimensional methods (15). This 3D method allowed us to analyze the number and volume of tumors, which can be more effective for reliably assessing the patients’ tumor burden (15). In addition, whole-body MRI can better track the occurrence and progression of tumors to assist doctors in better understanding the dynamic changes from PNF to MPNST (16). The regular surveillance by this method is especially essential for children because most PNF growth occurred at a young age, not in adulthood (17). By using whole-body MRI, various complications of tumors can be detected and treated before symptoms further developed and irreversible damage occurred (18).



Computed Tomography (CT)

CT is an ideal examination method for observing bone, joint, and soft tissue lesions. Advanced computed tomography (CT) methods, such as CT perfusion and dual-energy CT, can help distinguish benign lesions from malignant head and neck tumors (19). However, there were no definitive CT diagnostic features reported that can be used to differentiate MPNST from benign PNF among NF1 patients until now (20). Nevertheless, our team developed a machine learning approach based on CT images that has recently shown great potential in differentiating MPNST from benign NF1 (20). This model, developed by combining machine learning technology with CT images, accurately distinguished malignancy-transformed lesions from benign neurofibromas of the head and neck. However, the limitation in training cohort hinders the accuracy of this model when applied to other parts of the body (20).



PET Imaging

Positron emission tomography (PET) scan is an imaging method using a radioactive medium like 18F-FDG to show the metabolic activity of different tissues to reveal the metabolic or biochemical function. PET/CT, the most popular PET-imaging mode at present, combines PET and CT and can simultaneously show the pathophysiological changes and morphological structure of the lesion, offering more information for the early diagnosis and differential diagnosis of tumors. Cook, G. J. R. and his colleagues found that 18F-FDG PET uptake was higher in MPNSTs than in benign neurofibromas, and the heterogeneity was more pronounced in MPNSTs. The first-order heterogeneity parameter was discriminatory in SUVmax, which exhibited significant differences in benign and malignant lesions of neurofibromas (21) (Figure 4). Further studies showed that high-order features could distinguish benign from malignant tumors, but the discriminatory ability was weaker compared with the usage of SUVmax (21). One of the limitations of FDG-PET/CT is that there is a significant overlap of the SUV values between benign and malignant lesions. A prospective trial on this problem demonstrated that although the SUVmax values of benign and malignant lesions overlapped, the FDG uptake of all malignant lesions was greater than 3.15 (22). Another clinical study showed that the detection sensitivity of SUV value for asymptomatic malignant lesions was 100%, the negative predictive value was 100%, and the specificity was 45.1% (23). Consistent with those findings, another study further analyzing early and delayed imaging found similar accuracy at differentiating MPNSTs from benign NF1 but better sensitivity for delayed acquisition (24). In addition, some novel PET/CT tracers have also been used in the differentiation of benign from malignant NF1. The 68Ga-PSMA in cutaneous neurofibromas can be clearly visualized on PET/CT images and showed some differences in different lesions, suggesting the potential of 68Ga-PSMA PET/CT in the surveillance of neurofibromatosis type 1 (25). Furthermore, the addition of 11C methionine to PET/CT improved its specificity in equivocal NF1 cases (26). Among these, a study suggested amino acid preparations with half-lives and novel tracers for measuring DNA or cell membrane synthesis should also be considered (27).




Figure 4 | (A) A 52-year-old NF1 patient with benign PNF lesions, particularly in the left thigh. The lesion was located in the soft tissue of the upper segment of the left thigh, was approximately 8.7 cm-9.5 cm in size, with clear boundary, heterogeneous internal signal, visible cystic degeneration with hemorrhage, and increased FDG uptake at the septa, SUVmax=4.9. (B) A 28-year-old NF1 patient with a MPNST in the upper segment of the right thigh, measuring 3.9 cm – 3.8 cm, with well-defined borders and increased FDG uptake, SUVmax=14.4.



However, CT imaging is not the first choice for detecting soft-tissue tumors, as MRI has higher soft-tissue resolution and provides better anatomical information than CT images in these diseases. As a result, PET/MRI, combining PET and MRI imaging, might have higher accuracy in tumor screening and diagnosis than PET/CT. Reinert, C. P. et al. analyzed FDG-PET/MRI data in patients with neurofibromatosis type 1 and found that SUV values were significantly higher in the MPNST group than in the PNF group (28). Meanwhile, there was a significant difference in the ratio of lesion SUVmean-to-liver SUVmean between MPNSTs and PNFs (28).



Ultrasound

Ultrasound is used as an alternative regular approach to determine the peripheral neuropathic characteristics in NF1, providing valuable guidance in making a diagnosis and an operative plan (29). Beyond this, it is also considered as a potential tool for the differential diagnosis of MPNST from NF1. Peripheral neuropathies in NF1 are classified into four types by ultrasound: multiple nodular class, plexiform class, diffuse class, and mixed class (30). The multiple nodular class presents as multiple ovoids, lobulated nodes with clear boundaries, characterized by hypoechoic mixed echo in ultrasound. The plexiform class presents with thickening of long range of peripheral nerve trunks and loss of normal nerve tract structure, characterized by a pampiniform and beaded hypoechoity. The diffuse class has thickened subcutaneous tissue and fat layers, with a nodular hypoechoity. The mixed class has the diffuse class coexisting with the multiple nodular class and hypoechoic masses, often in subcutaneous muscular layers (30). When the benign neurofibroma transformed into MPNST, the ultrasound features presented as recurrence of lobulated tumors, characterized by heterogeneous echo, with plentiful blood flow signals (29). In addition, MPNST may sometimes occur in areas where peripheral neuropathies were not found previously (31).

The characteristics of benign and malignant peripheral neuropathies were further summarized manifesting in seven aspects in a study of high-resolution ultrasound: (1) The size of a benign tumor mostly was below 5 centimeters while that of MPNSTs was generally above 5 centimeters; (2) Most benign tumors grew slowly for years, while MPNSTs grew fast over weeks to months; (3) The margins of benign tumors were regular with no peritumoral edema, while the margins of MPNST were irregular and the peritumoral edema is presented; (4) Benign tumors were characterized by homogenous echo, while MPNSTs were characterized by heterogeneous echo; (5) Benign tumors were often solitary, but the MPNSTs were infiltrative; (6) Regarding to vascularization, benign tumors presented as hierarchic, and MPNSTs presented as stenotic, occlusive, trifurcated, and archaic vascular pattern; (7) In contrast-enhanced ultrasonography, no enhancement was seen in benign tumors, while peripheral enhancement with central nonenhancement presented in MPNSTs (32).



Radiogenomics

In recent years, scientists have focused on combining imaging technology with other biological information and managed to provide imaging parameters biological explanations. Radiogenomics is a specific example of combining imaging features and genomic profiles (33). Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder (1), which means that the occurrence and development of NF1 are tightly related to the gene mutation. It was reported that loss of the CDKN2A locus at 9p21 and mutation of the TP53 gene might lead to the malignant transformation to MPNST. Also the loss-of-function mutations in EED and SUZ12 genes was related to MPNST, resulting in the loss of expression of trimethylated histone 3 at lysine residue 27 (H3K27me3) (34). Several studies recently have focused on the relationship between genetic phenotypes and imaging characteristics of NF1. Liu Y et al. divided the NF1 mutations into five mutation domains (MDs) according to their biochemical functions. They also categorized the MRI features into six groups, including histogram statistics features, image gradient features, run-length (RL) texture features, gray level co-occurrence matrix texture features, shape-based features, and second-order moment features (35). Clinical characteristics were also added, and the study suggested a strong association among phenotypes, image feature patterns, and NF1 mutation type and domains (35). Another study found that a special imaging feature of some NF1 patients on MRI, the neurofibromatosis type 1 bright objects (NBOs), was correlated with the mutation type of the NF1 gene (36). NBOs were more likely to appear in the NF1 patients with frameshift variants than splicing or missense variants (36).




Discussion and Future Directions

Malignant transformation of patients with NF1 can be detected by various methods, such as clinical manifestations and pathological characteristics. Three clinical symptoms, pain, enlargement of the mass, and neurological symptoms, were reported as worth evaluating (37). However, in multivariate analysis, only peripheral nerve sheath tumor enlargement remained an independent high-risk factor for malignant transformation (37). Clinical features provided primary evidence for malignant transformation in NF1 patients, but there is a great need for further evidence to confirm these associations. Under these circumstances, histopathological examination is used as the gold standard for diagnosis. Moreover, NF1 could be divided into six diagnostic categories: neurofibroma (NF), neurofibroma with atypia, cellular neurofibroma, ANNUBP, low-grade MPNST, and high-grade of MPNST according to the pathological characteristics of the tumor (34). However, tissue biopsy is an invasive process that is not suitable for every follow-up of NF1 patients during their lifetime. Therefore, reliable, noninvasive, and widely available tools are in great need.

Many studies have been devoted to the development of various image-based techniques to distinguish malignant lesions from benign NF1 tumors, including MRI, CT, PET, and ultrasound.

MRI, as a mature radiological method, has high potential in the clinical practice for differentiation of NF1 and MPNST. The “target sign” is the particular sign of benign tumors in T2-weighted imaging (11). In addition, the number of tumors, the peripheral enhancement pattern, the perilesional edema-like zone, and the presence or absence of intratumoral cystic lesions are also the key points in distinguishing benign and malignant tumors (7). However, current reported experiences-based differentiation is highly subjective, which are hard to popularize for the NF1 which is a relatively rare type of tumor. There is an urgent need for establishing objective standards for distinguishing MPNST from benign NF1. Noticing the current research highlights in radiomics and artificial intelligence-assisted diagnosis in multiple types of cancer, we propose extracting high-throughput MRI imaging features from NF1 and MPNST patients and applying deep learning methods. A machine learning model developed to automatically identify benign and malignant neurofibromas might achieve the purpose of early screening of patients with MPNST by a relatively objective and easily popularized tool.

CT is commonly used to observe bone, joint, and soft tissue lesions. Advanced computed tomography (CT), such as CT perfusion and dual-energy CT, helped distinguish multiple types of malignant tumors from benign head and neck lesions (19). However, this anatomic imaging method was proven to be ineffective to distinguish MPNST from benign NF1 (22). With the development of computer technology, the application of deep learning and artificial intelligence models has provided new possibilities for CT in the differential diagnosis of MPNST from benign NF1.

Compared to CT and MRI imaging, PET/CT combines anatomical, functional, and metabolic information of the lesion. At present, there are many clinical studies on PET/CT in differentiating benign and malignant neurofibromas based on significant differences in parameters such as SUVmax and 18F-FDG uptake (21–23). However, MRI has higher soft-tissue resolution and provides better anatomical information than CT images in these diseases, suggesting PET/MRI might have higher accuracy in tumor screening and diagnosis. Clinical studies have also reported defects of these methods: MRI had limited sensitivity for detecting MPNST, while the metabolic activity of MPNST was not always a reliable indicator of histopathologic tumor grade (38). Moreover, clinical studies of PET/MRI in differentiating benign from malignant neurofibromas are rare. But this technique is still believed to have a prosperous future in clinical usage for NF1 patients, which need more explorations in the future.

Ultrasound is a reliable, convenient, and cost-effective method for the differentiation of benign from malignant NF1, The characteristics of benign and malignant peripheral neuropathies were further summarized manifesting in seven aspects in a study of high-resolution ultrasound (32), offering a sort of differential standard for malignant transformation in individuals with NF1. Though ultrasound is not well suited for whole-body tumor volume evaluation, it is highly valuable in the diagnosis and clinical assessment of NF1 and related MPNST. Compared to PET-CT and whole-body MRI, ultrasound is radiotoxicity-free and relatively economical. In addition, ultrasound might contribute to distinguishing features of interest for investigation by MRI (29). Despite the above, ultrasound is not currently widely applied in the clinic. One reason might be the scarcity of sufficient clinical studies in this area, causing a lack of universal clinical guidelines. With the increasing clinical application of this method in the future, ultrasound might become a convenient and reliable screening method to differentiate MPNST from benign PNF.

In conclusion, multiple imaging modalities play essential roles in distinguishing MPNST from benign NF1. All these methods have their own strengths and weaknesses, such as limited sensitivity, high cost, or difficulties in whole-body assessment. More importantly, the results are not convincing enough due to the limited number of recruited patients in current studies.

Further studies are needed to solve these problems, and we recommend the following aspects be taken into consideration in future studies: (1) Combination of different imaging methods. Different imaging methods have their tendencies, and the combination could better exploit their strengths and circumvent their weaknesses. (2) Combination of computer technologies such as artificial intelligence with these imaging methods. As neurofibromatosis type 1 is a relatively rare disease, most clinical doctors, especially those in remote areas, have limited experience in reading radiological images of NF1 patients. AI models could acquire and analyze the information quickly and even exhibited better performance than doctors. The development of AI models could easily spread, which would be convenient and efficient for NF1 patients’ lifelong follow-up at their local hospital. (3) Association between radiological images and other omics. One of the directions of current studies in radiology imaging is how to explain the image parameters such as grey value differences with biological significance. In this article, we searched for the possible relationship between NF1 radiology images and genomic profiles and the results are presented. The combination of the two could probably be applied to the early discovery or even early prevention of MPNST developing from benign neurofibroma of NF1 patients. Though current studies are superficial, we believe further studies will improve our understanding of radiogenomics. In addition, the combination of radiology and histopathology is worth exploring. Although no study has completely explained the correlation of histology and radiology in NF1, a retrospective study analyzing the three-dimensional T1-weighted MR images of NF1 patients suggested that patients with NF1 had higher subcortical volumes and thicker cortices in selected regions, particularly in the hippocampus, amygdalae, cerebellar white matter, ventral diencephalon, thalamus, and occipital cortex (39). This study demonstrated the histological changes as part of the reasons for the variation on radiological images.



Conclusion

A summary diagram of image-based characteristics of differentiation of benign and malignant peripheral nerve sheath tumors in individuals with NF1 is presented (Figure 5). Although studies in this area are still in the early stages and mostly lack of large cohorts, current data have implicated the exciting potential roles of medical radiological imaging in the differential diagnosis of MPNST from benign NF1 at early stage and have even promoted further understanding and evaluation of this disease. With further studies in the future, we are confident in the prospect of a more significant role of these radiological imaging methods in the clinical diagnosis, follow-up, and treatment of NF1 and related tumors.




Figure 5 | A summary diagram of results. Characteristics of differentiating benign peripheral nerve sheath tumors from malignant ones in MRI, CT, PET, ultrasound images and radiogenomics were respectively presented.
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Solitary Fibrous Tumor (SFT) is a rare and aggressive mesenchymal malignancy of the dura with a predilection for recurrence after treatment. We report a case of a SFT initially treated with subtotal surgical resection followed by a combination of Gamma Knife (GK) and linear accelerator-based radiosurgery. Forty-four days post-resection, the tumor had demonstrated radiographic evidence of recurrent disease within the post-operative bed. GK radiosurgery treatment was delivered in a “four-matrix” fashion targeting the entire surgical cavity as well as three nodular areas within this wide field. This treatment was delivered in one fraction with a stereotactic head frame for immobilization. A consolidation radiosurgery treatment course was then delivered over three additional fractions to the resection bed using a linear accelerator and mesh mask for immobilization. The total biologically effective dose (BED) was calculated as 32.50 Gy to the surgical bed and approximately 76.50 Gy to each nodular area. Almost three years post-operatively, the patient is alive and without radiographic or clinical evidence of disease recurrence. To our knowledge, no prior experiences have documented treatment of SFT using a mixed-modality, multi-fraction radiosurgery technique like the method detailed in this report. Our experience describes a combined modality, multi-fraction radiosurgery approach to treating recurrent SFT that maximizes radiation dose to the targets while minimizing complication risk. We believe this novel radiosurgery method should be considered in cases of grade II SFT post-resection.




Keywords: gamma knife (GK), solitary fibrous tumor (SFT), intracranial hemangiopericytoma, stereotactic radiosurgery (SRS), recurred cancer



Introduction

Solitary fibrous tumor (SFT), known as hemangiopericytoma prior to the updated 2016 World Health Organization (WHO) guidelines, is a rare intracranial malignancy thought to originate from pericyte cells lining the capillary walls. These tumors constitute 2.5% of meningeal tumors and less than 1% of intracranial tumors (1, 2). They are usually attached to the dura, and are thus frequently mistaken for meningiomas on imaging. Unlike meningiomas, SFT are malignant and have a propensity for local recurrence and extracranial metastasis after resection (3). SFT are classified as WHO grade I or II neoplasms with some anaplastic variants classified as grade III (high grade) (4). The mean age of occurrence is 43 years and men are slightly more often affected than women (male/female ratio 1.4:1) (2).

While resection is the most common initial therapy for SFT, stereotactic radiosurgery (SRS), specifically Gamma Knife (GK) radiosurgery, has emerged as a promising adjuvant treatment. Multiple studies have suggested a likely survival benefit of adjuvant SRS for SFT compared to resection alone (5–7). However, published data still show high recurrence rates of SFT despite adjuvant radiosurgery, implying a need for more effective treatment plans (5). There is evidence suggesting that higher cumulative radiation dose from adjuvant GK correlates with significantly improved progression free survival (PFS) for SFT (6, 8). However, delivering higher doses of radiation can increase risk of adverse effects, and dividing treatment across multiple fractions requires multiple invasive headframe placements for most GK systems. We describe treating a case of grade II SFT post-resection using a single-fraction GK treatment with multiple treatment volumes followed by a multi-fraction consolidation radiosurgery treatment using a linear accelerator (Figure 1). Most of the literature documenting radiosurgery treatment for SFT focuses on single-fraction GK specifically. To our knowledge, there are no published studies documenting adjuvant SRS treatment of SFT administered in multiple fractions using two different radiotherapy delivery systems.




Figure 1 | Clinical and Treatment Timeline.





Case Description

A 61-year-old male with a past medical history of hypertension initially presented to the emergency room after experiencing a sudden episode of expressive aphasia for one minute while resting at home. His symptoms had completely resolved upon arrival to the emergency department. He denied any nausea, vomiting, vision changes, or witnessed seizure-like activity. Neurological exam in the emergency department was non-focal.

Subsequent magnetic resonance imaging (MRI) of the brain revealed a 5.2 x 5.6 cm low T1, high FLAIR, high T2, homogenously enhancing dural-based mass in the posterior frontal lobe. The mass extended across the midline with invasion and transgression of the interhemispheric fissure and superior sagittal sinus with minimal surrounding vasogenic edema. After neurosurgical evaluation, dexamethasone and levetiracetam were started and the patient was scheduled for surgery. The patient underwent craniotomy and resection of the presumed meningioma 17 days after initial presentation. The tumor was dissected from within the sagittal sinus. However, the tumor was only partially resected as the visible disease could not be fully excised from the patent sinus anteriorly or posteriorly. The patient tolerated surgery without complications.

Surgical pathology was consistent with a malignant Hemangiopericytoma/Solitary Fibrous Tumor (SFT), World Health Organization (WHO) grade II/III, Ki67 2%, and diffusely STAT6 positive. A brain MRI performed 44 days post-operatively revealed post-surgical encephalomalacia in the high right posterior region with marginal nodular enhancement along the left lateral and posterior surgical bed. These findings were compatible with recurrent disease. Due to the low likelihood of achieving a complete resection in a subsequent operation, as well as patient preference, repeat surgery was deferred in favor of radiosurgery. We sought to deliver a high cumulative dose to the resection bed based on the literature showing better outcomes in treating SFT with higher overall radiation doses from adjuvant SRS. However, due to the large size of the treatment area, we could not achieve an adequate cumulative dose in a single headframe-based Gamma Knife (GK) radiosurgery treatment without risking significant complications. The decision was thus made to pursue a hypofractionated radiotherapy regimen, with each treatment separated by at least one week. Because our institution at the time was equipped with a GK Perfexion™ system that only allowed for headframe-based treatment, we opted for a combination technique of GK followed by stereotactic body radiotherapy (SBRT) with a linear accelerator.

The patient underwent GK to the tumor bed using a four-matrix paradigm: the broad, post-operative region was treated with 8 Gy to the 50% isodose line while three radiographically enhancing, nodular foci within this region were simultaneously treated with 20 Gy each to the 50% isodose line (Figure 2). A stereotactic head frame was attached to the calvarium prior to treatment, and the treatment was delivered in one fraction. SBRT consolidation treatment to the area was then performed with a Varian Edge™ linear accelerator and a thermoplastic mesh mask for immobilization. The treatment plan was transferred from the GammaPlan™ planning system to the ARIA™ linear accelerator planning software. The first fraction of consolidation SBRT was delivered 18 days after initial GK treatment. This consolidation plan consisted of treating the broad, post-operative area to 12 Gy in 3 fractions, one fraction every seven days. The three high-risk nodular areas were contoured, and each received 14-16 Gy during the consolidation treatment. After completion of both the GK and consolidation treatment, each high-risk area in the tumor bed had received a total dose equivalent to 34-36 Gy, corresponding to a biologically effective dose (BED) of 76.25-76.50 Gy. The field encompassing the surgical bed received a total dose of 20 Gy, corresponding to a BED of 32.50 Gy.




Figure 2 | Brain MRI performed 44 days post-operatively and overlying radiotherapy treatment plan. (A) MRI T1 pre-contrast. (B) MRI T1 post-contrast showing peripheral nodular enhancement on the left lateral and posterior surgical bed. (C) Gamma Knife (GK) radiosurgery treatment plan overlying T1 post-contrast MRI brain. The wide post-operative area is represented by the yellow contour. The pink contours delineate the three nodular, high-risk areas.



A brain MRI three months after completion of consolidative SBRT demonstrated a subdural fluid collection and a focus of nodular dural enhancement overlying the posterior right frontal lobe measuring 0.3 x 0.7 cm. Neurosurgical follow-up at that same time revealed no clinical changes. Brain MRI and clinical follow-up roughly every 3 months thereafter demonstrated no new evidence of recurrent disease and gradual resolution of the enhancement. The most recent brain MRI performed 34 months after completing the radiosurgery treatment course showed only expected gliosis, post-surgical changes, and no enhancing foci or evidence of recurrent tumor (Figure 3). The patient has remained asymptomatic and without any functional deficits since completing treatment.




Figure 3 | Brain MRI performed 34 months after completion of radiotherapy treatment. (A) T1 pre-contrast (B) T1 post-contrast showing no areas of peripheral or nodular enhancement.





Discussion

Solitary Fibrous Tumor (SFT) is a rare and aggressive intracranial mesenchymal malignancy. Prior to 2016, SFTs were defined as benign mesenchymal tumors that were clinically and pathologically distinct from hemangiopericytomas (HPCs). Recent evidence has shown that SFTs and intracranial HPCs both share the immunohistochemical features of NAB2 and STAT6 gene fusion as well as STAT6 overexpression. This finding prompted the World Health Organization (WHO) to classify both conditions under the umbrella term of solitary fibrous tumor in their updated 2016 guidelines (9). Given the rarity of SFTs, there is no gold standard for treatment, and most evidence regarding management comes from small studies and case series. Surgical resection is the most common and most widely accepted initial treatment; however, resection alone has been shown to provide poor long-term control. While complete resections have been associated with improved survival, they are very difficult to achieve given the tendency of SFTs to infiltrate adjacent vascular structures (10). The recurrence rate of SFTs after surgery alone is estimated at 88-100% as soon as 12 months post-resection, suggesting a need for adjuvant therapy (5–7). Adjuvant chemotherapy has shown only minimal benefit, and adjuvant conventionally fractionated radiotherapy has shown mixed results in the literature (5, 6). 

There is minimal data evaluating treatment of SFT that accounts for all tumors now included under the updated 2016 WHO definition. Sung et al. identified a cohort of patients diagnosed with SFT or HPC, reclassified them according to these new guidelines, and analyzed clinical outcomes. They found that adjuvant radiotherapy (RT) was associated with improved progression-free survival, but not overall survival (OS) for grade II SFT. Of those receiving adjuvant RT, 31% received single-fraction Gamma Knife (GK) radiosurgery treatments, although the authors did not specifically compare the outcomes for GK versus conventional RT (1). Shin et al. performed a similar study in 2021, which showed resection to be superior to radiosurgery as an initial treatment. They showed no statistically significant benefit in OS or recurrence-free survival (RFS) for patients receiving adjuvant RT versus resection alone, although most of these patients received hyperfractionated regimens rather than radiosurgery (9). Since 2016 there has been scant evidence evaluating multi-fraction radiosurgery’s utility in treating SFT, although the available results have been encouraging. One 2021 report described an 87-year-old woman who received fractionated GK radiosurgery for SFT of the sella turcica that recurred after partial resection. After completion of GK, the patient’s visual field deficits resolved and she has been without recurrence for 15 months (11).

Stereotactic radiosurgery (SRS), specifically GK, has emerged as a promising post-operative treatment modality for SFT in the past decade. Multiple case series have demonstrated a likely survival benefit of adjuvant SRS compared to resection alone, with 3-year progression-free survival (PFS) of SFT treated with surgery and adjuvant SRS ranging from 60-92% in the literature (Table 1) (5–7). However, even with this PFS benefit, local recurrence after adjuvant radiosurgery remains prevalent (5, 6). Therefore, a need for more effective post-surgical treatment methods remains. Some studies, such as the 20-patient series by Kano et al. and the multi-center study by Cohen-Inbar et al., have found that higher cumulative radiation dose from adjuvant GK correlates with improved PFS for treatment of SFT (6–8).


Table 1 | Previous studies on post-operative radiosurgery for recurrent or residual hemangiopericytoma.



However, increasing cumulative dose in a single GK fraction to intracranial targets can be problematic, as it confers a greater risk of brain radiation necrosis, especially for larger treatment volumes (15). Increasing total GK dose by spreading treatment over multiple fractions is often avoided as it requires multiple stereotactic head frame placements for most systems. Head frame placement procedures are invasive and involve surgically securing an aluminum stereotactic head frame to the calvarium using screws or pins, which serves to enhance precision of radiation delivery. Our experience was unique in that we pursued an unconventional post-operative radiotherapy course consisting of a single-fraction GK treatment followed by a multi-fraction radiosurgery consolidation treatment with a linear accelerator. The GK treatment was delivered to four treatment volumes that included the entire resection cavity and three discrete tumor nodules at the cavity margins. The consolidation treatment was delivered to the entire resection cavity, and the enhancing tumor nodules were contoured. In total, the wide post-operative field received a cumulative dose of 20 Gy, while each radiographically high-risk area noted on initial MRI received 34-36 Gy. We were thus able to deliver a concentrated dose to high-risk areas that was significantly greater than the mean dose of 17-20 Gy described in most published case series of SRS-treated SFT (5–7). We achieved this while reducing the burden of invasive procedures for the patient, as stereotactic head frame placement was required for only one treatment session.

It is important to note that our experience occurred prior to the inception of the recently developed GK Icon™ and eXtend™ technologies, which do not require head frame placement and thus allow for multi-fraction treatment regimens. The GK Icon™ system allows for headframe and mask-based immobilization during treatment while the eXtend™ system uses a vacuum-sealed dental bite-tray and electronic probes to maintain inter and intra-fraction patient positioning (15, 16). These recently developed iterations of GK treatment are advantageous over our described treatment technique in that they do not require the interfraction transfer of treatment data from one system to another. Additionally, each of these systems incorporates cutting edge intrafraction motion management and interfraction repositioning systems, which allow for submillimeter targeting accuracy that cannot be achieved with linear accelerator-based treatment (15, 16). However, our described technique has some benefits over these systems. For example, because of the bite-tray based immobilization in the eXtend™ system, poor dentition or hypersensitive gag reflex can be barriers to treatment. It is also broadly thought that, despite the impressive precision of mask and bite tray-based systems, they are still not as precise as rigid, frame-based fixation (15). Additionally, most institutions with GK still only have access to headframe-based Perfexion™ systems, making our combination technique that incorporates this older system clinically relevant due to wider availability.

This case report is limited by a relatively short follow-up time, and further serial imaging and follow-up for this patient are necessary to more accurately assess this treatment method’s long-term efficacy. However, the lack of disease recurrence and the patient’s high quality of life several years post-treatment are very encouraging. We also believe our experience is a valuable contribution to the literature given the paucity of data describing treatment options for SFT as defined by the 2016 WHO guidelines. We hope that our reporting of this new radiosurgery paradigm may better inform the management of this uncommon and aggressive cancer.



Conclusions

Post-resection Gamma Knife radiosurgery with multiple treatment volumes to target radiographically high-risk areas, followed by multi-fraction radiosurgery using a linear accelerator, could be a safe and effective way to treat recurrent, grade II SFT without significantly compromising patient quality of life.
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Background

Because of the low incidence and the constantly changing diagnostic and classification criteria, the clinical features, management, and prognostic factors of intracranial solitary fibrous tumor (ISFT) remain unclear and were thus analyzed in this study.



Method

A total of 38 patients with ISFTs who were diagnosed in our institution were enrolled in this study. Patient data including age, gender, clinical presentation, histopathological features, immunohistochemistry staining, tumor location, tumor size, treatment methods, and prognosis were extracted and retrospectively analyzed.



Results

The median age at diagnosis was 45.5 years (range 28–66 years) and the male-to-female ratio was 1:1.53 in our series. The 3-, 5-, and 10-year progression-free survival (PFS) rate was 82.2%, 62.8%, and 21.4%, respectively; and the 3-, 5-, and 10-year overall survival rate was 97.1%, 86.9%, and 64.2%, respectively. Patients with high WHO grade (grade 3) ISFTs experienced impaired PFS (p < 0.05) and OS (p < 0.01). Subtotal resection (STR) was associated with worse PFS and OS (p < 0.001, respectively). Postoperative radiotherapy (PORT) improved PFS, especially local control rate, in patients with WHO grade 3 ISFTs (P = 0.025) or STR (p = 0.027). Moreover, CD34-negative immunostaining and a high Ki-67 index (>10%) were associated with impaired PFS in ISFTs.



Conclusion

Our study provides evidence that high tumor grade, subtotal tumor resection, CD34 negative immunostaining, and high Ki-67 index (>10%) were independent predictors for the poor prognosis of ISFTs. PORT can improve local control rate, and should be recommended for patients with high-grade ISFTs or STR.





Keywords: intracranial solitary fibrous tumor, clinical outcome, prognostic factors, radiotheapy, surgery treatment



Introduction

Solitary fibrous tumor (SFT) was first described as a rare mesenchymal neoplasm arising from pleura by Klemperer and Rabin in 1931 (1). Although this type of tumor has been identified in nearly every anatomic site of the body, the intracranial origin is less common. Intracranial SFT (ISFT) comprises less than 1% of all primary brain tumors (2). Originally, ISFTs and hemangiopericytomas (HPC) were regarded as two separate neoplasms due to their distinct biological behaviors. With the development of sequencing technologies, the NGFI-A–binding protein 2 signal transducer and activator of transcription 6 (NAB2-STAT6) fusion gene was detected in both SFT and HPC (3). The special NAB2-STAT6 fusion protein can drive tumor growth by activating the EGR gene (3). The discovery resulted in the combination of these two diseases into a single entity, and the combined term “solitary fibrous tumor/hemangiopericytoma” was proposed in the 2016 World Health Organization (WHO) classification of central nervous system (CNS) tumors (4). According to the latest version in 2021, the term “hemangiopericytoma” has been removed to conform fully with soft tissue pathology nomenclature, with the tumor now termed only “SFT” (5).

ISFTs are difficult to distinguish radiologically from meningiomas because of their overlapping imaging features (6). Traditionally, some immunohistochemistry markers (for example, CD34 and CD99) were employed for the diagnosis of ISFTs. However, this can be problematic because these markers can be also detected in other brain tumors (7). After the discovery of NAB2-STAT6 fusion gene, accumulating evidence has found that STAT6 nuclear staining is extremely sensitive and specific in ISFTs, which made STAT6 immunohistochemistry a powerful diagnostic modality (8).

Because of the low incidence and the changes in WHO classification and diagnostic criteria over the years, the knowledge of natural course and prognostic factors of ISFTs is still limited. Hitherto, little information about ISFTs has been reported in the literature. Most previous reports either exhibited small patient series or confused HPCs with SFTs as the same tumors (9–11). In this present study, we included 38 patients with ISFTs and analyzed their clinical characteristics and follow-up outcomes to gain novel insight into the management of this disease.



Materials and Methods

From March 2008 to September 2020, 38 patients with primary ISFT underwent surgical treatments in the neurosurgery department of Tongji Hospital, Huazhong University of Science and Technology. Patients with any other cancers or severe chronic basic diseases were excluded. Patient information including age at the time of surgery, gender, clinical manifestation, histopathologic features, tumor location, imaging features, treatment methods, survival status, and survival time were retrospectively collected. This study was approved by local ethical authorities in accordance with the Helsinki Criteria. Written informed consent was obtained from each individual patient or from family members of those who had died.

The extent of tumor resection was determined by surgical notes and postoperative neuro-imaging findings. Gross total resection (GTR) was equivalent to Simpson grades I and II, whereas others were considered subtotal resection (STR). The selection of adjuvant radiotherapy depended on the patient’s willingness, extent of surgery resection, WHO grade, and clinical presentation. Progression-free survival (PFS) was determined as the time interval from the date of surgery to the time of tumor progression or recurrence, which was identified by follow-up magnetic resonance imaging (MRI) after surgery for patients. Tumor recurrence was classified as local, regional, or distant. Local recurrence referred to an event within 2 cm (the maximum margin for the clinical target volume (CTV) from gross tumor volume in patients with PORT) from surgical area. Regional recurrence was defined as a remote intracranial recurrence beyond primary tumor site. Distant recurrence meant extracranial metastasis of the tumor. Survival time was calculated from the date of the surgery to the time of death. Surviving patients were censored at the time of last follow-up. The first postoperative MRI was performed 1 month after surgery, and then, the follow-up interval was extended to 3 months. Survival data of patients were obtained through outpatient and telephone follow-up.

The diagnosis was confirmed by neuropathology experts through postoperative genetic and histopathologic examination of tumor samples. In addition, three most common primer pairs were designed and employed to identify the NAB2-STAT6 fusion subtypes by reverse transcriptase polymerase chain reaction (RT-PCR) in 33 samples (12) (Supplementary Table S1). Five other tissues were excluded due to poor tissue preservation. As described previously, immunohistochemistry staining was performed to detect expression of STAT6, CD34, S-100, Ki-67, vimentin (VIM), epithelial membrane antigen (EMA), and glial fibrillary acidic protein (GFAP) (13).

Quantitative variables and categorical variables were compared by Student’s t-test and chi-square test (or Fisher’s exact test), respectively. The effects of each factor on PFS and OS were evaluated by Kaplan–Meier method and univariate/multivariate cox regression method. A p-value < 0.05 was considered significantly different. R software (version 4.0.2) was used for performing all statistical analysis and graphing.



Results

The clinical and histopathological characteristics of 38 patients with ISFTs were summarized in Table 1. The median age of patients at the first surgery after diagnosis was 45.5 years (range, 28–66 years). Fifteen patients were male (39.5%), and 23 were female (60.5%) with a male-to-female ratio of 1:1.53. The majority of the tumors (63.2%) were supratentorial, whereas 14 were located in the infratentorial region. The average size (maximum diameter) of tumors was 5.1 cm. The most common symptom was headache which occurred in 27 patients (71.1%). Other symptoms included epilepsy (n = 5, 13.2%), limb weakness (n = 7, 18.4%), visual impairment (n = 5, 13.2%), and paresthesia (n = 3, 7.9%). Two patients (5.3%) were asymptomatic, and the tumors were detected by routine clinical examinations. According to postoperative histopathological findings, nine (23.7%) patients were diagnosed with WHO grade 3, 17 (44.7%) with WHO grade 2, and 12 (31.6%) with WHO grade 1.


Table 1 | Characteristics of 38 patients.



Figure 1 exhibited the representative MRI images of ISFTs. Generally, the signal intensity of the tumor mass was heterogeneous mixed isointense and hypointense on non-contrast T1 and T2 MRI sequences, and marked and heterogeneous enhancement on T1 with gadolinium contrast (T1-Gd) MRI scan.




Figure 1 | Representative MRI scans of ISFTs in our series. Generally, the signal intensity of the tumor mass was heterogeneous mixed isointense and hypointense on non-contrast T1 and T2 MRI sequences, and marked and heterogeneous enhancement on T1 with gadolinium contrast (T1-Gd) MRI scan. (A–D) MRI scans of a 47-year-old female with ISFT lesion located in right occipital lobe. (A–C) Preoperative axial T1, T2, and T1-Gd MRI scans. (D) Postoperative T1-Gd MRI scan showed a GTR resection. (E–H) MRI scans of a 44-year-old female with ISFT mass originated from callosum and invaded into both sides of frontal lobe. (E–G) Preoperative axial T1, T2, and T1-Gd MRI scans. (H) Postoperative T1-Gd MRI scan demonstrated a GTR resection.



Figure 2 presented the intraoperative images for tumor resection of a recurrent ISFT. A STR was finally performed in this case due to the tumor invasion of skull base bone and sellar construction with a serious intraoperative bleeding (about 1,000 ml).




Figure 2 | Intraoperative images for tumor resection of a recurrent ISFT. (A–C) Preoperative axial, coronal, and sagittal T1-Gd MRI scans of a huge recurrent ISFT tumor mainly located in the right frontal skull base, showing a marked and heterogeneous enhancement. (D, E) Intraoperative images revealed a red solid tumor mass (black arrow), which was not clearly distinguishable from the normal brain tissue during tumor resection (white arrow). Finally, a subtotal resection was performed due to the tumor invasion of skull base bone and sellar construction with a serious intraoperative bleeding (about 1,000 ml).



All 38 patients underwent long-term follow-up after the first surgery, and the mean follow-up period was 66.6 months (range, 12–165 months). Five patients experienced postoperative complications: three patients got cerebrospinal fluid leakage, one patient had incision infection, and one patient developed hydrocephalus, which was subsequently cured by ventriculo-peritoneal shunt. Eighteen cases suffered from recurrence during follow-up period, and seven patients elapsed. Recurrence was determined as local in 13 patients, regional in three patients (one patient with grade 3 and two patients with grade 2), and distant in two patients (two patients with grade 3). The 3-, 5-, and 10-year PFS rate was 82.2%, 62.8%, and 21.4%, respectively. Overall survival (OS) rate was 97.1% for 3 years, 86.9% for 5 years, and 64.2% for 10 years.

On the basis of the Kaplan–Meier survival analysis, patients with WHO high-grade ISFTs had a lower PFS (median PFS 42 vs. 88 months, p = 0.031) and OS (median OS 63 vs. 152 months, p = 0.0059) compared with lower-grade counterparts (Figures 3A, B). Moreover, a markedly decreased recurrence or progression rate and prolonged survival were observed in patients with GTR (median PFS 88 vs. 36 months, p < 0.0001; median OS 152 vs. 60 months, p = 0.00069) (Figures 3C, D). In addition, univariate/multivariate Cox regression analysis was performed to further verify this result, as shown in Table 2. Patient age, gender, tumor location (infratentorial or supratentorial), and tumor size were not correlated with prognosis (Table 2).




Figure 3 | Kaplan–Meier survival curves for progression-free survival and overall survival based on WHO grade (A, B) and extent of resection (C, D).




Table 2 | Results of univariate and multivariate cox regression analysis. .



GTR was achieved in 29 patients (76.3%), whereas others underwent STR due to illegible boundary between tumor mass and surrounding normal tissues. In our series, none of the cases received chemotherapy. Postoperative radiotherapy (PORT) (11 patients were treated) was performed predominately in patients with high-grade tumors or STR (range, 53–65 Gy; 1.8–2.3 Gy/fractionation). The median margin for the CTV) was 10 mm (range, 5–20 mm) from gross tumor volume (GTV). Five of nine patients treated with STR received PORT, whereas six of nine diagnosed with WHO grade 3 ISFTs received PORT, and three patients refused due to personal financial reasons or opposition of their families. The effect of radiotherapy on prognosis is not significant when the analysis was performed across all patients (Table 2), but in patients with WHO grade 3 ISFTs, PORT remarkably suppressed the progression/recurrence of tumors but did not improve OS (median PFS: 58 vs. 35 months, p = 0.025; median OS: 63 vs. 113 months, p = 0.19) (Figures 4A, B). In addition, an improvement of PFS could be observed in patients treated with PORT in the STR subgroup (median PFS: 42 vs. 28.5 months, p = 0.14) (Figure 4C); however, no statistical differences were established, owing to the small case series. The impact of PORT on OS of patients with STR was not observed (Median OS: 60 vs. 68.5 months, p = 0.74) (Figure 4D). Furthermore, we also analyzed the impact of surgical extent and PORT on different patterns of recurrence (Table 3). Local recurrence was the main progression type (26.1% after GTR and 100% after STR, respectively) in the subgroup of patients without radiotherapy. According to the results of Kaplan–Meier analysis, GTR significantly decreased the local recurrence (Figure 5A). Moreover, PORT significantly suppressed the local recurrence in patients with WHO grade 3 ISFTs or in those with STR (Figures 5B, C).




Figure 4 | Kaplan–Meier survival curves for progression-free survival and overall survival based on PORT. (A, B) Effect of PORT on PFS and OS in patients with WHO grade 3 ISFTs. (C, D) Effect of PORT on PFS and OS in patients with STR.




Table 3 | Patterns of recurrence according to the type of treatment.






Figure 5 | Kaplan–Meier survival curves for local control rate. (A) The effect of resection extension on local control rate. (B) The effect of PORT on local control rate in patients with WHO grade 3 ISFTs. (C) the effect of PORT on local control rate in patients with STR.



According to the results of IHC staining, the positive rate of STAT6, VIM, S-100, EMA, and GFAP was 92.1%, 94.7%, 39.4%, 23.7%, and 5.3%, respectively. The level of expression of CD34 was classified as follows: diffuse positive (28 cases, 73.7%), weakly (focal) positive (five cases, 13.2%), and negative (five cases, 13.2%). The mean value of Ki-67 index was 8.5% (range, 1%–30%). The CD34 expression and WHO grade showed a significant negative correlation (p = 0.011) (Table 4). Moreover, high-grade ISFTs had a higher Ki-67 index compared with low-grade tumors (average value: 13.4% for grade 3 vs. 8.2% for grade 2 vs. 5.3% for grade 1, p = 0.034).


Table 4 | Correlation analysis between IHC markers and WHO grade.



The NAB2-STAT6 fusion subtypes were detected and summarized in Table 5. NAB2ex4–STAT6ex2, NAB2ex6–STAT6ex16, and NAB2ex6–STAT6ex17 fusion variants were detected in 5, 12, and 9 cases, respectively. Seven cases could not be distinguished by the aforementioned NAB2–STAT6 fusion. Notably, three STAT6-negative ISFTs were confirmed to harbor NAB2ex6–STAT6ex16 fusion. No statistical differences were established for the prognosis between variable fusion subtypes in this study.


Table 5 | NAB2-STAT6 fusion subtypes in 33 patients with ISFTs.



Tumors with a higher Ki-67 index (>10%) were associated with worse PFS (median PFS: 58 vs. 92 months, p = 0.0164) but not OS (Figures 6A, B). In addition, absent/low expression of CD34 in ISFTs portended an unfavorable prognosis (median PFS: 42 vs. 88 months, p = 0.039; median OS: 89 vs. 152 months, p = 0.37) (Figures 6C, D).




Figure 6 | Kaplan–Meier survival curves for progression-free survival and overall survival based on Ki-67 index (A, B) and CD34 (C, D).





Discussion

Although SFTs and HPCs have been consolidated into a single disease according to the 2013 (fourth edition) and 2020 (fifth edition) WHO classification of tumors of soft tissue and bone, the term “hemangiopericytoma” is still used widely by neuropathologists (14). Traditionally, ISFTs were considered to be benign with a low possibility of relapse and an indolent course, whereas HPCs exhibited a local aggressive behavior (15). However, some SFTs with malignant features were continuously reported (16). Thus, the misdiagnosis between SFTs and HPCs occurs frequently during the past years. The distinction between the two types was no longer clinically significant due to the pronounced clinical and histopathological overlap. In the 2021 WHO classification of CNS tumors, the term “hemangiopericytoma” was removed with the tumor named only “SFT” (5). Because of the constantly changing classification criteria in recent years, the clinical features and management guidelines of ISFTs remain unclear. To fill this gap, we conducted this retrospective study by analyzing the clinical and follow-up data of 38 patients with ISFTs.

Unlike other types of brain tumors, patients with ISFTs usually have a younger onset age, with a peak in the 40–60 years (7). The patients aged 41–60 years in our department occupied up to nearly 64%. Early perspectives thought that ISFTs were more predominant in men, whereas the opposite trend was observed in this study (17). In addition, approximately equal gender distribution was recently reported by a population-based study (18). The symptoms of patients with ISFTs are non-specific in our cohort, which is aligned with other studies (9). Headache is the most common presentation in brain tumors due to the tissues compression or increased intracranial pressure caused by tumor growth. Other neurologic symptoms including epilepsy, limb weakness, paresthesia, and visual impairment are associated with tumor location and nerves invasion. In addition, previous studies reported some uncommon symptoms covering anosmia, memory loss, dysphasia, hyponatremia, amenorrhea, and hypoglycemia (9).

In the majority of previous studies, WHO grade and the extent of resection are commonly reported as prognostic factors of ISFTs, which is in line with ours (10, 11). Multivariate analysis indicated that GTR remarkably prolonged OS and PFS of patients, regardless of tumor grade and other confounders. For the vast majority of benign ISFTs, GTR is independently sufficient to achieve clinical cure. Notwithstanding, in our cohort, two of 10 patients with WHO grade 1 ISFT receiving GTR still developed local recurrences at 9 and 11 years after surgery, respectively. Moreover, a recent study reported that longer recurrence intervals along with malignant transformation occurred in some WHO grade 1 ISFTs (19). For this reason, long-term follow-up should be warranted irrespective of the grade of ISFTs. In terms of higher grade ISFTs, frequent recurrence occurred after GTR due to higher mitotic activity and with microscopic residual disease (18).

Many researchers reported that patients could benefit from radiotherapy after surgery (18, 20). However, the benefit may be specific to patients with STR or high grade ISFTs and be highly confined to local control. In our series, the effect of radiotherapy on PFS and OS was not significant when the analysis was performed across all patients (Table 2). In STR subgroup, the PFS of patients with STR + PORT was improved compared with those who received STR alone, although the effect was also not significant (Figure 4C). Taking into consideration that the patients without PORT had a higher local recurrence rate (Table 3), we analyzed the effect of PORT on local control rate. Interestingly, PORT significantly improved the local control rate in patients with STR (Figure 5C). It is odd that the patients receiving PORT had much higher regional and distant recurrence rates in this cohort. This might be because the majority (55%) of patients with PORT were diagnosed as WHO grade 3 ISFTs, which generally had more malignant phenotypes.

Little literature reported the effect of radiotherapy on GTR subgroup. A recent study reported that patients with GTR can benefit from PORT (20). Unfortunately, this issue was difficult to be evaluated in our series, because of the small case series and the selection bias that the vast majority of people with RT in GTR subgroup were the patients with WHO grade 3 ISFTs. Recently, two based-population studies found that GTR with radiation significantly improved disease-free survival compared with GTR alone in borderline malignant or malignant ISFTs (18, 21). Our results also suggested that PORT can improve PFS and local control rate for patients who were diagnosed with WHO grade 3 tumors. In contrast, the clinical value of PORT in benign ISFTs is still debatable. Moritani et al. reported that progression and dedifferentiation of an ISFT were probably related to the application of radiation therapy (22). In addition, in five patients with lower-grade ISFTs in which malignant transformation occurred, two cases underwent RT after initial surgery (19). However, the association between radiotherapy and malignant transformation of benign ISFTs needs further confirmation. Altogether, PORT should be recommended primarily for patients with high grade ISFTs or those with STR. For the patients with benign ISFTs who underwent GTR, the role of PORT requires further evaluation in the future.

Shin et al. assessed the significance of preoperative radiotherapy in ISFTs (23). They observed a worse RFS and OS in patients who received radiotherapy before resection though further validation would be required. On the other hand, it is also difficult to selectively implement preoperative radiotherapy only for the patients with high-grade tumors, because of the plight of identification of tumor histological type and tumor grade before resection.

IHC staining characterized by mainly STAT6 is the key to the diagnosis of ISFTs. Although ISFTs were confused with meningiomas on imaging, the STAT6 immunostaining is totally negative in meningiomas (7). However, absence of STAT6 nuclear expression by IHC staining may not exclude the possibility of SFT. The sensitivity of STAT6 for ISFTs was reported to be 96.6% by analysis of a literature review, resembling a 92.1% positive rate in the present study (7). For diagnosis of STAT6-negative ISFTs, combination with other IHC markers is helpful, although their specificities for ISFTs are not so high as STAT6 (24). In addition, molecular diagnostic techniques such as RT-PCR could be helpful for STAT6-negative SFTs by detecting the NAB2–STAT6 fusion (12, 25). As a transmembrane glycoprotein, CD34 was identified in hematopoietic stem and progenitor cells, fibroblast-related mesenchymal cells, and endothelial cells (26). Before the discovery of STAT6-NAB2 fusion gene, positive expression of CD34 was regarded as the most prominent characteristic of ISFTs and was often used for differential diagnosis (27). However, 5%–10% of SFTs were negative for CD34 (7, 28). A study found that the absence of CD34 may be related to dedifferentiation of SFT (29). In addition, a recent clinicopathologic study of 25 cases with loss of CD34 reported that CD34-negative SFTs are more likely to exhibit malignant behaviors, compared with their CD34-positive counterparts (28). Although the authors reported the correlation between prognosis of patients with SFTs and CD34, the majority of the reported cases are extracranial and the significance of CD34 in ISFTs is still unclear (28). As indicated in the results section, we found that reduced/absent expression of CD34 was associated with degree of malignancy of ISFT and tumor progression. Similarly, Yamashita et al. described that expression level of CD34 gradually decreased with increased malignancy of tumors in 163 patients with ISFTs (7). A low expression rate (<10%) of CD34 also was reported in 60% of recurrent cases by Bertero and his colleagues (10). Moreover, some studies found that loss of CD34+-fibrocytes was frequently observed in other types of invasive carcinoma (e.g., invasive lobular carcinoma of the breast and invasive cervical carcinoma) (30, 31). As one type of antigen-presenting cells, loss of CD34+-fibrocytes may promote immune evasion of tumor (32). A high Ki-67 (a proliferation marker) index was also identified as a risk factor for tumor recurrence in our study and others (33).

In conclusion, we assessed the clinical feature and prognosis of 38 patients with ISFTs in this study. The results suggested that tumor grade and extent of surgery resection are independent prognostic factors of ISFTs. PORT could improve PFS, especially decreased local recurrence for patients with high grade ISFTs or those with STR. Moreover, CD34-negative ISFT or a high Ki-67 index might be a prediction of poor prognosis.
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Objective: Primary ventricular lymphoma (PVL) is an extremely rare and commonly misdiagnosed disease. Previous studies were predominantly case reports, and literature regarding the diagnosis and treatment of PVL is limited. Therefore, this study aimed to evaluate the characteristics of patients with PVL.

Methods: The data of patients with pathologically confirmed PVL were assessed. Epidemiological data, imaging findings, surgery, pathological results, and prognosis were retrospectively analyzed. A systematic review of relevant literature was also conducted.

Results: A total of eight patients with PVL were identified. The main symptom was increased intracranial pressure. Radiographically, five patients had single lesion and three had multiple lesions; typical findings on magnetic resonance imaging included hypointensity on T1- and T2-weighted imaging, adjacent brain edema, and homogeneous enhancement on contrast-enhanced T1-weighted images. Preoperatively, six cases were misdiagnosed and two cases did not get a definite diagnosis. Craniotomy was performed on all patients, and four achieved gross total resection. Hydrocephalus was relieved after surgical resection in four patients. Pathology revealed diffuse large B-cell lymphoma in all patients. Only one patient had a severe complication. A total of three patients received concomitant adjuvant treatment, whereas five patients refused any adjuvant therapy. At the time of follow-up, the median survival time of patients was 15 months.

Conclusion: Primary ventricular lymphoma mainly presented with symptoms of increased intracranial pressure and had several imaging characteristics for the diagnosis, but the condition still tends to be misdiagnosed. Surgical resection is a feasible treatment for patients with isolated nodules, especially those with acute obstructive hydrocephalus.

Keywords: primary central nervous system lymphoma, intraventricular, clinical features, diagnosis, treatment, case reports, review


INTRODUCTION

Primary central nervous system lymphoma (PCNSL) refers to lymphoma that grows solely within the brain, spinal cord, and eyes, without systemic involvement. PCNSL is a relatively rare and highly invasive extra-nodal non-Hodgkin's lymphoma, accounting for ~2–5% of intracranial tumors and 4–6% of extra-nodal lymphomas (1, 2). The disease is common in patients with immunodeficiency, but recent literature has reported an increasing incidence of PCNSL in populations with normal immunity (3). PCNSL is associated with poor clinical outcomes and has a median progression-free survival time of 12 months and a median overall survival time of ~3 years (4). More than 90% of PCNSLs are located in the brain parenchyma of the cerebral hemispheres, whereas primary lymphomas in the ventricle are extremely rare. Notably, there is a paucity of information on the diagnosis, treatment experience, and patient characteristics in PCNSL. In this study, we report the on cases of primary ventricular lymphoma (PVL) at our center and summarize the clinical characteristics and therapeutic effects of PVL based on a literature review.



METHODS


Study Patients

We performed a thorough review and analysis of the clinical data of patients with PCNSL admitted to our center from January 2010 to December 2020. The inclusion criteria were pathological findings confirming lymphoma, lesion located solely in the intraventricular system, and normal immune function. Patients with other systemic lymphomas or brain parenchymal lymphoma invading the cerebral ventricular system were excluded. A total of eight of 198 patients with PCNSL were included in this study, and their epidemiological data, imaging findings, surgical conditions, and pathological results were analyzed. A follow-up was conducted to evaluate patient's prognosis. This study was approved by the Ethics Committee of Tongji Hospital affiliated with Tongji Medical College of Huazhong University of Science and Technology. Because of the retrospective nature of the study, patient consent was not required.



Literature Search

A thorough literature screening of the PubMed and Web of Science databases for case reports on PCNSL in the ventricle was conducted according to the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) using the following terms: “lymphoma” or “PCNSL” and “ventricle,” “lateral ventricle,” “third ventricle,” or “fourth ventricle.” The references of the reports were also reviewed. In total, 38 relevant articles were analyzed, 46 patients with a diagnosis were identified, 6 lacked sufficient data, and 1 patient had immunodeficiency; finally, 34 studies for qualitative synthesis were included (Figure 1).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram for literature search. From Moher et al. (5).





RESULTS


Case Series

Epidemiological data, imaging findings, surgery, pathological results, radiotherapy and chemotherapy outcomes, and postoperative survival times of patients are presented in Table 1. Of the eight patients, two were women and six were men, and their age ranged from 35 to 69 years (mean, 55±13 years). The most common symptoms included increased intracranial pressure and impaired cerebellar balance perception. A total of five patients experienced headache and dizziness, three presented with nausea and vomiting, two exhibited walking instability, and one presented with memory loss. The onset of disease varied from 1 week to 2 months.


Table 1. Characteristics of the 8 patients included in the series.
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Preoperative magnetic resonance imaging (MRI) examination revealed single lesions in five cases and multiple lesions in three cases (37.5%). A total of four cases were confined to the fourth ventricle, two cases exhibited involvement of the lateral ventricle, and two cases presented with simultaneous involvement of the lateral and fourth ventricles (patients 2 and 8). The maximum diameter of lesions was 1.8–7.0 cm (average, 3.5 cm). A total of four patients exhibited varying degrees of hydrocephalus. There are several radiological features; typical MRI revealed hypointensity on T1- and T2-weighted imaging, with adjacent brain edema, and homogeneous enhancement on contrast-enhanced T1-weighted images, with cluster-like lesion in two patients (patients 2 and 6) and diffuse growth along the choroid plexus and ventricular wall in one patient (patient 8). Preoperatively, the suspected radiological diagnosis of four patients was medulloblastoma or ependymoma, the radiological diagnosis of two patients was meningioma (patients 5 and 6), and the other two patients did not have a definitive diagnosis.

Craniotomy was performed on all eight patients: 4 (50%) achieved gross total resection (GTR), 1 (12.5%) achieved subtotal resection (STR), and 3 (37.5%) achieved partial resection (PTR). Only one patient experienced complications with pulmonary infection, and one presented with minimal subdural hematoma; both patients recovered after treatment. The most serious complication was observed in patient 7, who presented with respiratory failure after surgery. Postoperatively, this patient received tube incision and respiratory support treatment; however, the patient died 10 days later after his family opted to discontinue treatment. None of the other patients presented with serious complications, and all patients recovered well after the surgery. Patient 3 underwent postoperative protocol chemotherapy with high-dose methotrexate (HDX)+temozolomide in addition to locally enhanced radiotherapy in the whole cerebellum. Patients 4 and 5 underwent HDX regimen chemotherapy and whole-brain radiotherapy. Other patients refused chemotherapy and radiotherapy after the surgery.

Postoperative pathology revealed diffuse large B-cell lymphoma (DLBCL), with immunohistochemically related positive indicators, including CD20, CD79a, LCA, MUM-1, PAX5, C-MYC, BCL-2, and BCL-6, in all patients. Only CD20 in patient 5 was negative. The Ki-67 marker index was 70–100%, with an average of 88%. Molecular pathology was performed in five patients, and EBV-encoded small RNA chromogenic in situ hybridization was negative in five patients (Table 2).


Table 2. Pathological features of 8 patients.

[image: Table 2]

With the exception of patient 7, who discontinued treatment 10 days after surgery, all other patients recovered and were discharged from the hospital. The survival time of patients ranged from 1 month to 4 years. Patients 3 and 5 were still alive during the reporting of this study. At the time of follow-up, the median survival time of patients was 15 months.



Combined Cases and Systematic Review

A total of thirty-nine patients were included in this study through a systematic review (Supplementary Table 1) (6–39). In total, 47 patients with PCNSL in the ventricle were identified, including in our series and previous articles. Of all patients, 27.7% were women, and the mean age was 55 ± 18 years (Supplementary Table 2). The most common symptoms were headache, nausea, and vomiting (28/47, 59.6%). Moreover, 25.5% patients presented with hemiplegia, ataxia, gait instability, and other motor disorders; 23.4% presented with dizziness or vertigo; 6 (12.8%) exhibited diplopia; 6 presented with memory deficits; 8 presented with rare symptoms, such as seizures, speech disturbance, and confusion. Among the patients, 59.6% had single lesions and 40.4% had multiple lesions. Lesions were confined to the lateral ventricle in 9 (19.1%) patients, third ventricle in 7 (14.9%) patients, and fourth ventricle in 17 (36.2%) patients. Lesions involving multiple ventricles were observed in 14 (29.8%) patients (including one with intraspinal metastasis). Solitary nodular growth was the most common growth pattern (25/47, 53.2%) (Figure 2). Multiple nodules and cluster-like growth patterns (Figure 3) were observed in 5 (10.6%) and 4 (8.5%) patients, respectively. Diffuse growth along the choroid plexus and ventricular wall was also common (21.3%, 10/47) (Figure 4). A total of fifteen (31.9%) patients had hydrocephalus, of whom 7 had acute hydrocephalus. According to radiological data, 38 (80.9%) patients were misdiagnosed and 9 (19.1%) cases did not get a definite diagnosis.


[image: Figure 2]
FIGURE 2. Case 1. Magnetic resonance image of a 4.0×2.8-cm solid mass in the fourth ventricle, with supratentorial hydrocephalus. (A) T1-weighted image showing low signal. (B) T2-weighted image showing low signal. (C) Homogeneous enhancement on contrast-enhanced T1-weighted images. (D) Postoperative magnetic resonance image showing no residual lesion, and obstructive hydrocephalus is relieved. Pathological microscopic examination shows diffuse large B-cell infiltration [(E) hematoxylin and eosin, 200× magnification], including CD20- [(F), 400× magnification], LCA- [(G), 400× magnification], and MUM-positive [(H), 400× magnification] lesions.



[image: Figure 3]
FIGURE 3. Case 2. (A,B) Contrast-enhanced T1-weighted axial images show nodular bead-like lesions in the right and fourth ventricles. (C) Sagittal magnetic resonance images showing multiple lesions occupying the midbrain aqueduct and fourth ventricle. (D) Postoperative computed tomography shows edema of brain tissue and no bleeding in the operative cavity.
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FIGURE 4. Case 8. Axial magnetic resonance image showing bilateral and fourth ventricle lesions, diffuse growth along the choroid plexus and ventricle wall, low signal on T1- and T2-weighted images (A,B), and homogeneous enhancement on contrast-enhanced T1-weighted images (C,D).


A total of seven (14.9%) patients underwent urgent external ventricular drain for acute hydrocephalus, and 26 (55.3%) underwent surgical resection, of whom half (50%) achieved GTR and the remaining half (50%) achieved STR or PTR; 40.4% (19/47) were confirmed by biopsy, 2.1% (1/47) was confirmed using cerebrospinal fluid (CSF) cytopathology, and 2.1% (1/47) was confirmed based on postmortem autopsy. According to pathology, BCL was the most common (74.5%, 35/47), followed by Burkitt lymphoma (8.5%, 4/47), T-cell lymphoma (6.4%, 3/47), and small lymphocytic lymphoma (4.3%, 2/47). A total of three patients were pathologically unclassified. After diagnosis, 29.8% (14/47) of the patients received chemotherapy only, 6.4% (3/47) received radiotherapy only, 27.7% (13/47) received concomitant radiotherapy and chemotherapy, 2.1% (1/47) received immunotherapy, and 34.0% (16/47) did not receive any adjuvant therapy.

At the time of reporting, 25.5% (12/47) of the patients had died, with a median survival time of 7.0 ± 7.2 months (range, 1–18 months), and 59.6% (28/47) of the patients were still alive, with a follow-up time of 12.4 ± 10.3 months (range, 0.5–48 months). The prognosis of 7 patients was not reported.



Case Examples


Case 1

A 69-year-old woman presented with headache and dizziness for 2 months, and weakness in both legs 1 week before admission. The patient had previously developed ocular fundus pigmentation, resulting in blindness in both eyes. No immune deficiency or other underlying diseases were noted. The patient underwent head imaging 4 months before admission, which only indicated white matter thinning. Physical examination revealed no obvious positive signs. Brain MRI revealed a 4.0×2.8-cm solid mass in the fourth ventricle (Figure 2), which was considered a medulloblastoma or solid hemangioblastoma. The patient and her family opted for surgical resection. The surgery was performed via a prone postero-medial approach. During the operation, the tumor was observed to originate from the lateral orificium choroid plexus of the fourth ventricle with an abundant blood supply. Complete tumor resection was achieved under electrophysiological monitoring. Histopathological examination revealed diffuse large B-cell infiltration (Figure 2E), with positive immunochemical staining for CD20, LCA, and MUM (Figures 2F–H, respectively). The diagnosis was primary DLBCL of the fourth ventricle. The patient developed complications of pulmonary infection, recovered, and was discharged after 2 months of antibiotic treatment. The patient refused further chemoradiotherapy and died 15 months after surgery due to tumor recurrence.



Case 2

A 35-year-old man presented with dizziness, nausea, and vomiting for 2 months. No obvious abnormalities were noted on physical examination, and no past underlying diseases were identified. Magnetic resonance imaging (MRI) examination revealed multiple lesions in the right lateral ventricle, middle cerebral aqueduct, and fourth ventricle, some of which were cluster-like, accompanied by hydrocephalus, with avid enhancement (Figure 3). Preoperative diagnosis could not be performed, considering the possibility of metastases. Most of the intraventricular tumors were resected via the temporo-occipital approach. During the operation, the lesions were observed to originate from the choroid plexus. Microsurgical resection was uneventful, and postoperative pathology revealed diffuse large BCL, with no significant postoperative complications. The patient refused further radiotherapy and chemotherapy and died 2 months later.



Case 8

A 67-year-old man presented with gait instability for 20 days, and he had no history of underlying diseases. MRI examination revealed lesions in bilateral ventricles and the fourth ventricle (Figure 4), which could not be diagnosed clearly before surgery. After microsurgical resection, the lateral ventricular lesion was partially resected. Postoperative pathology revealed diffuse large BCL. Postoperative systemic examination revealed no other systemic lymphoma. The family refused further chemotherapy, and the patient died 1 month later.





DISCUSSION

Primary central nervous system lymphoma is predominantly located in the deep periventricular parenchyma, such as the corpus callosum and basal ganglia. Lesions may be single or multiple (~34%) (40), and some lesions may extend into the ventricles. Up to 40–100% of parenchymatous subependymal lesions extend to ependymal surfaces (11). However, PCNSL with lesions purely located in the ventricular system is extremely rare. Previous studies were predominantly the case reports. Indeed, we only identified 39 patients with complete information. This study aimed to improve our current understanding of the diagnosis and treatment of PVL, and to this end, we summarized the epidemiological data, clinical manifestations, and imaging characteristics of PVL in detail based on our cohort and previous literature.


Epidemiology

The average diagnostic age of PCNSL was 65 years, and the male-to-female ratio was ~1.2:1.7. Studies in the last 10 years have reported that the incidence of PCNSL is higher in elderly patients, especially in the population aged 70–79 years (41). In this study, the average age of patients with PVL was 54 years, which was similar to the overall age of PCNSL onset. Most cases were adults (91.5%, 43/47), and only 4 cases were children (<18 years). The male-to-female ratio was ~2.6 (34:13), and PVL was more common in men.



Presenting Signs

Clinical symptoms of cerebral parenchymal lymphoma varied, with 70% presenting with focal neurologic deficits and 32–43% presenting with mental and behavioral changes; meanwhile, symptoms of increased intracranial pressure were less common than other intracranial tumors (~32–33%), and epilepsy was less common (~11%) (4, 42). PVL typically presented with headache, nausea, vomiting, and other symptoms of increased intracranial pressure, which comprised its main clinical features. Increased intracranial pressure was the reason for medical visits in up to 59.6% of patients. In addition to the mass effect caused by the lesion, intraventricular lymphoma readily blocked the CSF circulation pathway, resulting in hydrocephalus and aggravation of increased intracranial pressure. In our group, four of the eight patients presented with various degrees of hydrocephalus. Focal symptoms caused by lesion compression of adjacent nerves or brain tissue were relatively rare in PVL, accounting for 25.5% of patients. For example, lateral ventricular tumor compression of the thalamus resulted in limb hemiplegia; fourth ventricular tumor compression of the cerebellum induced balance abnormalities, resulting in gait imbalance or ataxia. Other common symptoms included dizziness or vertigo, diplopia, and memory loss. Epilepsy was rare in patients with this disease, with only 2 (4.2%) patients identified. Disturbance of consciousness was observed in a few patients with acute intracranial hypertension or lesions severely compressing the brainstem. Collectively, our findings indicate that increased intracranial pressure is the main clinical symptom of PVL, but this is often nonspecific.



Imaging Features

More than half of patients with AIDS have multiple lesions, whereas in ~25% of immunocompetent patients, single lesions are more common (43). Of all patients with PCNSL, 87% were supratentorial, and a single lymphoma located in the infratentorial area was extremely rare in patients with normal immune function. PVL with solitary nodules was common, but the proportion of cases with multiple lesions was also high (40.4%). This may be associated with the spread of tumor cells via CSF. Furthermore, PVL of the fourth ventricle was common, and the occurrence of single lesions in the fourth ventricle was as high as 36.2%.

Combined with our series of cases and literature review, we classified the growth patterns of PVL into single-nodular type (Figure 2), cluster-like type (Figure 3), multiple-nodular type (19, 28, 30, 39), and diffuse growth type (Figure 4). The single-nodular type was the most common (53.2%), lacked imaging characteristics, and was easily misdiagnosed. The diffuse growth type was also common (21.3%), with lesions growing mainly along the choroid plexus and ventricular wall. This growth pattern may be considered the characteristic growth pattern of PVL. The cluster-like type was rare in other tumors and was also a characteristic of PVL. Multiple nodules were often considered as metastatic tumors, and this growth pattern was mostly due to the metastasis of tumor cells to other ventricles via CSF. Brozovich et al. reviewed a group of primary fourth ventricle lymphomas and reported that 50% of patients exhibited metastasis to other ventricles, which further confirmed the spread of PVL via CSF (34). Based on these data, we suggest that the presence of multiple lesions in the ventricle, especially those with cluster-like or diffuse growth along the choroid plexus and ventricular wall, is highly likely to be PVL.



Diagnosis and Differential Diagnosis

Primary ventricular lymphomas in the lateral ventricle are more likely to be misdiagnosed as meningioma, choroid plexus papilloma, or glioma. In contrast, in the fourth ventricle, PVL is more likely to be misdiagnosed as medulloblastoma (in children), ependymoma, or astrocytoma. Multiple lesions are easily misdiagnosed as metastatic tumors or subependymal giant cell astrocytoma (SEGA). The imaging characteristic for diagnosis of PVL, in addition to characteristic growth patterns on MRI examination, is hypointensity on T1- and T2-weighted imaging; contrast enhancement typically shows homogeneous enhancement, with modest surrounding edema, and diffusion-weighted imaging usually shows uniform restricted diffusion (44). Multifocality of meningioma is rare, and choroid plexus papilloma usually presents a cystic, isointense T1-weighted image, and both have a clear boundary and slowly progression (45, 46); medulloblastoma and glioma are typically have high signal on T2-weighted imaging, and contrast enhancement tends to be heterogeneous (47); metastases with a pure intraventricular location are rare, usually with severe brain edema, and SEGA, which commonly occurs in younger patients, is almost always located in the vicinity of the foramen of Monro, with high-density calcification on CT examination (48). CSF is widely used in the diagnosis of PCNSL, including conventional cytology analysis, flow cytometry, polymerase chain reaction, detection of monoclonal B cells, and the recently reported detection of microRNA and interleukin-10 levels, which facilitate the diagnosis of PCNSL (49). However, only 15% of patients with PCNSL with CSF involvement are detectable by CSF examination (4). Patients with PVL may have a higher risk of spread via CSF. As a low-risk method, the value of this approach needs further investigation.

Because of the rarity of PVL, noninvasive diagnosis is difficult, and all eight patients in this group were misdiagnosed or could not be diagnosed before surgery. Therefore, obtaining pathological examination through biopsy or surgery is still a necessary means for diagnosing PVL. After a definite diagnosis of intracranial lesions, systemic examinations, including thoracic and abdominal bone marrow punctures, are also necessary for excluding systemic lymphomas involving the central nervous system (50).



Treatment

Considering the rarity of PVL in clinical practice, there is a lack of systematic experience in the treatment of PVL, and treatment is mostly performed according to the principles of PCNSL, including chemotherapy, radiation, and immunotherapy. HDX-based induction chemotherapy is currently the first-line therapy (51). Whole-brain radiotherapy for PCNSL remains controversial (52). As PCNSL has an infiltrative growth pattern, some lesions are multiple and deep, making surgery difficult. Studies have demonstrated that surgical resection did not significantly prolong survival time in patients (53). As a result, surgical resection was not included in the standard treatment plan and was limited to biopsy. With the recent progress in surgical techniques, such as the innovative use of fluorescein sodium, safe resection has been increasingly performed in patients with PCNSL (54). Furthermore, studies have demonstrated that, compared with biopsy, GTR and STR significantly prolong progression-free survival and overall survival time in patients with PCNSL (55). Some researchers propose that, for PCNSL with solitary nodules, superficial position, or acute cerebral hernia, surgical resection should be incorporated into treatment strategies (50). In this study, 26 (55.3%) of 47 patients underwent surgical resection and 50% (13/26) achieved GTR. Only one patient who underwent surgery in our center developed respiratory failure after surgery, and no other patients experienced serious complications; thus, surgery is safe. PVL in the third and fourth ventricles, lesions that easily blocked the CSF circulation pathway and led to obstructive hydrocephalus, and ventriculoperitoneal shunt increased the risk of tumor cell implantation metastasis (56). Surgery not only can gain tumor tissue for pathological diagnosis but also can discharge obstructive hydrocephalus. Hence, for solitary PVL, especially in patients with acute obstructive hydrocephalus, surgical resection is a feasible treatment. For cluster-like lesions that can be completely resected, surgical resection may also be considered. Given the established and wide application of endoscopic technology, endoscopic resection can be considered, as reported in the literature (37). A biopsy is recommended as the first choice for patients with diffuse growth and multinodular growth. In patients with partial lesions invading the medial thalamus, brainstem, and other critical functional areas, surgery should be considered with caution.

Studies have confirmed that prognosis is poorer in patients with PCNSL treated with surgical resection alone than in those treated with postoperative radiotherapy and chemotherapy, with a median survival time of only 4.6 months (57, 58). Among our eight patients, five did not receive any postoperative adjuvant therapy, and all of them relapsed and died, except for one patient who discontinued treatment due to complications, the median survival time was only 5.5 months. Radiotherapy and chemotherapy were considered essential for the treatment of PVL.



Limitations

The sample size of this study was small, and the literature was mainly based on case reports. The study lacked a large sample size and detailed follow-up. In particular, only the survival status of patients was followed up in the literature, and the follow-up time was too short to analyze the factors influencing patient prognosis.




CONCLUSION

Primary ventricular lymphoma is a rare disease that manifests clinically as increased intracranial pressure, but this symptom is nonspecific. Because of noninvasive diagnosis, the condition is commonly misdiagnosed. Cluster-like growth along the choroid plexus and diffuse growth along the ventricular wall constitute key imaging characteristics. For localized lesions, especially in patients with acute obstructive hydrocephalus, surgical resection is feasible, and postoperative adjuvant radiation and chemotherapy are necessary.
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Malignant peripheral nerve sheath tumors (MPNSTs) are rare soft-tissue sarcomas refractory to standard therapies. Inactivation of NF1 and subsequent upregulation of RAS/RAF/MEK/ERK signaling exist in the majority of MPNSTs. However, the lack of preclinical assessment of MEK inhibitors in MPNSTs hinders the clinical application as well as the development of combination therapy. To guide further clinical studies, we evaluated different MEK inhibitors in terms of efficacy, safety, and mechanism of adaptive response in treating MPNSTs. Using a MPNST tissue microarray, we found that p-ERK could serve as a biomarker for predicting the prognosis of MPNST patients as well as an effective therapeutic target. Through in vitro and in vivo experiments, we identified trametinib as the most potent MEK inhibitor for the treatment of MPNSTs. Mechanistically, reduced reactivation of the MAPK pathway and compensatory activation of the parallel pathways contributed to better efficacy. Our results provide a basis for the further clinical application of MEK inhibitors as single agents or combinational therapies.
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Introduction

Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive soft tissue sarcomas arising in patients with neurofibromatosis type 1(NF1) or sporadically. MPNSTs are refractory to standard therapies (1, 2), and extended resection is currently the only potential curative management for MPNSTs, which is not suitable for advanced MPNST patients. In addition, the local recurrence rate remains high after surgical resection and traditional chemo/radio therapies show mild benefits (3–6). The overall 5-year survival rate has remained poor at only 16-52% for decades, mainly owing to the lack of effective treatments. Therefore, there is an unmet clinical demand to discover novel therapeutic strategies, particularly targeted therapies, to treat advanced MPNSTs.

Genomic profiling of MPNST cohorts revealed that mutation in Neurofibromin 1(NF1) occurred in 100% of NF1-associated MPNSTs and 82% of other types of MPNSTs. As a RAS GTPase–activating protein, inactivation of NF1 leads to uncontrolled activation of RAS and subsequent upregulation of downstream signaling pathways including mitogen-activated protein kinase (MAPK), PI3K/Akt, and Ral-GEF pathways (7–12). Among these dysregulated signaling contributing to the occurrence and progression of MPNSTs, MAPK is the most well-studied signaling pathway which is critical for cell proliferation, differentiation, and survival, suggesting that this pathway is a promising therapeutic target in MPNST treatment. In addition, MAPK signaling pathway is also an effective therapeutic target for a variety of human cancers, including melanoma and NSCLC (13–15).

MEK inhibitors, such as trametinib and cobimetinib, are highly specific, non-ATP competitive, small-molecule inhibitors of MEK1/2. MEK inhibitors have shown promising therapeutic efficacy in RAS-driven tumors including plexiform neurofibroma (pNF), the precancerous lesion of MPNSTs (13, 16–20). In clinical trials, the MEK inhibitor selumetinib led to clinical responses in up to 70% of children with inoperable pNF and subsequently gained FDA approval for this indication (17, 21). However, the efficacy of MEK inhibitors in the treatment of MPNSTs remains controversial. Currently, the research related to MEK inhibitors mainly focused on the development of effective combinational strategies. Several combinational therapies including MEK inhibitors in combination with mTOR inhibitors, MET inhibitors, and others were evaluated in preclinical studies and clinical trials (22–24). However, clinically sufficient combinational therapies still do not exist.

We found that the efficacy of different MEK inhibitors as single agents and the mechanism underlying the difference in treatment response are poorly investigated in preclinical studies. In addition, the low incidence of MPNSTs makes the recruitment of clinical trials extremely difficult. These deficiencies and challenges hinder the implications of MEK inhibitors in MPNST therapy. Therefore, a comprehensive preclinical evaluation of MEK inhibitors is necessary to guide further clinical studies.

In this study, we evaluated different MEK inhibitors in terms of efficacy, safety, and mechanism of adaptive response in treating MPNSTs. We assessed the expression and clinical relevance of MAPK pathway in MPNST patients using a tissue microarray. The efficacy and safety of different MEK inhibitors were evaluated in vivo and in vitro. In addition, the mechanism of adaptive response in 8 MEK inhibitors was also explored. This study provided a basis for the further clinical application of MEK inhibitors as single agents or combinational therapies.



Materials & Methods


Cell Lines and Reagents

The NF1+/- Schwann cell line (sNF02.3 2λ) was obtained from the American Type Culture Collection (ATCC). NF1-associated (ST88-14, T265, S462, and S462TY) and sporadic (STS-26T) MPNST lines were kindly granted by Prof. Vincent Keng and Prof. Jilong Yang (Table S1). All MPNST cell lines were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a 37°C, 5% CO2 incubator, sNF02.3 2λ cells were cultured under the same conditions with 1% L-glutamine added.

Reagents and antibodies used in this article are described in Supplementary Table S2.



Immunohistochemical Staining

A tissue microarray (TMA) was constructed using 57 paraffin-embedded MPNST specimens obtained from 49 patients who underwent surgical treatment at Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine in Shanghai, China. IHC staining was performed as previously described (25). The assessment of TMA IHC staining was accomplished by two qualified pathologists independently. The score was assigned according to the proportion of positive cells within carcinomatous areas so that no staining, <25% of malignant cells staining, 25%-50% of malignant cells staining, >50% of malignant cells staining were recorded as 0, 1, 2, 3. Clinical information was collected through electronic medical records and telephone follow-ups. Twenty-eight of 49 patients were lost to follow-up and were not able to be contacted through multiple methods.



Cell Line-Based Assays

A Cell Counting Kit-8 (CCK-8) assay was implemented to assess cytotoxicity. A total of 1*103 or 3*103 cells per well were seeded into 96-well culture plates and treated with 0.1% DMSO or the indicated drug. After 72 h or 96 h, 10 µL CCK-8 solution (Dojindo, Japan) dispersed in 90 µL DMEM was added per well to measure the 450 nm OD value after a 2 h incubation. Percentage cell viability was calculated as 100% × (OD of drug-treated cells - OD of background control)/(OD of untreated cells - OD of background control). The IC50 of indicated drugs was calculated by Prism 8.4.0 using [inhibitor] vs. normalized response – Variable slope analysis.

Annexin V–FITC and propidium iodide (PI) assays were implemented to detect cell apoptosis. MPNST cells were seeded into 6-well culture plates and treated with DMSO or the indicated MEKi for 24 h or 48 h. Afterwards, MPNST cells were stained with annexin V–FITC and PI at room temperature in the dark for 15 minutes, followed by analysis using a flow cytometer (CytoFLEX LX, Beckman Coulter, Shanghai) equipped with CytExpert software (Beckman Coulter, Shanghai).

A cell cycle assay was implemented to monitor the cell cycle. MPNST cells treated as described above were fixed with cold 70% ethanol, stained with PI/RNase solution, and analyzed on a flow cytometer as described above.



Western Blot Analysis

Cells were lysed in RIPA buffer (Beyotime, China) with protease and phosphatase inhibitor cocktails (Beyotime, China). Proteins separated by SDS-PAGE were transferred onto PVDF membranes and blocked in 3% bovine serum. Afterwards, membranes were incubated overnight in primary antibody solution at 4°C, followed by incubation with an HRP-conjugated secondary antibody for 1 h at room temperature. Band signals were detected using an Amersham Imager 600 (General Electric Company, Boston, MA, United States), and quantification was performed using ImageJ software after normalization to GAPDH.



Xenografts

Four-week-old male NOD-SCID IL-2 receptor gamma-null mice were purchased from Shanghai Model Organisms Co., Ltd. (Shanghai, China). A total of 5×106 S462TY cells suspended in 100 µL phosphate-buffered saline was engrafted subcutaneously into the armpit of each mouse. Tumor volume (based on caliper measurements) was calculated by the modified ellipsoidal formula: tumor volume = 1/2 length* width2. When tumors reached a volume of approximately 100 mm3, mice were randomly assigned to treatment with vehicle (n=4), trametinib (0.3 mg/kg, daily gavage, n=4), TAK-733 (2.4 mg/kg, daily gavage, n=4) or selumetinib (15.2 mg/kg, 2 times daily gavage, n=4). After 3 weeks of treatment, mice were sacrificed, and grafts were removed, weighed, and photographed. Grafts were stained with p-ERK, Ki-67, c-MYC, and cleaved Caspase 3 for histological analysis according to standard protocols.



Statistics

Data are presented as the mean ± standard error of the mean (SEM) or standard deviation (SD). Statistical analysis was conducted using Prism 8.4 (GraphPad Software, San Diego, CA). Statistical analyses were performed using the student’s t-test, the log-rank test, and the Pearson correlation analysis. P-values < 0.05 were considered to indicate statistical significance, and asterisks (*) are used to indicate significant differences between two specified groups. * indicates a P-value < 0.05, ** indicates a P-value < 0.01, *** indicates a P-value < 0.001.



Ethics Approval and Consent to Participate

The study was approved by the Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, and informed consent was achieved from patients under institutional reviewer board protocols.




Results


High Expression of p-ERK Correlates With Dismal Prognosis in MPNSTs

To evaluate the expression of MAPK pathway in MPNSTs, we performed IHC staining of p-ERK using a TMA containing 57 MPNST specimens (Table S3). The levels of p-ERK in tumor tissues were classified as score 0 (negative, 20.8%), 1 (low positive, 28.3%), 2 (medium positive, 32.1%) or 3 (high positive, 18.9%) (Figure 1A). The expression of p-ERK was positively correlated with that of p-MEK, Ki-67, and CD34 (Table 1; Figures S1A–C). Analysis of clinicopathological correlations indicated that MPNST patients with high p-ERK expression had a shorter overall survival duration than the p-ERK low expression patients (p = 0.007, Figure 1B).




Figure 1 | High expression of p-ERK correlates with dismal prognosis in MPNSTs. (A) Typical images of p-ERK in MPNST tissues following immunohistochemical staining, scored as 0 (negative), 1 (low positive), 2 (medium positive), and 3 (high positive). Scale bar = 50 μm (B) Kaplan–Meier curves for cumulative survival according to the p-ERK level in the MPNST cohort with available follow-up data (n = 29, p = 0.007 by the log-rank test). Negative and low positive were defined as low expression, while medium and high positive were defined as high expression.




Table 1 | Pathological parameter with p-ERK expression.





Screening 8 MEK Inhibitors in MPNST Cells Revealed Differences in Efficiency and the Adaptive Response

After identifying p-ERK as a potential therapeutic target for MPNSTs, we screened 8 different MEK inhibitors, trametinib, TAK-733, PD0325901, cobimetinib, pimasertib, refametinib, binimetinib and selumetinib, to investigate their efficacy in MPNSTs. We performed cell viability assays in S462 cells with loss of heterozygosity (LOH) at the NF1 locus. While STS26T with the oncogenic V600E mutation in BRAF served as a control since the BRAF V600E mutation has been shown to be associated with resistance to MEK inhibitors (26). The cell viability curves and corresponding IC50 values of these two cell lines are presented in Figure 2. Trametinib and TAK-733 were the most efficient due to having the lowest IC50 values. At the same time, the IC50 values of Trametinib and TAK-733 in S462 were significantly lower than those in STS26T.




Figure 2 | Different efficacy of MEK inhibitors in reducing the viability of MPNST cells. Cell viability of MPNST cell line S462 (the NF1-deficient human MPNST cell line) and STS26T (the NF1-wild-type human MPNST cell line with BRAF V600E and PTEN loss) after treated with MEK inhibitors for 96 h.



To explore the mechanism underlying the difference in efficacy, we next assessed the alterations in protein expression, including p-ERK and p-MEK in the MAPK signaling pathway, the downstream MEK/ERK effector cyclin D1, and p-AKT in the parallel PI3K/AKT pathway. P-ERK levels decreased with increasing concentrations of MEK inhibitors. Trametinib and TAK-733 were the most potent inhibitors, as p-ERK was not detected in S462 cells following 24 h of treatment with 0.01 μM. Selumetinib was the least effective in reducing p-ERK levels. A similar variation tendency in cyclin D1 expression was observed. As demonstrated in previous studies, MEK inhibition could reactivate MAPK signaling or upregulate parallel signaling pathways, particularly, the PI3K pathway, resulting in reduced efficacy of MEK inhibitors (27). It was also observed in S462 cells that compensatory increases in p-MEK and p-AKT occurred after 24 h of MEK inhibitor treatment. Trametinib and TAK-733 induced upregulation of p-MEK less obvious than other MEK inhibitors (Figure 3, Figure S2).




Figure 3 | Screening 8 MEK inhibitors in MPNST cells revealed differences in adaptive response. Expression of p-ERK, ERK, cyclin D1, p-MEK, MEK, p-AKT, AKT, and GAPDH in S462 cells treated with different MEK inhibitors at the indicated concentrations for 24h.





Inhibition of p-ERK Induced Cell Cycle Arrest and Apoptosis in MPNST Cells

We next explored the efficiency and safety of MEK inhibitors in a variety of MPNST cell models. We selected the most potent MEK inhibitors trametinib and TAK-733, as well as selumetinib, the first FDA-approved MEK inhibitor for the treatment of pediatric PNFs, for further investigations. Cell viability assays were conducted in 4 NF1-MPNST cell lines S462, T265, ST88-14, S462TY, and schwann cell line 02.3 2λ. As shown in Figure 4A, trametinib inhibited all the MPNST cells most efficiently with submicromolar IC50 values. In addition, MEK inhibitors trametinib, TAK-733, and selumetinib were more efficient in MPNST cell lines compared with healthy Schwann cell line 02.3 2λ (Figure S3).




Figure 4 | Inhibition of p-ERK induced cell cycle arrest and apoptosis in MPNST cells. (A) Cell viability of MPNST cell lines T265, ST8814, S462, S462TY, and Schwann cell line 02.3 2λ treated with MEK inhibitors for 72h. (B) apoptosis ratios of MPNST cell lines treated with MEK inhibitor trametinib for 48h. (C) Cell cycle and (D) p-ERK/ERK expression levels of MPNST cell lines treated with MEK inhibitor trametinib for 24h.



Furthermore, alterations in cell proliferation, apoptosis, and p-ERK expression following trametinib treatment were also explored in these MPNST cells. All the MPNST cell lines showed a high apoptosis ratio after trametinib treatment in a time-dependent manner (Figure 4B, S4). Significant blockage of the G0/G1 phase was observed in S462, T265, and S462TY cells while blockage of the G2/M phase was observed in ST88-14 cells (Figure 4C). As shown in Figure 4D and Figure S5, MEK inhibitor trametinib induced a significant reduction of p-ERK expression in S462, T265, ST88-14, and S462TY at a concentration of 0.01μM. The p-ERK expression in 02.3 2λ cells was significantly inhibited only at a higher concentration of 0.1μM (Figure S6).



MEK Inhibitors Significantly Inhibited the Growth of MPNST Xenograft Without Inducing Apoptosis

The MEK inhibitors trametinib and TAK-733 and selumetinib were further evaluated in vivo. Following the successful establishment of S462TY xenografts, mice were gavaged with trametinib, TAK-733, or selumetinib for 3 weeks. As shown in Figures 5A, B, all the three MEK inhibitors reduced the tumor weight and tumor volume significantly. The inhibition in tumor volume persisted from the beginning to the end of administration with no obvious toxicity (Figure S7). Immunohistochemical analysis of the MPNST xenografts demonstrated that the three MEK inhibitors induced a robust decrease in p-ERK, Ki-67, and C-MYC at the protein level. However, no obvious alteration of cleaved Caspase 3 expression was observed (Figure 5C).




Figure 5 | MEK inhibitors significantly inhibited the growth of MPNST xenograft without inducing apoptosis. (A, B) Tumor growth curves (A) and tumor weight (B) of mice treated with control, trametinib, TAK-733 or selumetinib for three weeks. Each point or column represents Mean ± SEM (n = 4). * Represents p < 0.05, and ** represents p < 0.01 compared with control group (Student’s t-test). (C) Representative images of p-ERK, Ki67, C-Myc, and Cl. Caspase3 immunohistochemical staining from the extracted tumor tissues in the four groups (scale bar = 100 μm).






Discussion

In this study, we investigated the efficacy of 8 different MEK inhibitors in treating MPNST using cell lines and xenograft models. We identified p-ERK as a biomarker for predicting the prognosis of MPNST patients as well as an effective therapeutic target. Moreover, we identified trametinib as the most potent MEK inhibitor for MPNST and demonstrated that the reduced reactivation of the MAPK pathway and activation of the parallel pathways contributed to better efficacy.

According to previous studies, genetic alterations including loss of NF1, EED, and SUZ12, have been demonstrated to activate the RAS/MAPK pathway in various human cancers including MPNSTs (7, 28, 29). Our findings also confirmed the overactivation of the MAPK pathway in MPNSTs as evidenced by the detection of p-ERK expression. In addition, our result first identified p-ERK as an indicator of a worse prognosis, indicating that the MAPK pathway could serve as a potential target in MPNSTs.

Inhibiting the RAS/MAPK pathway using MEK inhibitors has emerged as an effective strategy in a variety of cancers (30–34), as indicated in several clinical trials. However, the low incidence of MPNSTs added difficulties to the recruitment of clinical trials evaluating MEK inhibitors for MPNSTs. Therefore, we evaluated a panel of MEK inhibitors in various MPNST models and investigated the mechanism underlying the difference in efficacy. We included all the FDA-approved MEK inhibitors, and several potent MEK inhibitors proved to be efficient in clinical trials. Among the 8 inhibitors evaluated in vitro, trametinib was the most effective, likely from the significant reduction in p-ERK and downstream cyclin D1 levels. In addition, trametinib induced the lowest increase of p-MEK in S462 cells because it uniquely blocked Raf-dependent MEK phosphorylation, resulting in its potent efficacy in MAPK inhibition. Our in vivo experiments also confirmed the efficiency of MEK inhibitors. According to the results above, trametinib turned out to be the optimal choice for clinical application considering its excellent anti-tumor capacity in vitro and in vivo, as well as its mild reactivation of the MAPK pathway. As demonstrated by a recent case report, trametinib resulted in sustained complete response in an NF1 patient with recurrent and metastatic MPNST (35). In addition, trametinib has been approved by FDA for the treatment of malignant melanoma. Studies are being carried out to evaluate the effectiveness and to screen combinational drugs of MEK inhibitors in cancers including ovarian cancer and lung cancer (19, 32, 36–38).

Despite the potent efficacy of MAPK inhibition, trametinib caused significant activation of PI3K/Akt, a parallel pathway of MAPK signaling. It has been demonstrated in a variety of cancers that parallel pathways, especially the PI3K/Akt signaling pathway, could promote tumor growth and result in adaptive resistance after inhibition of the MAPK signaling (39, 40). Concurrent inhibition of MAPK and PI3K/Akt signaling using combinational therapies increased the efficacy of MEK inhibitors in multiple RAS-driven cancer models including MPNSTs (41, 42). Currently, a clinical trial is being carried out to test the effectiveness of selumetinib (AZD6244) and the mTOR inhibitor sirolimus in patients with unresectable or metastatic MPNST(NCT03433183).

Selumetinib is an FDA-approved MEK inhibitor that has shown excellent therapeutic efficacy in the treatment of pNF, the precursor lesion of MPNSTs. Compared to trametinib, selumetinib induced a more robust compensatory increase in p-MEK levels, indicating the occurrence of reactivation of the MAPK pathway, which might explain the less effective tumor-killing capacity. Wang et al. reported that in liver cancer, combinational therapy of sorafenib and selumetinib could increase the anti-tumor effectiveness through the synergistic inhibition of p-ERK (43). This combinational therapy might also improve the efficacy of selumetinib in MPNSTs.

It is also worth noticing that the MEK inhibitors inhibited the growth of MPNST xenografts without inducing tumor shrinkage or tumor cell apoptosis in vivo. It was inconsistent with the findings in Annexin V/PI assays showing that MEK inhibitors induced cell apoptosis significantly in vitro. It could be speculated that the tumor microenvironment including immune cells and extracellular matrix played an important role in limiting the efficacy of MEK inhibitors. Previous studies have suggested that microenvironment components are associated with drug resistance and are considered key obstacles that limit the efficacy of targeted therapy (44–49). For example, fibroblast-derived ECM abrogated anti-proliferative responses to BRAF/MEK inhibition in BRAFV600-mutated advanced melanoma and pharmacological targeting of key molecules could overcome drug resistance (50). Therefore, the role of the tumor microenvironment in limiting the efficacy of MEK inhibitors in treating MPNSTs and the underlying mechanisms deserve further investigation.

In conclusion, the variety of MEK inhibitors and the lack of evaluation of their efficacy in MPNSTs limited the research progress and clinical application of MEK inhibitors in MPNSTs. This study identified the most promising MEK inhibitor trametinib, for the treatment of MPNSTs and clarified the mechanism underlying the difference in efficacy. Our results provide a basis for the further investigation of MEK inhibitors for treating MPNSTs.
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Case report: Oligodendroglioma, IDH-mutant and 1p/19q-codeleted, associated with a germline mutation in PMS2
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Most tumors, including brain tumors, are sporadic. However, a small subset of CNS tumors are associated with hereditary cancer conditions like Lynch Syndrome (LS). Here, we present a case of an oligodendroglioma, IDH-mutant and 1p/19q-codeleted, and LS with a germline pathogenic PMS2 mutation. To our knowledge, this has only been reported in a few cases in the literature. While the family history is less typical of LS, previous studies have indicated the absence of a significant family history in patient cohorts with PMS2 mutations due to its low penetrance. Notably, only a handful of studies have worked on characterizing PMS2 mutations in LS, and even fewer have looked at these mutations in the context of brain tumor development. This report aims to add to the limited literature on germline PMS2 mutations and oligodendrogliomas. It highlights the importance of genetic testing in neuro-oncology.
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Introduction

Oligodendroglioma, IDH-mutant and 1p/19q-codeleted, is a subset of diffuse gliomas that primarily develop sporadically. Very few patients with oligodendroglioma have been associated with a hereditary cancer predisposition syndrome. According to the most recent CBTRUS Statistical Report, these tumors have an adjusted annual incidence rate estimated at 0.11 cases per 100,000 population and account for 0.4% of all primary brain tumors (1). The most recent WHO classification of Central Nervous System (CNS) Tumors defines oligodendrogliomas as a diffusely infiltrating glioma with an isocitrate dehydrogenase (IDH) mutation and codeletion of chromosomes 1p and 19q (CNS WHO grade 2 or 3) (2).

Brain tumors have been associated with several hereditary syndromes including Lynch Syndrome (LS), which has an autosomal dominant inheritance pattern (3–5). In a study conducted to compare the incidence of brain tumors in families with LS versus that of the general population, it was found that the brain tumor incidence in LS families was 3.35% by the age of 85, compared to 0.47% in the general population (6). LS is caused by germline mutations in DNA mismatch repair (MMR) genes like MLH1, MSH2, MSH6, PMS1, and PMS2. Individuals that carry mutations in these genes have an increased susceptibility to cancers of the colon, endometrium, stomach, ovary, urinary tract, brain, skin, and many more (7–9). PMS2 accounts for approximately 5% of the pathogenic variants involved in LS and has a lower penetrance than the other MMR genes (9–11). There is limited validated data on germline monoallelic PMS2 mutations and, therefore, a lack of clinical and biological phenotype associations (10).



Case presentation

The patient is a 65-year-old gentleman diagnosed with a recurrent oligodendroglioma, IDH-mutant and 1p/19q-codeleted, CNS WHO grade 3. He was initially found to have a non-enhancing lesion in the left posterior temporal lobe at the age of 30. As illustrated in Figure 1, he received a craniotomy with tumor resection about thirty-six years ago. Pathological exam revealed an oligodendroglioma, grade 2. Following three years of clinical observation, he underwent a second tumor resection and received a course of radiation therapy following the surgery. His tumor remained stable until the disease progressed again twenty-three years after the initial diagnosis. At this time, the tumor was confirmed to be a recurrent oligodendroglioma, IDH-mutant and 1p/19q-codeleted, CNS WHO grade 3 after a tumor biopsy. He then received his first chemotherapy regimen, which involved 18 cycles of temozolomide. Approximately ten years later, the MRI findings were suggestive of disease progression (Figure 2A). He underwent a left temporoparietal craniotomy with resection of the tumor. Pathology demonstrated oligodendroglioma, IDH-mutant and 1p/19q-codeleted, CNS WHO grade 3 (Figure 2B). DNA methylation profiling was consistent with the diagnosis of oligodendroglioma, IDH-mutant and 1p/19q-codeleted (Figure 2C). He received his second regimen of chemotherapy with 6 cycles of temozolomide. The patient has been under clinical monitoring and has remained clinically stable since he completed the second round of chemotherapy.




Figure 1 | Timeline of the disease history and management. TMZ, Temozolomide.






Figure 2 | Diagnosis of an oligodendroglioma, IDH-mutant and 1p/19q co-deleted, CNS WHO grade 3 by (A) MRI before the most recent tumor resection; (B) H&E staining (20X) and (C) DNA methylation profiling of the tumor sample from the most recent tumor resection.



After his most recent tumor recurrence, matched Tumor/Normal Whole Exome Sequencing (T/N WES; NCI-COMPASS-NIH) revealed that he carries a pathogenic germline mutation in PMS2 (c.251-2A>T splice variant) (Figure 3A). This splice alteration affects a canonical splice acceptor at nucleotide position -2, upstream of coding exon 4 in PMS2. Despite the germline PMS2 mutation, it did not cause a complete loss of PMS2 protein expression, and all MMR proteins were positively expressed (Figure 3B). While his family history is less characteristic of LS, he has a brother with colon cancer (Figure 4). The patient, however, is unable to recall further details regarding the diagnosis, including age of the diagnosis. His father also had multiple myeloma, but there are no other known cancers or hereditary syndromes in the family.




Figure 3 | (A) PMS2 mutation found in the proband (c.251-2A>T); (B) Immunohistochemistry staining of MMR proteins, including MLH1, MSH6, MSH2, and PMS2 (20X) using the tumor sample from the most recent tumor resection.






Figure 4 | Three-generation family history pedigree.



The patient was counseled on the implications of the PMS2 germline mutation, and he was advised to undergo a colonoscopy as surveillance in accordance with the new germline finding. Although he does not have children, the patient believed that it was important for him to share the information with his brother who had a diagnosis of colon cancer. He also planned to share his genetic testing results with his primary care physician so that his medical care can be customized to this condition.



Discussion

In this case report, we describe the case of a 65-year-old man diagnosed with a recurrent oligodendroglioma, IDH-mutant and 1p/19q co-deleted, CNS WHO grade 3. The tumor also harbored a pathogenic mutation in PMS2, a DNA MMR gene, which was determined to be a germline mutation. PMS2 is associated with LS and in turn, with a predisposition to several types of cancers, including brain tumors.

Although uncommon, several types of brain tumors are associated with hereditary cancer syndromes like LS. Specifically, LS confers a 4-fold increased risk of developing brain tumors (12, 13). While glioblastoma is the most frequent histological subtype of brain tumors that are found in LS families (56%), other diffuse astrocytomas (22%) and oligodendrogliomas (9%) are also often found (12). Previous studies that have looked at the association between brain tumors and LS have found that 68% of patients have mutations in MSH2, 15% had mutations in MLH1, 15% in MSH6, and 2% in PMS2 (12), with most showing a loss of corresponding protein expression.

Due to the reduced penetrance and genetic testing complications of monoallelic PMS2 mutations, biallelic PMS2 mutations are more commonly detected and better characterized, especially in constitutional MMR deficiency (CMMRD) syndrome (14–16). Several studies have examined the association between biallelic PMS2 mutations and brain tumors (16–18). One such study reported a case of two affected sisters, one who died of a grade 3 oligodendroglioma and colorectal tumor (the proband), and the other who died of a neuroblastoma at a very early age, with no history of tumors in their parents. The proband was compound heterozygous for PMS2 (19). Another study in a five-generation Pakistani family revealed six affected individuals who died of brain tumors at very young ages, of which three had biallelic PMS2 mutations (20).

Carriers of monoallelic PMS2 mutations are at an increased risk for cancer, however, less is known about monoallelic PMS2 mutations and their association with brain tumors (21). A report focused on characterizing monoallelic PMS2 mutations found that only 6.2% of the class 4/5 variant carriers had a family history that fulfilled the Amsterdam diagnosis criteria (10). Another study that aimed to explore the clinical phenotype of germline PMS2 mutations uncovered that if clinicians relied solely on Amsterdam criteria to identify potential PMS2 mutation carriers, 90.9% of the mutation carriers in their study would not have been identified, or if clinicians relied on revised Bethesda guidelines alone, 25% of the mutation carriers in their study would have been missed (22). Our patient also did not have a clear family history suggestive of LS. Despite the PMS2 germline mutation, there was still positive protein expression in the proband, potentially describing why the patient did not have a strong LS phenotype. Moreover, retained protein expression of PMS2 also makes it hard to exclude the possibility of a coincidence in the occurrence of two moderately rare but unrelated diseases. Senter et al. further demonstrated that PMS2-associated LS presents highly variable clinical characteristics. For example, the age of the first LS-associated tumor in monoallelic PMS2 carriers varies from 23-77 years (22). Since half of the carriers are diagnosed with cancer before the age of 45, the general population screening recommendations for colon cancer beginning at the age of 45 would not be adequate for families with a PMS2 mutation.

The specific PMS2 mutation in the patient reported here has a gnomAD allele frequency of 0.0004%, underscoring its rarity. To date, it has only been previously reported in few other cases – in an individual with suspected LS (23), in a patient with colorectal cancer and LS (10), and in a 75-year-old patient with sarcoma (24). There are multiple layers of rarity in our case – the low incidence of oligodendrogliomas diagnosed with LS, the rare association of monoallelic PMS2 mutations with brain tumors, and the extremely low gnomAD allele frequency of the c.251-2A>T mutation in PMS2.

These findings emphasize that despite the uncommon nature of hereditary cancer syndromes in neuro-oncology, genetic testing and counseling can help identify genetic conditions that may require specific surveillance regimens, in turn improving patient care. Since early detection could lead to early intervention and routine surveillance, brain imaging may be indicated in some patients with LS.
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Radiation therapy induces double-stranded DNA breaks in tumor cells, which leads to their death. A fraction of glioblastoma cells repair such breaks and reinitiate tumor growth. It was necessary to identify the relationship between high radiation doses and the proliferative activity of glioblastoma cells, and to evaluate the contribution of DNA repair pathways, homologous recombination (HR), and nonhomologous end joining (NHEJ) to tumor-cell recovery. We demonstrated that the GO1 culture derived from glioblastoma cells from Patient G, who had previously been irradiated, proved to be less sensitive to radiation than the Sus\fP2 glioblastoma culture was from Patient S, who had not been exposed to radiation before. GO1 cell proliferation decreased with radiation dose, and MTT decreased to 35% after a single exposure to 125 Gγ. The proliferative potential of glioblastoma culture Sus\fP2 decreased to 35% after exposure to 5 Gγ. At low radiation doses, cell proliferation and the expression of RAD51 were decreased; at high doses, cell proliferation was correlated with Ku70 protein expression. Therefore, HR and NHEJ are involved in DNA break repair after exposure to different radiation doses. Low doses induce HR, while higher doses induce the faster but less accurate NHEJ pathway of double-stranded DNA break repair.
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Introduction


Glioblastoma

Glioblastoma is one of the most common primary tumors of the brain with poor prognosis. The yearly incidence rate of glioblastoma is about 3.2 per 100,000 persons (1). More radical surgery and aggressive chemo- and radiation therapy insignificantly improve prognosis in terms of overall and disease-free survival. In the great majority of cases (up to 95%), a recurrent tumor occurs 2–3 cm from the primary tumor within several months after surgery. New approaches to glioma therapy are being explored to also reduce tumor-cell recovery. Radiation therapy is a critical component of the current combined approach to the treatment of both primary and secondary glioblastomas, increasing the lifespan of patients, which is further improved by targeted therapy. Radiation therapy induces double-stranded DNA breaks in tumor cells, which eventually kills them. At the same time, a fraction of malignant glioma cells are known to be resistant to radiation, and these particular cells prime further tumor growth. The identification of molecular targets of radioresistance mechanisms involving DNA repair can improve the therapeutic efficacy of radiation therapy (2). To date, two DNA repair pathways are involved in tumor-cell recovery, homologous recombination (HR) and nonhomologous end joining (NHEJ) (3). Some researchers claim that HR dominates in radiation-induced DNA damage in glioblastoma cells. This is confirmed by an increased radiosensitivity of glioma cells with inhibited HR, while the inhibition of NHEJ was not as efficient (4, 5). At the same time, many publications indicated the involvement of NHEJ in the repair of radiation-induced DNA damage in glioma cells (6–8). The contribution of these DNA repair pathways to the recovery of glioblastoma cells after radiation therapy remains obscure.



Homologous recombination (HR)

DNA break repair by HR, typical for normal S and G2 cells, is considered to be more accurate than using nonhomologous end joining (NHEJ) is. One of the main factors of this process is the Rad51 recombinase (38 kDa), which was initially identified in yeast and proved to be an ortholog of the bacterial recombinase A (RecA) (9). The human Rad51 gene was localized to the q arm of chromosome 15 (15.1). Rad51, with a number of factors including Rad52, Rad54, BRCA2, and Rad51 paralogs (XRCC2, XRCC3, Rad51B, Rad51C, and Rad51D), associates with DNA, which allows for error-free break repair. Rad51 displaces replication protein A from long 3’-single-stranded DNA using the mediator proteins Rad52 and Rad55-Rad57 to form a long helical nucleoprotein. Rad51 searches the genome for a homologous target, then Rad51 catalyzes strand invasion forming D-loop, the broken 3’-end fuses with intact homologous template. The broken 3’-end is extended by DNA polymerases using homologous DNA as a template to repair DNA around the break site (10). Rad51 expression levels proved to be higher in tumors than they were in normal cells (11). Rad51 inhibition in human glioma cells substantially increased their radiosensitivity and favored their apoptotic death (2, 5, 12). In addition, the G2 phase was substantially elongated in radioresistant glioblastoma cells exposed to 4 Gγ. And Balbous et al. (2) explored the efficacy of radiation time in contrast to their study using different radiation doses. These studies complement each other in understanding HR significance for cell survival after X-radiation (13).



Nonhomologous end joining (NHEJ)

A number of different publications claim that NHEJ plays a key role in the repair of radiation-induced double-stranded DNA breaks. In contrast to HR, this repair mechanism can function throughout the cell cycle (14). Normally, NHEJ contributes to the repair of double-stranded DNA breaks in postmitotic cells (15). A variety of proteins are involved in NHEJ, but two play a major role, Ku70 (69 kDa) and Ku80 (83 kDa). Ku70 is encoded by the XRCC6 gene localized on chromosome 22q13.2. The gene has 13 exons and is expressed in nearly all tissue types. Ku80, a subunit of ATP-dependent DNA helicase II, is encoded by XRCC5, localized on chromosome 2q35 (16). These two proteins form a circular heterodimer with the inner diameter corresponding to the DNA double-helix diameter. The Ku70/80 complex has high affinity for double-stranded DNA. After a double-stranded DNA break is formed, the Ku70/80 complex rapidly binds DNA ends, and recruits and activates DNA-PKcs protein kinase to the damage site (17). NHEJ is mediated by at least six major factors, and four, namely, Ku80, Ku70, Ligase IV, and XRCC4, are highly conserved from yeast to mammals. NHEJ is critical for DNA double-strand break (DSB) repair, and thus for genome-stability maintenance. Mice with targeted mutations that inactivate these genes demonstrate phenotypes incapable of such repair (18). All NHEJ-deficient mice suffer from severe combined immunodeficiency. At the same time, deficiencies in NHEJ proteins Ku70 and Ku80 are correlated with the radiosensitivity and high incidence of spontaneous genomic instability. Some researchers claim that NHEJ is more significant for double-stranded DNA repair after the radiation therapy of tumor cells, considering that NHEJ restores double-stranded breaks throughout the cell cycle, while HR is largely limited to the late S/G2 phase (19).

It was proposed that HR and NHEJ are involved in DNA repair in tumor cells after different X-ray doses (20, 21). After low radiation doses (below 40 m Gγ/min), cells use slower but more reliable homologous recombination. As the radiation dose increases, the contribution of HR decreases, and faster but less accurate NHEJ predominates (22).

The goal of this study was to reveal the relationship between high radiation doses and cell proliferation, activation of different repair pathways, and apoptosis.




Materials and methods


Glioblastoma cell cultures derived from human tumors

Primary cultures were obtained from human postoperative glioblastoma complying with all formal requirements of the Russian Federation. This study was approved by the Ethics Committee of Burdenko Neurosurgical Institute, Russian Academy of Medical Sciences (№_12/2020). All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Human glioma samples were transported to the laboratory within 1 h after surgery in DMEM/F12. Samples were transferred to a Petri dish, dissected, released from vessels, washed with Versene, and incubated with 0.25% trypsin (PanEko, Russia) at 37°C with agitation for 40 min. After dissociation for three times, the supernatant was centrifuged at 1000 rpm for 5 min. Filtered and centrifuged cells were cultured in DMEM/F12 (Gibco, Germany) with 10% FBS (HyClone, USA) and plated in flasks. One day later, unattached cells were removed, and fresh medium was added. Subsequently, the medium was replaced once in 3 days. L-glutamine (PanEko, Russia) was added to the DMEM/F12 medium at 300 mg/l. Cell cultures were incubated at 37°C with 5% CO2. Cultures were maintained for up to 20 passages, and a fraction of cells were cryopreserved at each stage.



Immunocytochemistry

Neurospheres of glioblastoma cells were washed twice in PBS (pH 7.3). Staining was performed using the following primary antibodies: rabbit polyclonal Nestin antibody (dilution 1:200, Chemicon, USA), mouse monoclonal Vimetntin antibody (dilution 1:100, Sigma-Aldrich, USA). The primary antibodies were dissolved in PBS with 0.3% Triton X100 (Sigma-Aldrich, USA), plus 2% donkey serum (Jackson Immunoresearch, UK), and were incubated for 2 h at room temperature. A solution with 1% FBS and 2% donkey serum was used as a negative control. After washing three times for 5 min with PBS (pH 7.3), cells were incubated for 1 h with the following secondary antibodies: donkey anti-rabbit antibodies conjugated with Alexa Fluor 594 (dilution 1:100, #711-545-152, Jackson Immunoresearch, UK), donkey anti-mouse antibodies conjugated with DyLight-488 (dilution 1:100, #705-585-147, Jackson Immunoresearch, UK). Then, neurospheres were washed with PBS (pH 7.3) and stained with bisbenzimide (Sigma- Aldrich, USA) for 5 minutes at room temperature. The cells were washed with PBS (pH 7.3), covered with glycerin, and analyzed by fluorescent microscopy. An Olympus IX81 (Olympus corp., Japan) microscope was used for visualization with a computer-controlled motorized stage (Märzhäuser, Wetzlar) and an Olympus DP72 digital camera (Olympus, Münster, Germany).



X-radiation

For each beam parameter, a 96-well plate, two flasks, and a dish were irradiated using linear accelerator TrueBeam STx (Varian, USA), commonly used in medical practice and receiving regular technical maintenance. Phantoms were exposed to a single vertical bremsstrahlung radiation with a rated energy of 6 MeV and a power of 600 dose rate/min. Field size of 32 × 32 cm provided for uniform radiation of the entire culture. The SSD was 98 cm. Radiation doses varied from 1 to 250 Gγ. Exposure duration depended on the dose and varied from 10 s (1 Gγ) to 43 min (250 Gγ). Control cells were not exposed to radiation but kept under the same conditions, including transportation.



MTT

Colorimetric MTT test was used to estimate cell viability; 96-well plates with 3 × 103 cells per well were incubated at 37°C for 24 h. After X-ray irradiation, plates were incubated for five days. Then, 20 μl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich, USA) was added, and plates were incubated at 37°C for 2 h. After removal of the medium, 60 μl/well of DMSO (PanEko, Russia) was added, stirred for 15 min, and A 540 nm was measured with a Tecan plate reader (Switzerland). The background with MTT for nonirradiated cells was subtracted, and the mean ± SEM of five replications was used.



Reverse transcription and qPCR assay

Expression levels of XRCC5, XRCC6, and RAD51 in primary glioma cultures were quantified by real-time PCR. Total RNA was isolated from glioma cells using RNAzol solution (MRC, USA) according to the manufacturer’s protocol. cDNA was synthesized from isolated total RNA using the MMLV RT kit (Evrogen, Russia) according to the manufacturer’s protocol. cDNA was amplified on a СFX96 Real-Time PCR Detection System (Bio-Rad, USA) using a kit with the SYBR Green I dye (Syntol, Russia). PCR was carried out in a volume of 25 µl containing 2.5 µl dNTPs (2.5 mM each), 1xPCR buffer B, primers (0.25 mM each), and 1 U of Taq DNA polymerase. PCR conditions were as follows (41 cycles): (1) denaturation at 94°C for 20 s, (2) annealing 61°C for 20 s, and (3) 30 s extension at 72°C. Fluorescence was recorded after Step 3. Melting curves were generated after amplification to confirm the homogeneity of the PCR product. RT-PCR data were analyzed using the software supplied with the СFX96 System (Bio-Rad, USA). Primers were selected from RTPrimerDB and using Primer-Blast (NCBI). The efficiency of the selected primers (specificity, dimerization, etc.) was evaluated by the agarose gel electrophoresis of PCR products. Housekeeping gene HPRT was used as the control.

The following primers were used:

Rad51_F 5’-CAGCTGGGAACTGCAACTCA-3’

Rad51_R 5’-ACCGTGAAATGGGTTGTGGG-3’

XRCC5_F 5’-TGACTTCCTGGATGCACTAATCG-3’

XRCC5_R 5’-CCTAAGCGAAAGGGGCCAT-3’

XRCC6_F 5’-GTTGATGCCTCCAAGGCTATG-3’

XRCC6_R 5’-CCCCTTAAACTGGTCAAGCTCTA-3’

HPRT_F 5’-TGAGGATTTGGAAAGGGTGT-3’

HPRT_R 5’-GAGCACACAGAGGGCTACAA-3’



Western blotting

Studied cells were harvested by 0.25% trypsin, washed twice with PBS, and lysed in buffer containing 8 M urea, 1% (v/v) Triton X-100, and 50 mM DTT. After centrifugation at 21,000g for 20 min, the supernatant was transferred to a new tube and used as a stock solution. Aliquots of the stock solution were supplemented with 5 volumes of Laemmli buffer and analyzed by electrophoresis in 10% acrylamide gel. The transfer to a nitro-cellulose membrane (Bio-Rad, USA) was performed using a Mini Trans-Blot System (Bio-Rad, USA) in a buffer containing 25 mM Tris, 192 mM glycine, and 20% (v/v) ethanol. The membrane was incubated in 1% Blocking reagent (Roche #11 096 176 001, Germany) for 50–60 min. Then, the membrane was incubated overnight with Cell Signaling antibodies: aRad51 (d4810), 1/10000; aKu70 (d35), 1/2000; aKu80, 1/8000; and beta-tubulin (9F3), 1/2000. The membrane was washed thrice with TBS-T and exposed to the secondary horseradish peroxidase-conjugated antibodies (aRb*HRP Santa Cruz sc-2030; 1/10000) for 1 h. The signal was detected using the ECL system (Amersham). Western blot data were analyzed by ImageJ according to the software instructions (https://imagej.nih.gov/ij/download.html).



Flow cytofluorometry

Cell death (apoptosis and necrosis) was evaluated using the Annexin V-FITC kit (Biolegend, USA) in accordance with the manufacturer’s instructions. Apoptotic events were detected on a BD Accuri C6 flow cytometer (BD, USA). Data were processed using CFlow software (BD, USA). After applying the standard fluorescence-compensation technique, the percentage populations of Annexin V +/PI + cells in the scatter plot with two parameters were used for statistical analysis (30,000 events were collected in each probe designated as “target cells” in the FSC-SSC chart).



Statistical analysis

Results were expressed as mean ± standard error of the mean (SEM). The statistical evaluation was performed by Mann-Whitney test. Each value is the mean of ≥3 independent experiments ± SEM.




Results

Experiments were carried out on two cell cultures derived from supratentorial glioblastoma patients.

Patient S, female, 60 years old, had a short medical history. Headaches and amnestic disorders appeared and progressed within two weeks, and a mass lesion was found in the left temporal lobe with a circular magnetic resonance tomography (MRT) pattern (Figure 2), after which subtotal removal of the tumor was performed. Sanger sequencing indicated IDH1/2 wild type. A continuous cell culture Sus\fP2 for up to 20 passages was derived from the tumor. The patient received chemoradiation therapy with a total radiation dose of 60 Gγ and subsequent administration of temozolomide, which was canceled after two courses due to hematological toxicity. Eight months after chemoradiation therapy, clinicoradiological analysis demonstrated progressive tumor growth, and chemotherapy and targeted second-line treatment (bevacizumab) were administered. However, the patient died of tumor progression at 19 months after diagnosis (Figure 1).




Figure 1 | Characteristics of glioblastoma cell cultures.



Patient G, male, 37 years old, had a sudden epileptic seizure. MRT (Figure 2) demonstrated a typical ring-shaped gadolinium enhancement in the left frontal lobe with typical ring gadolinium enhancement, after which subtotal removal of an IDH1/2 wild-type glioblastoma was performed. The patient received chemoradiation therapy with a total radiation dose of 66 Gγ and subsequent administration of temozolomide. Twenty-four months after the first surgery, the patient was reoperated due to a locally recurrent tumor. Cell culture GO1 for up to 20 passages was derived from the tumor. Chemoradiation treatment with a total radiation dose of 66 Gγ, combined with temozolomide, bevacizumab, and irinotecan was performed. The patient died of tumor progression at 41 months after the first diagnosis or at 17 months after the second operation and cell-culture preparation (Figure 1).




Figure 2 | Brain MRI, T2 FLAIR, and T1 images of patients S (A) and G (B). There are the same typical heterogenic changes of the signal with a ring-like contrast enhancement and a signal typical for edema around the tumors.



Thus, the Sus\fP2 cell culture was derived from a glioblastoma not exposed to radiation, while the GO1 culture was derived from a recurrent glioblastoma after X-ray therapy.

Both cell cultures were able to form neurospheres with positive staininf for Nestin and Vimentin (Figures 3, 4). Cell cultures were characterized with an expression of the critical genes of human glioblastomas (Supplementary Figure 1).




Figure 3 | Neurospheres of glioblastoma cell culture of GO1. (A) antibody staining for Vimentin. (B) staining for bisbenzimid, (C) antibody staining for Nestin, (D) neurospheres in phase contrast. Scale bar is 20 μm.






Figure 4 | Neurospheres of glioblastoma cell culture of Sus\fP2. (A) antibody staining for Vimentin. (B) staining for bisbenzimid, (C) antibody staining for Nestin, (D) neurospheres in phase contrast. Scale bar is 20 μm.




Effect of radiation on cell proliferation

The obtained cell cultures were maintained for up to 10–20 passages. These cultures were heterogeneous, which distinguishes them from most experimental cell cultures. This brings our experiment closer to in vivo processes going into actual tumors exposed to radiation.

The goal of this study was to investigate the effect of single exposure to a wide range of X-ray doses (from 0 to 250 Gγ) of glioblastoma cultures derived from excised primary tumors. Changes in DNA repair capacity were studied under these conditions. The second goal was to investigate the susceptibility of glioma cells to fractionated radiation (two fractions). A special phantom was designed and fabricated from water-equivalent material with a size of 30 × 30 × 3 cm composed of two 1.5 cm plates, with the required number of pockets coinciding with the cell-culture vessel. The Hounsfield value of the phantom material was 110. Uneven exposure in the build-up region was excluded by two solid water slabs with a total thickness of 2 cm on the top and a 5 cm solid water slab on the bottom. Exposure was carried out using a clinical unit with a high dose rate and up-to-date beam characteristics for glioblastoma radiation therapy. Exposure planning and performance approximated clinical radiation procedures (23).

At the first stage, single exposure was used to analyze the effect of radiation on cell proliferation in the culture and on the DNA repair capacity of cells, using the MTT assay. Both the major HR pathway of DNA repair involving Rad51 and the NHEJ pathway involving the Ku proteins were studied. The population of proliferating cells decreased with the dose of single exposure (Figure 5). GO1 and Sus\fP2 cells not exposed to radiation served as control.




Figure 5 | Relationship between the number of proliferating cells and radiation dose according to the MTT assay. (A) Sus\fP2 cells; (B) GO1 cells, (C) Sus\fP2 cells exposed to radiation below 5 Gγ. Each value is the mean of ≥3 independent experiments ± Standard Error of the Mean (SEM). Control values on (B, C) (denoted with *) significantly exceeded the experimental ones at any radiation doses with p<0.01 according to the Mann-Whitney test.



Obtained data demonstrated a sharp decrease in the proliferative activity of Sus\fP2 cells in the dose range from 1 to 40 Gγ relative to GO1 cells. As the dose was increased to 250 Gγ, the proportion of viable cells remained stable at the level of about 30%. This indicated that a pool of cells highly resistant to radiation was stably maintained.

In contrast to Sus\fP2, the proliferative activity of the GO1 culture decreased more smoothly with the radiation dose up to 100 Gy. At a dose of 150–250 Gγ, the proportion of metabolically active cells was about 20%.

The revealed sharp decrease in Sus\fP2 proliferative activity as opposed to G01 prompted us to further test the exposure of Sus\fP2 cells to radiation below 5 Gγ in smaller steps (Figure 5C).

This supplementary experiment confirmed the decrease in Sus\fP2 proliferative activity as the radiation dose increased from 0 to 5 Gγ. The significance of apoptosis and necrosis in cell death after radiation was evaluated using a high dose of 200 Gγ. After 7 days, cell death was evaluated using flow cytofluorometry. The necrotic and apoptotic indices of cultures substantially differed (Figure 6).




Figure 6 | Analysis of apoptosis and necrosis in Sus\fP2 and GO1 cell cultures exposed to 200 Gγ.



The proportion of Sus\fP2 cells that died via apoptosis was insignificantly higher than that via necrosis. In the GO1 culture, the proportion of apoptotic cells was much higher than that of necrotic cells (which were close to 0%). Both cultures included cell populations not responding to radiation by self-destruction.

The relationship between DNA repair and radiation dose was studied. In the case of HR typical for DNA repair in both irradiated and nonirradiated tumor cells, the expression level of the primary gene involved, RAD51, and the level of its protein product were studied in irradiated and nonirradiated tumor cells. In the case of NHEJ, the expression levels of the major genes involved, XRCC6 and XRCC5, and the levels of their products, Ku70 and Ku80 were analyzed.



Evaluation of DNA repair by homologous recombination

As the radiation dose increased to 250 Gγ, RAD51 transcription in GO1 cells varied insignificantly (except a significant burst at 20 Gγ; Figure 7A). Analysis of RAD51 transcription revealed no dose-dependent effect; however, its level was higher than that in the control in all samples. The level of RAD51 protein showed a dose-dependent decrease (Figures 7B, C). The increased gene activity can be attributed to alternative splicing producing proteins not recognized by antibodies against RAD51 in Western blotting. The decreased level of the RAD51 protein can indicate that high radiation doses decrease the rate of HR-mediated DNA repair. The second studied culture, Sus\fP2, demonstrated significant growth in RAD51 transcription at doses exceeding 100 Gγ. RAD51 proved most sensitive to doses of 3 and 5 Gγ, as confirmed by both RT-PCR and Western blotting. The same doses substantially de-creased proliferation in this culture (Figure 5A). Conversely, a further increase in radiation promotes an increase in RAD51 expression.




Figure 7 | The dependence of RAD51 mRNA and protein levels on radiation dose in GO1 (A–C) and Sus\fP2 (D–F) glioblastoma cell cultures. (A, D) mRNA expression; (B, E) Western blotting; (C, F) Quantification RAD51 protein levels by ImageJ.



Thus, the patterns of RAD51 expression were significantly different in tumor-cell cultures pre-exposed (GO1) or not pre-exposed (Sus\fP2) to radiation (Figures 7D–F).



Evaluation of DNA repair by nonhomologous end joining

The expression of genes and proteins is involved in DNA repair via NHEJ after exposure to different radiation doses. Ku70 and Ku80 are critical factors in this pathway; accordingly, the expression of these proteins and their genes, XRCC6 and XRCC5, was investigated (Figure 8). The expression of Ku80 in GO1 proved insensitive to radiation dose (Figures 8D–F), as indicated by insignificant variations in the levels of both XRCC5 mRNA and the Ku80 protein.




Figure 8 | Expression of XRCC6 gene (A) and its product Ku70 (B, C) as a function of radiation dose in glioblastoma GO1 cell culture. Expression of XRCC5 gene (D) and its product Ku80 (E, F) as a function of radiation dose in GO1 cell culture. Expression of XRCC6 gene (G) and its product Ku70 (H, I) as a function of a single radiation dose from 5 to 250 Gγ in glioblastoma Sus\fP2 cell culture. Expression of XRCC5 gene (J) and its product Ku80 (K, L) as a function of a single radiation dose from 5 to 250 Gγ in Sus/fP2 cells.



Exposure to radiation doses from 1 to 40 Gγ decreased the protein expression of Ku70 (Figures 8A–C). Doses from 40 to 150 Gγ induced minor variations on the protein level; however, this was lower than that in the control. Doses from 200 to 250 Gγ increased protein synthesis. Analysis of XRCC6 mRNA demonstrated no significant variations on its level. RT-PCR detects the expression of all XRCC6 transcripts; thus, the steady mRNA level could be attributed to alternative splicing decreasing the proportion of mRNA species translated into Ku70.

NHEJ analysis in a tumor-cell culture not pre-exposed to radiation (Sus\fP2) demonstrated no significant changes in the expression of proteins Ku70 and Ku80 (Figures 8G–L).

Considering our previous data indicating that decreased RAD51 expression is correlated with decreased proliferation of Sus\fP2 cells after exposure to up to 10 Gγ, the role of NHEJ in tumor-cell survival seems insignificant.




Discussion

Radiation therapy is a critical component of the current combined approach to the treatment of glioblastomas. An important impact of radiation on living cells is DNA breaks. Significant DNA damage by double-stranded breaks can be expected to induce apoptosis and cell death. However, DNA repair in damaged cells allows for them to survive. DNA repair should be studied in the recovery of glioblastoma cells to reveal pathways critical for their survival and the dose dependency of their effect. It is common knowledge that two DNA repair pathways are involved in tumor-cell recovery after radiation therapy. The homologous recombination (HR) pathway is considered critical for the normal development and functioning of the body, and for the repair of damaged DNA in tumor cells after radiation or chemotherapy. One of the main proteins involved in HR is RAD51, and we studied its mRNA and protein expression here. Another mechanism of DNA break repair that is considered more typical for tumor cells (8) is nonhomologous end joining (NHEJ). The major components of NHEJ are the Ku70 and Ku80 proteins encoded by the XRCC5 and XRCC6 genes, respectively. Ku70 and Ku80 form a circular heterodimer with a central barrel that can cradle the DNA helix (24). Holoenzyme Ku70/80 is the heterodimeric component of DNA-dependent protein kinase (DNA-PK). A number of studies not dealing with cancer-cell irradiation showed that inactivation of DNA-PK yielded a higher level of radioresistance even after 24–72 h of repair. A number of factors were identified that interfere with DNA-PK interactions and increase radiosensitization (25).

Here, we studied changes in the expression of these proteins and genes as a function of radiation doses in the range from 1 to 250 Gγ. We found no publications on DNA repair in glioblastoma cells exposed to a similar dose range. Experiments were carried out on two cell cultures derived from human patients diagnosed with glioblastoma. These are not cell lines, i.e., not uniform. We tried to preserve their heterogeneity, and they were not maintained for more than 20 passages. One of these cultures (GO1) was derived from a recurrent tumor that was exposed to radiation, unlike Sus\fP2. Analysis of their proliferative activity after exposure to 1 to 250 Gγ demonstrated higher sensitivity of Sus\fP2 to radiation; the proliferative capacity of its cells decreased much faster to reach the bottom at 40 Gγ. Significantly, this notable proliferative decline was accompanied by the decreased expression of HR protein factor RAD51 (Figure 9A). GO1 proliferative activity decreased much slower and reached the bottom at 150 Gγ, which could indicate the higher radioresistance of cells acquired after the preceding exposure. Similar dose dependence was observed for the expression of the RAD51 protein.




Figure 9 | Dose-effect relationship between Sus\fP2 (A) and GO1 (B) proliferative activity and expression of RAD51, Ku70, and Ku80 proteins.



While many researchers (19) indicated an insignificant role of HR in DNA repair in tumor cells, we observed a correlation between the proliferative activity of cells and the expression level of the main factor of HR-mediated DNA repair, RAD51.

Analysis of proliferative activity in two studied cell cultures in the context of the expression of proteins Ku70 and Ku80, markers of NHEJ involvement in tumor-cell survival after radiation, demonstrated no increase in Ku80 protein level with a radiation dose in both cultures. Considering that the Ku70/Ku80 heterodimer is involved in NHEJ, and Ku80 is always excessive, it cannot be used as a marker in this case. No clear relationship between the proliferative activity of Sus\fP2 and GO1 cells, and Ku70 protein expression was revealed.

Comparison of the dose–effect curves for the expression of proteins critical for HR- and NHEJ-mediated DNA repair and proliferative activity (MTT) further confirmed our observations.

Obtained data after radiation of a cell culture not pre-exposed to X-ray therapy corroborate the proposal by Sasaki et al. (20) that cell proliferation varies with the expression of the RAD51 protein. Hence, it is critical for DNA repair at doses below 40 Gγ, which is apparent in Figure 9 for doses below 10 Gγ. As the dose increases above 40 Gγ, the proliferative activity of cells varies with the protein levels of NHEJ factors Ku70 and Ku80, but no such relationship was observed between proliferative activity and RAD51 expression, which suggests that NHEJ is the main DNA repair pathway at high radiation doses. Mladenov made the same suggestion when using lower doses (26). However, they found a switch of HR-mediated DNA repair to NHEJ, which could be explained with using linear low-diversity cancer cells A549, HA-AsiSI-ER-U2OS, HCT116, and U2OS (γ27).

Different patterns of HR and NHEJ involvement in DNA repair were observed in the tumor pre-exposed to radiation. GO1 cell proliferation tended to decrease with radiation dose in a way similar to that for the expression of the RAD51 protein. No such pattern was observed for the expression of the Ku70 and Ku80 proteins (Figure 8B). This means that HR plays the leading role in DNA repair in this case, and this pattern is no longer observed only after high radiation doses (above 100 Gγ). GO1 cells demonstrate high radiation resistance, and their proliferative activity decreases slowly with radiation doses.

Thus, we demonstrated an important role of RAD51, and hence HR, in DNA repair in cells after low-dose therapy radiation (for Sus\fP2, up to 40 Gγ; for GO1, up to 80 Gγ). RAD51 is considered to mediate only the slow repair of double-stranded DNA breaks and is critical for DNA replication (27). However, our data confirmed the proposal of Short et al. (28) that the level of RAD51 protein is relevant for the radioresistance of glioblastoma cells, which could be modulated by decreasing the cellular level of the RAD51 protein (12). Zhong et al. (29) (came to similar conclusions concerning nonsmall cell lung cancer. The latter publication also demonstrated that RAD51 knockdown enhances the radiation-induced degradation of tumor cells and induces their apoptosis.

The significance of RAD51, and hence HR, decreases with high doses of radiation, and cell proliferation starts to depend on Ku70 expression, which indicates the increasing importance of the NHEJ pathway. The radiation dose switching from HR to NHEJ substantially differs in tumor cells pretreated and not pretreated with radiation.

We have applied glioblastoma-derived cell cultures to demonstrate, for the first time, changes of sensitivity of tumor-cell to radiation dose. We have shown that different glioblastomas respond differently to radiation therapy, and this could be due to their peculiarities. For example, a sensitivity of tumor cells to radiation could change if the patient has previously received radiation therapy. Other characteristics of the tumor could also modulate either resistance or sensitivity to radiation therapy. Nevertheless, it becomes possible to choose a more effective dose of radiation for a patient’s tumor studying the corresponding individual cell cultures. Our data could justify an individual approach to radiation therapy for a patient.

The significance of a patient-specific approach was confirmed by several publications, e.g., a recent one describing the radiation effect on apoptosis and necrosis in prostate cancer cell lines (30), which demonstrated that low and high radiation doses efficiently induce apoptosis and necrosis, respectively. The exposure of Sus\fP2 to a high dose (200 Gγ) corroborates this conclusion: most cells underwent necrosis. A similar experiment on a cell culture derived from a tumor pre-exposed to radiation demonstrated a different pattern: most dying cells underwent apoptosis. Hence, cell-death processes can vary with treatment conditions and individual neoplasm properties.

Our second observation is that tumor cells pre-exposed to radiation can be more radiation-resistant, which is mediated by HR and hence RAD51. This agrees with the proposal of Short et al. (28) that RAD51 is more significant for DNA repair in tumor cells exposed to radiation than Ku70/Ku80 is. We found the importance of HR repair at irradiation doses from 1 to 40 Gγ for a glioblastoma cell culture without preliminary irradiation and from 1 to 100 Gγ for a culture with preliminary irradiation.

Our study agrees with the viewpoint that the control of HR processes in human glioma cells is more efficient than the inhibition of the main alternative pathway of DNA repair, NHEJ (4, 5, 31).



Conclusion

Radiation therapy is a critical component of the current approach to glioblastoma (GBM) treatment. However, some GBM cells recover after this exposure and initiate tumor growth. The substantial point is to evaluate a contribution of DNA repair pathways, homologous recombination (HR) and nonhomologous end joining (NHEJ) to a restoration of GBM tumor cells. There is a need to understand to what degree GBM cells change in their sensitivity to radiation during repeated radiation exposure. The point is to conduct this kind of studies not on linear GBM cells, but on primary cell cultures from patient tumors, paying attention to the small number of passages. We used GBM-derived cell cultures to demonstrate, for the first time, changes in tumor-cell sensitivity to radiation doses in the range of 1–250 Gγ. We also suggested an important role of RAD51, and hence HR, in DNA repair in cells after radiation therapy (up to 80 Gγ). The significance of RAD51 and hence HR, decreases with high doses of radiation, and cell proliferation begins to depend on Ku70 expression, which indicates the increasing importance of the NHEJ pathway. Radiation dose switching a mechanism (reparative process) from HR to NHEJ substantially differs for two cell cultures, possibly due to a status of being either pre-treated with radiation or not pre-treated one.
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Objective

A lack of understanding of the clinical course of neurofibromatosis type 2 (NF2)-associated vestibular schwannoma (VS) often complicates the decision-making in terms of optimal timing and mode of treatment. We investigated the outcomes of stereotactic radiosurgery (SRS) in this population.



Methods

We retrospectively analyzed NF2 patients treated with Gamma-Knife SRS for VS in our tertiary referral center. A total of 41 treated lesions from 33 patients were collected with a follow-up period of 69.1 (45.0-104.8) months. We reviewed the treatment history, hearing function, and other treatment-related morbidities in individual cases. We also analyzed pre- and post-treatment tumor volumes via imaging studies. Longitudinal volumetric analyses were conducted for the tumor volume response of the 41 treated lesions following SRS. The growth pattern of 22 unirradiated lesions during an observation period of 83.4 (61.1-120.4) months was separately evaluated.



Results

Most treated lesions showed effective tumor control up to 85% at 60 months after SRS, whereas unirradiated lesions progressed with a relative volume increase of 14.0% (7.8-27.0) per year during the observation period. Twelve (29%) cases showed pseudoprogression with significant volume expansion in the early follow-up period, which practically reduced the rate of tumor control to 57% at 24 months. Among the patients with serviceable hearing, two (20%) cases lost the hearing function on the treated side during the early follow-up period within 24 months.



Conclusions

Progressive NF2-associated VS can be adequately controlled by SRS but the short-term effects of this treatment are not highly advantageous in terms of preserving hearing function. SRS treatment candidates should therefore be carefully selected.
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Introduction

Neurofibromatosis type 2 (NF2) refers to a rare neoplastic syndrome of the nervous system, characterized by the presence of multiple schwannomas, meningiomas, or gliomas. NF2 results from the genomic aberrations in the NF2 tumor suppressor gene, which regulates the production of merlin/schwannomin protein. More than half of the affected individuals are sporadic while some others are inherited in an autosomal dominant pattern. Currently, NF2 is clinically defined by the consensus diagnostic criteria without genetic testing. Most NF2 patients harbor vestibular schwannomas (VS), which often arise bilaterally and are more progressive at a younger age compared with sporadic cases.

For NF2-associated VS patients, the optimal timing and mode of treatment are still the subject of debate due to a biologic behavior that is distinct from their sporadic counterparts. Current clinical guidelines recommend diverse treatment options for individual cases, and stereotactic radiosurgery (SRS) is widely accepted as a viable therapeutic option (1, 2). However, a lack of understanding of the clinical course of NF2-associated VS often complicates the decision-making with regards to treatment. Some experts have insisted that a conservative observational approach (a wait-and-see strategy) is appropriate, especially in specific age groups (3, 4). In contrast, some others suggested early interventions with a treatment modality selected for each case (5). Several studies have reported that SRS is a valid and favorable treatment option that is as effective against VS in NF2 patients as in sporadic cases (6, 7).

We have here investigated the clinical outcomes of an SRS intervention for NF2-associated VS in a cohort from our institution. We evaluated the tumor growth patterns of individual cases and compared treated and untreated lesions.



Materials and methods


Study population

This study was a retrospective review of a case series of NF2 patients who underwent Gamma-Knife SRS treatment for VS between 1991 and 2021 at our tertiary referral center. All available clinical information and neuroimaging data were collected under the approval of our institutional review board. The study patients with NF2 had been identified via a clinical diagnosis that was based on the Manchester criteria (8). In cases with bilateral disease, each treated lesion was included as an individual case. Cases missing magnetic resonance image (MRI) data or a lack of detailed reports on the SRS treatment were excluded from the study. Cases lost to follow-up prior to 12 months from the date of the initial treatment were also excluded.



Treatment modality and outcome assessment

The study patients were treated using the Leksell Gamma-Knife Perfection (Elekta, Stockholm, Sweden). In each case, 1 mm- or 1.5 mm-sectioned T1-weighted MRIs with gadolinium enhancement and 2 mm- or 3 mm-sectioned T2-weighted MRI scans were acquired for treatment planning. Doses were calculated using Leksell GammaPlan v5.34-11.3.1 (Elekta, Stockholm, Sweden) software. All patients were typically followed up initially at 3-, 6-, and 12-month intervals after the treatment, and then annually or biannually thereafter depending on their clinical course. Pretreatment screening and follow-up MRIs usually included 3 mm-sectioned axial and coronal postcontrast T1-weighted images, which were used for volumetric assessments of the tumor. The volumetric assessment was conducted by manual segmentation using 3D Slicer v5.10 (NA-MIC, Boston, MA), and the median value of the volume measurements from distinct sequences in each study session was used in the analyses.

For outcome assessments, tumor control, hearing preservation, and other treatment-related comorbidities were investigated. Tumor progression or recurrence was defined as a more than 10% increase in the tumor volume compared with pretreatment volume. Tumor pseudoprogression, or an early transient increase in the tumor volume after SRS, was not separately evaluated since it cannot be differentiated from true tumor progression in the first five years of follow-up (9, 10). Tumor control was defined as the arrest of tumor growth without progression or a decrease in the tumor volume. Hearing function was evaluated using pure tone audiometry and speech discrimination scoring for the patients who had serviceable hearing on the affected side prior to treatment. Hearing preservation was defined as retention of serviceable hearing (corresponding to a Gardner-Robertson grade I or II) at the last available audiometric follow-up.



Statistics

Descriptive statistics were shown as a frequency with percentages for categorical data and as a median value with interquartile ranges (IQR) for continuous data. Differences between distinct phenotype groups were compared using the Chi-square test for categorical variables and the Wilcoxon-Mann-Whitney U-test for continuous variables. For the subset of patients with bilateral disease, tumor growth patterns were compared between the treated and untreated lesions. In generating tumor growth curves, the logarithmic relative tumor volumes were fitted by linear regression for individual cases, with an assumption of which would follow an exponential function as follows:

	

	

where δ is the effective growth rate.

All results were considered statistically significant if a two-tailed p-value was less than 0.05. All statistical analyses were performed using R v4.2.0 (R Foundation for Statistical Computing, Vienna, Austria).




Results


Baseline characteristics of the study subjects

A total of 33 NF2 patients were reviewed in this study (Figure 1). Bilateral VS was found in 26 (79%) patients in this case series, where 8 (24%) patients underwent SRS on both sides. Among the other cases with bilateral diseases, four (12%) underwent tumor resection without adjuvant SRS for the contralateral lesion, while 14 (42%) patients left one side untreated. Thereby, 41 lesions treated with SRS were included in the outcome assessment (Table 1).




Figure 1 | Selection of study subjects. NF2, neurofibromatosis type 2; MRI, magnetic resonance imaging; SRS, stereotactic radiosurgery.




Table 1 | Baseline characteristics of the study patients.



While none of the current study patients were identified as inherited cases, only three of these patients received genetic counseling for NF2. One of these cases was shown to have a deletion of the NF2 gene in a multiplex ligation-dependent probe amplification study. Based on a historical phenotypic categorization (6, 11, 12), 22 patients (27 lesions) were deemed to have the Wishart phenotype. The relationship between the presence of bilateral disease and specific phenotypes was not significant (p=0.292), whereas the age at the first treatment was significantly different between the two phenotypes: Wishart, 32 (23-42) years vs. Feiling-Gardner, 50 (43-56) years (p=0.002).

Most of the cases in our current series were treated with Gamma-Knife SRS as a primary intervention. Six cases received SRS as an adjuvant or secondary treatment after tumor resection. No patients were treated with bevacizumab during the follow-up period. More than half of our cases were treated due to a large tumor volume and had a non-serviceable hearing function at the time of their therapy. No other case of a cranial nerve impairment related to the target lesion was observed.

Gamma-Knife SRS was prescribed for a median tumor volume of 2.80 (0.70-5.90) cm-3 (Table 2). The majority of the treated lesions were Koos grade II (37%) or III (39%) with a maximal diameter of 2.0 (1.0-2.3) cm. Most cases in our case series underwent a single SRS procedure except three cases with fractionation. The single fraction SRS was was mostly performed with a marginal dose of 12.0 to 13.0 Gy to the 50% isodose lines. The fractionated SRS procedures were performed with a marginal dose of 25.6 Gy over 5 fractions or 20.0 Gy over 3 fractions to the 50% isodose lines.


Table 2 | Treatment factors and outcomes.





Tumor growth patterns and tumor volume response to stereotactic radiosurgery

To identify the natural course of the NF2-associated VS lesions in our present series, we conducted a longitudinal volumetric analysis of these tumors during the observation period before the initial irradiation. Among the individuals with bilateral disease, 8 cases that were later treated for the second lesion and 14 cases with untreated contralateral lesions were assessed with available pre-treatment MRI data from at least three different time points during the observation period of 83.4 (61.1-120.4) months. The lesions progressed with a relative volume increase of 14.0% (7.8-27.0) per year (Figure 2). For those 8 cases with both lesions being treated, SRS was performed for the second lesion at a median of 113.7 (40.8-185.2) months from the initial treatment. The decision to conduct this latter treatment was made after the lesion had grown to 3.57 (2.67-6.19) times its initial volume. No clinical factors were significantly associated with the growth rate.




Figure 2 | Growth patterns of unirradiated vestibular schwannomas. The relative volume change during the observation period was fitted using linear regression for each case [R2, 0.965 (IQR, 0.937-0.991)]. The volume of unirradiated lesions exponentially expanded with a doubling time of 62.2 (IQR, 30.6-92.3) months, which corresponds to a relative volume increase of 14.0% (IQR, 7.8-27.0%) per year.



We next investigated the tumor volume responses to the SRS procedure. We categorized each study patient into distinct treatment response groups in accordance with their individual tumor growth curves derived from longitudinal volumetric measurements (Figure 3A). Half (19 of 41) of these cases exhibited continuous volume shrinkage without pseudoprogression after the treatment (group I). Among the others who had significant volume expansion, 8 (20%) patients showed early pseudoprogression mostly within the first two years (group II; Figures 3B–D), whereas four (10%) cases showed late pseudoprogression with a peak volume at three or four years (group III; Figures 3E–G). Four (10%) cases where true tumor progression was suspected showed sequential tumor growth (group IV; Figures 3H–J) as found in the untreated lesions. Six cases were undetermined with respect to their response groups due to a follow-up period shorter than five years.




Figure 3 | Tumor volume response patterns following stereotactic radiosurgery.The tumor volumes of the treated lesions showed distinct patterns in several treatment response groups (A). Group I (black) refers to a typical volume response to SRS without significant pseudoprogression. Group II (red) volume responses had early pseudoprogression on the treated side compared to the contralateral untreated side (grey). Group III (blue) showed a slower response to SRS with delayed pseudoprogression. Group IV (purple) showed a failed tumor control with an exponential tumor growth pattern that was similar to untreated lesions (grey). A group I bilateral NF2-associated VS (B–D) showed favorable tumor control on the treated side (left). Notably, however, the contralateral untreated lesion (right) rapidly grew during the same follow-up period. A group III case (E) exhibited a slow treatment response, but successful tumor control over a long-term follow-up. This tumor had delayed pseudoprogression (F) up to three years post-treatment but eventually regressed without further treatment at 10 years (G). A group IV case (H) was resistant to the SRS treatment and consistently grew over three years (I) and thereafter (J).





Clinical course following stereotactic radiosurgery

The treated lesions were followed up for a median of 69.1 (45.0-104.8) months after SRS. Although four (10%) of our cases displayed failed tumor control at the time of the last imaging study, no cases required salvage surgery during the follow-up period (Table 2). The rate of tumor control varied across different time points from 56% at 12 months to 84% at 60 months. This rate was slightly lower in the earlier follow-up period within two years due to several cases presenting with pseudoprogression. Among the 12 cases that we identified as having pseudoprogression, the tumor volumes were found to have increased to 1.29 (1.22-1.37) times their initial volume. The time to peak volume was 17.3 (11.0-35.4) months. Nevertheless, the tumor volume had recovered to within the control limit in 34.5 (25.8-51.8) months in these cases.

In the context of functional outcomes, hearing preservation was achieved in most (8 of 10) of our current study cases. One unilateral VS patient presented hearing loss on the treated side from Gardner-Robertson grade II to grade IV during early transient progression in 24 months (Figure 4). Another bilateral VS patient who had already lost hearing function on the contralateral side presented hearing impairment in 20 months, but the patient’s hearing recovered to Gardner-Robertson grade II after cochlear implantation. Our case series also included three patients with borderline function (Gardner-Robertson grade III), but none of them showed hearing improvement during the audiometric follow-up and two eventually lost their function (Gardner-Robertson grade IV/V) in 12 and 24 months, respectively. No cases presented with any of other cranial nerve dysfunction during follow-up. One subject presented with symptomatic communicating hydrocephalus.




Figure 4 | A case with progressive hearing loss during pseudoprogression after stereotactic radiosurgery. A group II case showed a typical tumor volume response pattern with transient volume increase up to 42.5% of initial volume after SRS (A). The patient presented progressive hearing loss during pseudoprogression (yellow box). The follow-up MRI (D, E) showed a significant volume expansion, compared to the pretreatment MRI (B, C). In this case, the increased extent of the intracanalicular part of the tumor was notable as shown in the coronal images (E, arrowheads), which possibly caused cochlear nerve compression in the internal auditory canal.






Discussion

VS is a common benign tumor and the basis of its treatment at present is focused on functional outcomes (1). Accordingly, optimal timing for the intervention and the treatment modality itself are important issues for practitioners. Previous studies have consistently reported on VS tumor growth and the risk of hearing loss in affected patients who undergo observation only without treatment. A prior nationwide cohort study revealed that untreated VS lesions usually grow within five years after their initial diagnosis, and 25-40% of them are still capable of growth after 10 years (13). Another large cohort study reported that 43% of NF2 patients start treatment for VS within five years of its diagnosis (3). The five-year mortality of NF2 patients has been reported to be up to 6% in previous articles (3, 14). The previous meta-analysis has also found that patients on an initial observation management plan have a higher risk of early hearing deterioration (15). Considering these circumstances, observation only may no longer be appropriate if there is any suspicion of interval tumor growth.

SRS is a possible good treatment option with an expectation of tumor control without facial palsy, in both non-NF2 (16) and NF2 (2) populations. There are however some concerns regarding the efficacy of this treatment, as some authors have suggested that the reported rates of tumor control have likely been overestimated due to a liberal definition and that SRS had no discernable volume reduction effects (17). Most previous studies have presented an excellent tumor control rate of more than 80% with SRS (6, 7, 12, 18, 19), but these numbers should be carefully assessed because they might overlook the clinical significance of pseudoprogression during the early follow-up period. In our present case series, 85% of the patients achieved mid- to long-term VS tumor control following SRS, which was comparable to the results described in previous reports (20). However, we also found in our present analyses that one-third of the VS lesions had expanded in volume to a considerably high level and that the tumor control rates at the early time points, i.e., within two years, were practically less than 60%. Nevertheless, in the NF2 population where VS tumors grow more rapidly than in sporadic cases, even an arrest of tumor growth could be advantageous. Currently, a combined treatment strategy of attempted subtotal resection followed by adjuvant SRS in large VS patients is widely accepted with satisfactory outcomes for facial and cochlear functions (21). These concepts for optimal tumor control can be also utilized in NF2 populations depending on the individual patient’s condition.

In the context of functional outcomes, the role of SRS has been limited due to the controversial results regarding hearing preservation (22). Most NF2 patients eventually present deafness in their lifetime, and most treatment modalities are rarely effective to revert the natural course of hearing dysfunction. It has been reported that NF2-associated VS is associated with a lower probability of hearing preservation following SRS treatment than sporadic VS (12, 18, 19). We also experienced a couple of cases in our current series in which hearing function was not maintained but in fact rapidly worsened during the early follow-up period. In our study, several cases showed considerably high volume expansion following the SRS treatment. It has been reported that a recent rapid progression with a greater growth rate is timely difficult to reverse using SRS (23). In addition, there might be other oncological or neuromodulatory mechanisms from the SRS procedure that possibly cause hearing deterioration. Hence, SRS should be carefully considered if hearing preservation is important for the patient. Further investigations that involve longitudinal volumetric analysis and physiologic characterization of VS among the NF2 population might provide better insights into the selection of candidates for SRS.



Conclusions

Progressive NF2-associated VS can be well controlled by SRS, which restricts the growth of these tumors compared to patients who are not treated. Notably, however, the short-term treatment effects of SRS in these cases are not highly advantageous to preserving hearing functions. NF2 candidates should therefore be more carefully selected for this intervention than sporadic VS cases.
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Background

Intracranial solitary fibrous tumor/hemangiopericytoma (SFT/HPC) is a novel rare disease after the 2016 WHO reclassification. Surgery is the main treatment. Postoperative adjuvant radiotherapy is often used, but the effects of different radiotherapy techniques are still unclear. The purpose of this study was to analyze the effects of postoperative radiotherapy (PORT) and different radiotherapy methods on the efficacy of patients with intracranial SFT/HPC.



Materials and methods

We retrospectively analyzed 42 patients with intracranial SFT/HPC who underwent surgical treatment from 2008 to 2022, 20 of whom were treated with postoperative intensity-modulated radiotherapy (IMRT) and 22 with postoperative stereotactic radiosurgery (SRS). The Kaplan–Meier method was used to analyze the disease-free survival (DFS) of all the 42 patients receiving postoperative radiotherapy and the time to progression (TTP) of 22 of these patients experiencing recurrence. A multivariate Cox proportional hazards model was used to detect prognostic factors of survival.



Results

In the analysis of PORT patients, the median DFS was 8.33 years for PORT IMRT patients and 3.04 years for PORT SRS patients. The 10-year DFS incidence was 46.0% in the PORT IMRT group and 27.5% in the SRS group. Among the 22 patients who relapsed, the median TTP of other patients was 1.25 years, of which 3 received radiotherapy alone and 1 received symptomatic treatment, while the median TTP of surgical and surgical combined with radiotheray patients were 1.83 and 2.49 years, respectively (p=0.035).



Conclusion

PORT IMRT could prolong DFS compared with PORT SRS. It indicated that PORT IMRT radiotherapy technology was a feasible option for SFT/HPC. Moreover, TTP results of relapsed patients showed that, surgery and surgery combined with radiotherapy treatments have no significant difference on TTP in relapsed patients, but both of them were better than other treatments.





Keywords: intracranial solitary fibrous tumor/hemangiopericytoma (SFT/HPC), postoperative radiotherapy, intensity-modulated radiotherapy (IMRT), stereotactic radiosurgery (SRS), time to progression



Introduction

Hemangiopericytoma (HPC) and solitary fibrous tumor (SFT) are rare primary intracranial tumors. HPC accounts for only 1% of all intracranial tumors (1, 2). Approximately 15% of SFTs show malignant biological behavior, and the others show benign and mesenchymal tumors (3). Recently, researchers found that the Nab2 and STAT6 genes formed a new fusion gene in SFT and HPC samples. This discovery combined the two tumors into a new category, which was named SFT/HPC in the central nervous system (CNS) classification of the World Health Organization (WHO) in 2016 (4). Although several reports have been published describing the pathological characteristics, clinical characteristics and survival outcomes of SFT/HPC (5–8), there is still a lack of sufficient clinical data for this newly defined SFT/HPC.

In addition, previous studies mainly discussed the treatment strategy and prognosis of HPC. Some researchers believe that for HPC, complete surgical resection followed by postoperative radiotherapy (PORT) to the bed is the best strategy (9, 10). Others believed that external irradiation of the tumor bed after surgery appeared to delay recurrence (11).Moreover, PORT was considered the main treatment for HPC. However, a previous study showed that PORT did not improve the local control and survival of HPC. The local control rates after intensity-modulated radiotherapy (IMRT) and stereotactic radiosurgery (SRS) were similar, even though the biological dose of IMRT was much higher than that of SRS (12).

In general, the new classification lacks reliable clinical data, especially leading to doctors’ confusion about treatment strategies. We analyzed the clinical features of 42 patients with SFT/HPC who underwent surgical resection and PORT in our institution. The purpose of this study was to analyze the therapeutic effects of different PORT techniques (IMRT vs. SRS) on 42 patients with SFT/HPC.



Methods


Patients and diagnosis

A single-institution, retrospective analysis was performed. We conducted a chart review of primary intracranial malignant tumor cases between January 2008 and December 2022 at West China Hospital, Sichuan University, China. The patients selected for this study should be histologically proven to have primary intracranial SFT/HPC who had surgery as the first therapy. We collected complete clinical data on these patients, including medical history, imaging, pathology, treatment and follow-up. Our study was approved by the Clinical Test and Biomedical Ethics Committee at West China Hospital, Sichuan University (reference number 2022-788). Consent forms were obtained from all participants.



Treatment

We retrospectively evaluated 42 patients with SFT/HPC treated with PORT by means of IMRT or SRS. Surgical resection methods include gross tumor resection (GTR) and subtotal tumor resection (STR). The treatment after surgical resection included IMRT and SRS. Moreover, disease recurrence occurred in 22 of these patients. Subsequently, different treatment methods were adopted in these 22 patients, including surgery alone, surgery combined with radiotherapy and others. There were only 4 patients with other treatment methods, of whom 3 cases received radiation alone and 1 case received symptomatic treatment. The symptomatic treatment included analgesia, intravenous infusion of 20% mannitol and glucocorticoids.

Twenty patients received fractionated IMRT after surgery with a median prescription dose of 60 Gy (range 40-63 Gy). IMRT is provided with 6 MV photons by a linear accelerator. The clinical target volume (CTV) was defined as the tumor cavity or residual mass plus 1-2 cm margin. An additional 3-5 mm was added to the CTV to plan the target volume (PTV). Twenty-two patients were treated with SRS gamma knife. The single dose at the tumor margin was 11-15 Gy, and the equal dose curve was 40%-50%. In this study, the choice mainly depended on the joint decision of the attending physician and patients.



Statistics

The characteristics of patients were described by descriptive statistics. Kaplan–Meier analysis was used to estimate OS, and the log rank test was used to evaluate the difference between groups. All statistical variables in univariate analysis were analyzed by the Cox proportional hazards model. OS was defined as the time from diagnosis to patient death. If less than 0.05, the p value was considered significant. All statistical analyses were performed using SPSS version 25.0 (IBM, USA).




Result


Participants

Data and clinical follow-up data were collected from a total of 42 patients with intracranial SFT/HPC diagnosed by PORT (Table 1). There were 25 men and 17 women. Supratentorial lesions accounted for 71.43%. There were 22 cases of pathological grade II (52.38%) and 20 cases of grade III (47.62%). Gross tumor resection (GTR) was performed in 22 cases (52.38%), and subtotal tumor resection (STR) was performed in 15 cases (35.71%). In Table 1, among these patients, a total of 22 patients achieved GTR, of whom 13 patients (56.52%) adopted PORT IMRT and 9 (47.37%) adopted PORT SRS. Among the STR group, 7 patients (30.43%) adopted PORT IMRT and 8 (42.11%) adopted PORT SRS. There were 5 patients with unknown resection types, including 3 patients with PORT IMRT (13.04%) and 2 patients with PORT SRS (10.53). There was no significant difference between the PORT groups.


Table 1 | Characteristics of patients with SFT/HPC receiving postoperative radiotherapy divided by radiotherapy technique.



Patients with SFT/HPC tend to relapse. Among them, 22 patients experienced relapse. Thirteen cases (30.95%) recurred once, 4 cases (9.52%) recurred twice, and 5 cases (11.90%) recurred more than three times. In contrast, SFT/HPC is not prone to distant metastasis. Only 1 patient had liver metastasis, and 3 patients had bone metastasis. All 42 patients accepted radiotherapy; among them, 20 patients used IMRT alone, and 22 patients used SRS alone.

The median follow-up time of all patients was 96 months. The difference between the two groups was related to the recurrence times. In addition, compared with the SRS group, the recurrence frequency of IMRT patients after PORT was significantly reduced (p<0.001) (Table 1). There was no significant difference in other clinical characteristics (including tumor resection range and tumor grade) between the PORT-IMRT group and the PORT-SRS group.



Histological findings

The pathological diagnosis of SFT/HPC largely depended on the immunohistochemical (IHC) staining results of CD99, CD34, Ki-67 and STAT6. STAT6 positive status is the basis of the new SFT/HPC classification. We performed STAT6 staining again in all patients who were diagnosed with HPC or SPF and underwent surgical resection and PORT. Therefore, all 42 patients included in our study confirmed STAT6 expression by IHC. After applying the 2016 WHO classification, they were reclassified as follows: 22 WHO grade II SFT/HPC patients and 20 WHO grade III SFT/HPC patients. The pathological specimens of all 42 patients were stained with hematoxylin & eosin (H&E), showing extensive vascularization and cellular tumors. The tumor cells were dense and uniform, with a large number of small vascular cavities and dense reticular fibers. The nuclear division, cell morphological heterogeneity and Ki67 percentage of high-grade HPC were more prominent (Figure 1).




Figure 1 | Pathological images of intracranial SPF/HPC. (A, B). The tumor showed compact and uniform cells with a large number of small vascular cavities and compact reticular fibers with hematoxylin and eosin stain HE×100 (A) and ×200 (B). (C, D). The positive staining of CD34 was brown granular in the cytoplasm (×100) (C) and (×200) (D). (E, F). The positive staining of STAT6 was brown granular in the cytoplasm (×100) (E) and (x200) (F). (G, H). Negative staining of Ki67 in tumor cells (×100) (G) and (×200) (H).





Outcome data

The median DFS was 8.33 years for PORT IMRT patients and 3.04 years for PORT SRS patients. The 10-year DFS incidence was 46.0% in the PORT IMRT group and 27.5% in the SRS group. The results showed that DFS in patients with PORT IMRT was better than that in patients with PORT SRSs (Figure 2).




Figure 2 | Kaplan−Meier estimates of the DFS curves in intracranial SFT/HPC patients with PORT. The DFS of the two groups with different radiotherapy techniques was significantly different (p = 0.003).



Among the 22 patients who relapsed, the median TTP of other patients was 1.25 years, of which 3 received radiotherapy alone and 1 received symptomatic treatment, while the median TTP of surgical patients and surgical combined with radiotherapy patients were 1.83 and 2.49 years, respectively (p=0.035). (Figure 3)




Figure 3 | Kaplan−Meier estimated the TTP curves of 22 intracranial SFT/HPC patients with relapse after PORT who received different treatments again (Ssurgery, surgery plus radiotherapy, others). The others included 3 patients who received radiotherapy alone and 1 patient who received symptomatic treatment. The TTP of the surgery and surgery plus radiotherapy groups was similar, but different from that of the other groups (p = 0.003).





Main results

All 42 patients received surgery and postoperative radiotherapy. Among them, 22 patients had relapse, of whom 10 received simple surgery, 8 received surgery combined with radiotherapy again, 3 received simple radiotherapy, and 1 received symptomatic treatment such as mannitol and glucocorticoids, as shown in Table 2.


Table 2 | COX regression analysis of factors associated with disease-free survival in patients with SFT/HPC receiving post-operative radiotherapy.



In Cox regression analysis, factors related to DFS in SFT/HPC patients receiving postoperative radiotherapy showed that PORT IMRT obtained better DFS than PORT SRS (HR 14.17[1.78-112.63], p=0.012). On the other hand, sex is a factor influencing DFS. We found that DFS was longer in women than in men (HR 0.24[0.08-0.79], p=0.019). Furthermore, tumor location, pathological grade and recurrence time had no significant relationship with DFS.

Moreover, among the 22 patients who relapsed, Cox regression analysed factors related to progression time in patients with recurrent SFT/HPC. We found no significant correlation with progression time (including age, sex, tumor location and pathological grade). The TTP results of surgery or surgery combined with radiotherapy were better than those of other treatments, including radiotherapy alone and symptomatic treatment (HR 10.93 [1.01–117.91], p=0.049).

Although the median TTP time of surgery combined with radiotherapy was not significantly different from that of surgery alone (HR 0.18 [0.02–1.64], p=0.129), the median TTP time of surgery combined with radiotherapy was longer than that of surgery alone (2.49 vs.1.83 years) (Table 3). However, there were limited number of patients in each group, and further validation is needed.


Table 3 | COX regression analysis of factors associated with time to progress in patients with recurrent SFT/HPC.






Discussion

SFT/HPC is a rare disease that is also very rare in the literature because no study has a large number of cases and satisfactory follow-up time. Some studies revealed that the range of tumor resection was crucial. Complete tumor resection plays a key role in local control and survival (13–15). There is no relevant recommendation on the choice of PORT technology. The choice mainly depends on the joint decision of the attending physician and patients in our study. The results showed that PORT IMRT was helpful to prolong DFS in patients compared with PORT SRS. In our study, surgical resection and PORT were both superior to other types of treatment strategies.

Brunori et al. found that, unlike meningiomas, the incidence rate of SFT/HPC was higher in men than in women (16). A meta-analysis of 523 patients showed that the incidence rate in male patients was higher than that in female patients under the age of 45, while the trend was the opposite for patients aged 45 and above (17). In our study, there was no significant difference between groups in age or sex at baseline.

In a previous study that included 191 patients, male patients with HPC had a recurrence risk more than 8 times that of female patients (18), while Damodaran et al. showed that male patients had a higher survival rate (19). Our study found that compared with female patients, men had worse DFS (disease-free survival HR (95% CI) 0.24 (0.08 – 0.79), P = 0.019), which may be more related to the recurrence risk of male patients, but it is worth further investigation.

Since the World Health Organization merged SFT and HPC into a new disease called SFT/HPC in 2016, relevant research has been very limited. Furthermore, most of the previous studies on the role of PORT in intracranial HPC are based on single center analysis. The number of patients is limited, and the results are often inconsistent. Meta-analysis and research based on cumulative databases have been carried out to overcome the problems of small case series, but the results are also inconsistent (15, 20, 21). Although the role of PORT in patients with SFT/HPC is unclear, the general consensus is that PORT is beneficial to patients undergoing surgery.

Some studies have found that compared with STR alone, PORT following STR can improve overall survival (OS) and recurrence-free survival (RFS) (20, 22, 23). Other studies have reported that PORT following GTR can also prolong OS (1, 10, 21, 24) or improve local control (25, 26). In contrast to the above, some authors report that PORT after GTR has no effect on survival (20, 27) or should not be used except for recurrent patients (28, 29). In our study, we found that different PORT strategies had a significant impact on disease-free survival. The median DFS of patients receiving PORT IMRT was 8.33 years, which was significantly different from that of patients receiving PORT SRS, which was 3.04 years (p=0.03). Compared with surgery, multivariate analysis showed that postoperative radiotherapy had no predictive effect on survival, but compared with other treatments, PORT and surgery were beneficial to DFS.

SRS has been used in patients with residual or recurrent intracranial HPC (9, 28, 30–34). It was reported that postoperative SRS can better control local tumors in patients with intracranial HPC (9). However, in our analysis, patients with SFT/HPC with SRS had poorer DFS than patients receiving IMRT. The tumor biological effective dose (BED) of the SRS and IMRT groups of SFT/HPC with an α/β ratio of 10 Gy was 33.6-41.6 Gy10 and 72 Gy10, respectively. The biological effect of IMRT is much higher than that of SRS, which may lead to higher local control. This might be due to the higher BED inducing a greater local effect. There is no consensus on the optimal IMRT radiation dose for intracranial SFT/HPC. Some centers reported that the local control rate was improved when the tumor margin dose was not less than 60 Gy (26). In addition, the SRS radiotherapy plan mainly irradiates the tumor bed, while the IMRT plan irradiates the surrounding 1-2 cm CTV area in addition to the tumor bed. This difference in concept may lead to radiotherapy being superior to SRS in local control and recurrence prevention.

According to our analysis, PORT IMRT compared with PORT SRS seems to improve DFS. However, due to the limitations of this study, including the small sample size and its retrospective nature, caution should be taken in interpreting the current research results. To study the exact effect of PORT on local control and survival and the different effects between IMRT and SRS as PORT options, a multicenter randomized trial with a larger sample size is needed.



Conclusion

In this retrospective analysis, the DFS of PORT IMRT might be longer than that of SRS. This indicated that PORT IMRT radiotherapy technology was a feasible option. Moreover, TTP results of relapsed patients showed that, surgery and surgery combined with radiotherapy treatments have no significant difference on TTP in relapsed patients, but both of them were better than other treatments.
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Objective: To analyze the clinical manifestations and imaging features of a hospitalized patient with intermittent headache who was finally diagnosed with von Hippel–Lindau (VHL) syndrome and to perform whole-exon gene detection to improve the understanding of the diagnosis and treatment strategies of the disease.

Methods: A case of suspected VHL syndrome in Shanxi Provincial People's Hospital was analyzed. Proband DNA was also extracted for whole exome sequencing and screened for causative mutation sites, which were validated by Sanger sequencing. The literature about VHL gene mutations in Chinese patients in the past 10 years were also reviewed.

Results: There is a heterozygous mutation site c.499C > G on the VHL gene on the short arm of chromosome 3 of the patient, which is a missense mutation. The mutation results in the substitution of arginine with glycine at amino acid 167 of the encoded protein, which may be primarily responsible for the disease in the patient with VHL syndrome. However, the mutation did not occur in other family members.

Conclusion: Early recognition and treatment of VHL syndrome can be available with genetic testing technology. Strengthening the understanding of this complex genetic disease and improving the diagnostic rate of VHL syndrome are helpful for the precise treatment of patients with this disease, which may help prolong the survival time of patients to a certain extent and improve their quality of life.

KEYWORDS
 Von Hippel–Lindaut syndrome, whole exome sequencing, gene mutation, literature, genetic testing


Introduction

Von Hippel–Lindau (VHL) syndrome is a rare clinical familial autosomal dominant tumor syndrome involving multiple body systems. Characteristic tumors in VHL syndrome include central nervous system hemangioblastomas (CNS HBs), renal cell carcinomas (RCCs), pheochromocytomas (PHEOs), and pancreatic cystadenomas. The most common tumors are retinal or CNS HBs (60–80%) and VHL syndrome-related renal lesions, which may range from simple cysts to multiple and renal cell carcinomas (RCC) (24–45%)(1). VHL syndrome-associated tumors frequently lose the function of the wild-type VHL allele in the process, which is known as loss of heterozygosity (LOH). According to statistics, about 1/36,000–53,000 people have VHL gene mutations (2). The majority of VHL syndrome affected have a positive family history, whereas sporadic cases of VHL syndrome with possible de novo mutations are rare (about 20%) and may occur during germ cell formation or early embryogenesis (3, 4). The patient with a mild clinical phenotype may be considered a sporadic case in this setting. Now, we present the genomic findings in a 50-year-old man with multiple CNS HBs, RCCs, and pancreatic neuroendocrine tumors (PNETs) diagnosed as suspected VHL syndrome without a clear positive family history. It was finally confirmed that the patient with VHL syndrome had a mutation site on the pathogenic gene VHL, which may be the cause of the disease.



Case presentation


Primary concerns and symptoms

A 50-year-old man presented with a 3-month history of frequent headaches associated with vomiting, nausea, and dizziness was admitted to the hospital for intermittent headache for more than half a month, aggravated with dizziness, nausea, and vomiting for 3 days. The patient had normal diet and sleep, normal urine and defecation, no significant weight loss, and no other discomforts.



Physical examination

The patient was generally in good condition. The systemic superficial lymph nodes were not palpable and enlarged, and the cardiopulmonary abdominal examination showed no abnormality. The patient had bilateral pupils of equal size and round, 2.5 cm in diameter, and sensitivity to light, and fundus examination showed no abnormality. Auxiliary examination: blood routine and urine routine were normal, fecal occult blood (-); serum amylase and urine amylase were normal; liver and kidney function, tumor markers, and coagulation showed no significant abnormality.



Laboratory tests

Contrast-enhanced MRI of the head and cervicothoracic spine (Figure 1) showed nodular enhancement in the lesions of the right cerebellar hemisphere, about 1.0 × 0.6 cm, with clear contour; the fourth ventricle crushed and narrowed, enlargement of the lateral and third ventricles; multiple nodular and tortuous linear enhancement lesions at C5-T2 of the spinal cord, with blurred contour; and round abnormal enhancement shadows of the C6 vertebral body, with blurred contour, which presented suspected radiological diagnosis of HB. Contrast-enhanced abdominal CT scan showed multiple low-density lesions of different sizes in the pancreas and partially fused; pancreatic duct dilatation; calcification of the pancreatic head; and after enhancement, a significant round enhanced nodule of about 1.1 cm in diameter was observed on the pancreatic head, which was considered a neuroendocrine tumor. Multiple round soft tissue density lesions were observed in both kidneys, the larger one was about 3.7 cm in diameter, and the enhancement in the arterial phase was higher than that in the adjacent renal cortex and renal cancer was considered. Multiple low-density lesions were observed in both kidneys, some of which were accompanied by septum and calcification, and multiple cysts were considered.


[image: Figure 1]
FIGURE 1
 CT and MRI scan images of the patient. (A) Cranial MRI showed space- occupying lesions in the right cerebellar hemisphere. (B) Cranial enhanced MRI showed nodular enhancement in the right cerebellar hemisphere lesion (1.0 cm × 0.6 cm). (C) Contrast-enhanced MRI of the head and neck showed narrowing of the space in the fourth ventricle, multiple nodular and tortuous line-like enhancement in the spinal cord from C5 to T2, and round abnormal enhancement in the C6 vertebrae. (D) Abdominal enhanced CT showed multiple round soft tissue density lesions and multiple cystic low-density lesions in both kidneys, multiple low-density lesions of different sizes in the pancreas, and calcifications in the head of the pancreas.




Operation and postoperative course

The patient underwent a large solid cerebellar cystic mass resection. Pathological diagnosis confirmed the lesion as HB.

After 2 years of follow-up, the condition of the patient was relieved and relatively stable.



Gene analysis

To detect the VHL gene mutation in the patient and his family, we collected peripheral blood from the patient, his daughter, his son, and his only younger brother. Exons of VHL gene were amplified from genomic DNA by polymerase chain reaction. Primer pairs are shown in Table 1.


TABLE 1 Primer sequences of exons of VHL gene.

[image: Table 1]

Sanger DNA sequencing was performed and each exon was identified and confirmed by forward and reverse analysis. A heterozygous mutation (c.499 C > G) in exon 3 of VHL gene was detected in genomic DNA from a peripheral blood sample collected from the patient. This mutation was not detected in the peripheral blood of any other family member (Figure 2). After investigating the family history of the patient, it was found that his parents, grandparents, and maternal grandparents had died. The proband's father died of chronic heart disease, and the mother was healthy before her death; however, she died unexpectedly due to a car accident. None of them had a clear history of VHL syndrome-related disease.


[image: Figure 2]
FIGURE 2
 First-generation sequencing peak diagram. (A) The proband carried a heterozygous variant at the VHL c.499C>G site. (B) The proband's daughter did not carry this heterozygous mutation. (C) The proband's son did not carry this heterozygous mutation. (D) The proband's only younger brother did not carry this heterozygous mutation.





Discussion

Von Hippel–Lindau syndrome is a progressive multisystem familial tumor syndrome characterized by phenotypically similar vascular tumors in the CNS and viscera. It's usually caused by germline mutations in the VHL tumor suppressor gene located on the short arm of chromosome 3 (3p25–26) (3).

At present, gene mutation types such as missense mutations, frameshift mutations, and in-frame deletions/insertional mutations have been detected in VHL syndrome patients. Depending on the presence or absence of PHEO, it can be divided into two clinical types. Patients with VHL type I have a low risk of developing PHEO (5). Most cases of VHL type I might be caused by missense mutations affecting the hydrophobic core of the protein, and the mutations lead to protein truncation, and partial gene deletions, which may be associated with VHL instability and high HIF activity, resulting in complete defects in protein function. In contrast, while type II is often subdivided into type IIA (with low risk of clear cell RCC (ccRCC)), type IIB (with increased risk of ccRCC), and IIC (pheochromocytoma only).VHL type II is often associated with missense mutations affecting the binding site of VHL protein (6).

Patients with VHL disease are subjected to an increased risk of developing HBs, which may affect 60–80% of patients (7). These tumors are usually multiple and no more than 50% of HBs will enlarge when followed up for more than 5 years of follow-up (8). The most common HBs are cerebellar or retinal capillary HBs, which can also occur in the spinal cord or brainstem (1). Although the tumor is benign, HB may also greatly increase morbidity and mortality in patients with VHL syndrome due to its significant impact on central nervous system architecture, and retinal edema, hemorrhage, detachment, and visual loss due to tumor exudation (9). The results of enhanced MRI examination of the cranial and cervicothoracic spine as well as CT examination showed that HB was present in the cerebellar of our reported case and cerebellar mass resection was performed. A fundus examination of the patient was not performed at that time because the eye examination showed normal vision, and the fundus examination showed no abnormality at the reexamination of the patient 1 year later. Since retinal capillary HB is the most common manifestation of VHL disease, the patient should be advised to examine the fundus at each reexamination to prevent the progression of the disease and delay in treatment. Multiple renal cysts were frequently found to coexist with RCC in 60% of patients with VHL syndrome (10), and CT diagnostic results showed renal carcinoma with multiple cysts, as described in our report. The frequency of RCC increases with age, with up to 70% of VHL patients developing RCC at age 60 and ultimately leading to death (11). About 10–20% of patients with VHL develop PHEO which can cause systemic paragangliomas. It has been associated with secondary hypertension or stroke and ultimately with death in 5% of patients with VHL syndrome (12). Approximately 35–70% of VHL syndrome patients have pancreatic manifestations (13), and as in this patient, CT examination showed multiple cysts of different sizes in the pancreas, with calcifications in the pancreatic head, which are considered neuroendocrine tumors. Although pancreatic neuroendocrine tumors are rarely responsible for morbidity and mortality, tumor transformation to malignancy or metastasis may result in a poor prognosis.

VHL syndrome can be clinically diagnosed in patients with positive family history and with central nervous system HB, RCC, or PHEO. Those without a family history must have two or more HBs or one HB and one visceral tumor (RCC, PHEO, or pancreatic tumor). In this case report, a 50-year-old patient was found to have multiple CNS HBs, multiple pancreatic and renal cysts, and RCC. Although the patient we reported had no clear family history of VHL syndrome, he still met the diagnostic criteria for VHL syndrome.

The c.499 C > G mutation of our reported case is expected to result in a mutation of amino acid 167 of the encoded protein from arginine to glycine. The arginine residue is highly conserved, with a moderate physicochemical difference between arginine and glycine. Algorithms developed to predict the impact of missense changes on protein structure and function (SIFT, PolyPhen-2, Align-GVGD) suggest that this variant may be disruptive, but these predictions require further confirmation by functional studies. Most patients with VHL syndrome inherit a germline mutation from one copy of the VHL gene in affected parents and one normally functioning wild-type allele from unaffected parents. Two studies have reported that the c.499 C > G mutation in VHL gene was associated with VHL syndrome (14, 15). However, one patient had sporadic PHEO, and the other patient had a positive family history of VHL syndrome, but there was no PHEO and no clear family history of VHL syndrome in this patient. Due to the death of his parents and the absence of VHL syndrome-related conditions, first-generation sequencing verification showed that his asymptomatic younger brother, daughter, and son did not carry the heterozygous mutation. The heterozygous mutation may be de novo. In addition, we searched the relevant literature in PubMed, Web of Science, Embase, and other literature databases for the past 10 years (January 2012–August 2022) by using keywords such as “VHL syndrome”, “VHL disease”, “gene mutation”, and “case report”, and selected the literature with more complete clinical data for summary, and 26 cases met the conditions. We summarized the VHL gene mutation reports of the Chinese population in Table 2. Of the 26 Chinese patients we summarized, 16 cases belonged to VHL type I and 10 cases belonged to VHL type II, and the gene mutation types involved missense mutations, frameshift mutations, deletions and duplications of bases, and alternative splicing of introns. These mutations often occurred in the second half of exon 1 (14 cases), the first half of exon 2 (3 cases), and exon 3 (6 cases). The study has shown that VHL gene mutations often occurred at codons 75 and 82, cleavage sites between exon 2 and exon 3, and codons 157–189, and the hotspot of mutations was at codon 167 (CpG island region) (35). In addition to the common VHL syndrome-related neoplasms, our summary also showed that nonobstructive azoospermia, clear cell peritoneal epithelioid mesothelioma, and familial polycythemia type 2 were also associated with VHL syndrome, and the basic main treatment modalities were surgical resections or chemoradiotherapy. They are mainly based on point mutation and splice mutation. By detecting the characteristics of gene mutations and comprehensively considering family characteristics, clinical manifestations, and pathological diagnosis, it is helpful to deeply study the pathogenesis and pathogenic characteristics of VHL syndrome, thereby enriching the knowledge of this disease.


TABLE 2 VHL gene mutations in Chinese patients.

[image: Table 2]

The protein pVHL encoded by the VHL gene is a master regulator of hypoxia-inducible factor-α (HIF-α). pVHL consists mainly of α domain and β domain. The α domain mainly forms a VCB-CUL2 complex with elongin B and elongin C, further constituting E3 ubiquitinase (36). The β domain mainly interacts with the hypoxia-inducible factor HIF-α (37). Under normoxic conditions, the VCB-CUL2 complex directly acts on HIF-α for polyubiquitination and degradation. Mutations in the VHL gene may reduce the degradation ability of E3 ubiquitinase, resulting in the accumulation of HIF-1α protein, which in turn activates key carcinogenic pathways such as angiogenesis, glycolysis, glucose transport, and erythropoiesis (38, 39). The upregulated cytokines such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), erythropoietin, and transforming growth factor alpha (TGF-α) (40, 41) may lead to abnormal proliferation of tumor cells, inhibit cell apoptosis, and promote the tumor occurrence. The c.499 C > G mutation we reported is located in the α domain and may affect the binding of VHL to elongin C and affect a series of downstream biological responses (42, 43), leading to the onset and progression of disease.

The treatment of VHL syndrome is mainly based on the surgical treatment of lesions in various organ systems to remove the lesion and relieve symptoms, but it cannot fundamentally improve the prognosis. With precision medicine and sequencing technology springing up, the diagnosis and treatment of VHL syndrome have gradually opened a new chapter. The use of drugs that block the pro-angiogenesis of VEGF signal transduction pathway can block the occurrence and development of the disease to a certain extent. Studies have shown that the use of anti-VEGF drug bevacizumab in patients with metastatic renal cancer can improve the survival rate of patients to some extent (44). However, bevacizumab may have a moderate impact on retinal HBs (45, 46). The use of the receptor tyrosine kinase inhibitor sunitinib can reduce the volume of PHEOs as well as renal and pancreatic tumors (47). In 2018, Zhang et al. discovered a new VHL target ZHX2 (zinc fingers and homeoboxes 2). ZHX2 may regulate nuclear factor B (NF-KB) signaling in VHL-deficient tissues to promote RCC tumorigenesis, potentially becoming a new target for the treatment of RCC (48). In 2021, the US FDA approved HIF-2α inhibitor Belzutifan (Welireg) for the treatment of CNS HBs, RCCs, or PNET associated with VHL syndrome that does not require immediate surgery (49). With the approval of Belzutifan, the evolving technology of next-generation sequencing (NGS) may power impetus for the precision medicine of VHL syndrome-related tumors (50). With the continuous deepening of the clinical treatment of VHL gene and VHL syndrome, surgical treatment, targeted drug therapy, gene therapy, and other methods will enable patients with VHL syndrome to obtain a wider treatment space and more effective symptomatic treatment options.

The VHL gene mutation c.499 C > G in the patient we reported had no clear family history of VHL syndrome. Additionally, this patient had only a mild clinical phenotype of VHL disease. Even if there is no evidence of other VHL-related lesions or a positive family history of VHL disease, clinicians should consider the possibility of sporadic VHL in such patients. Attention should be paid to differential diagnosis and regular review to try to avoid reducing misdiagnosis and missed diagnoses. Meanwhile, molecular genetic testing of such patients and family members should be considered to help identify at-risk family members to improve diagnostic certainty and advance appropriate treatment and prevent disease progression. To improve the treatment of tumors such as CNS HBs and RCCs associated with VHL syndrome, it is necessary to continuously study new pathogenesis, discover new molecular targets, and ultimately improve the quality of life of patients.
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Objective

Embryonal tumors with multilayered rosettes (ETMRs) are a histologically heterogeneous entity and gather embryonal tumors with abundant neuropil and true rosettes (ETANTRs), ependymoblastoma, and medulloepithelioma. ETMRs are highly aggressive and associated with poorer clinical courses. However, cases of this entity are rare, and advances in molecular genetics and therapy are minor. The purpose of our study was to retrospectively analyze the clinical, pathological features, and prognostic factors of ETMRs.



Methods

Our cohort consisted of 17 patients diagnosed with ETMRs in our hospital from 2018 to 2022, and two of them were lost to follow-up. Clinical data were retrieved, and immunohistochemistry and genetic analyses were performed.



Results

Among 17 cases, 16 were ETANTRs, and one was medulloepithelioma. Morphologically, tumor cells of ETANTRs could transform into anaplasia and lose the biphasic architecture during tumor progression. Immunohistochemistry of LIN28A revealed positive expression in 17 cases, and the expression of LIN28A was more intense and diffuse in the recurrent lesions than in primaries. The increased N-MYC copy numbers were detected in the primary tumor and recurrence of patient 8. Moreover, the incidence of metastatic disease was 100% in patients aged > 4 years and 18% in the younger group. For patients receiving chemotherapy, the median overall survival time was 7.4 months, while that of those who didn’t receive it was 1.2 months. Nevertheless, surgical approaches, radiotherapy, age at presentation, gender, tumor location, and metastatic status were not associated with independent prognosis.



Conclusion

ETANTR might not present as the typical morphologies during tumor progression, so analyses of C19MC amplification and Lin28A antibody are indispensable for diagnosing ETMRs accurately. Children aged > 4 years tend to have a higher rate of metastasis in ETMRs. Chemotherapy is the only prognostic factor for ETMRs patients with a favorable prognosis. The biological nature and clinical patterns for recurrent diseases need to be further demonstrated to predict prognosis and guide treatment.





Keywords: embryonal tumors with multilayered rosettes, immunohistochemistry, molecular genetics, C19MC, Lin28A



Introduction

Embryonal tumors with multilayered rosettes are a novel entity that is extremely rare and predominantly affects children aged ≤ 2 years old (1). In the 2007 WHO classification of the central nervous system (CNS), these tumors were not well classified and were still under the broad umbrella of the CNS-primitive neuroectodermal tumors (PNET) (2). Large-scale studies subsequently showed that ETANTRs, ependymoblastoma, and medulloepithelioma (ME) shared alterations in the C19MC locus at the Chr 19q13.42 (3–6). Therefore, these three histologic subtypes were merged into ETMRs in the 2016 WHO classification of tumors of the CNS (7), and the 2021 WHO also follows this classification standard (1).

Histologically, these subgroups share multilayered (ependymoblastoma) rosettes and small embryonal tumors. ETMRs could develop through the CNS but mainly involve the cerebral hemisphere (8, 9). They correspond to WHO grade 4 and are associated with an aggressive clinical course. However, standard and optimal treatment has not been established, and the effects of current therapies remain unclear in ETMRs (8, 10). Moreover, the histopathological features of ETMRs have not yet been demonstrated during tumor progression, including recurrence and metastasis. Our study aimed to review and collect the cases diagnosed with ETMRs in our hospital to identify the clinical and pathologic characteristics, pathogenesis, and diagnostic factors of ETMRs.



Materials and methods


Study cohort

Seventeen patients with ETMRs were diagnosed at our hospital from January 2018 to January 2022, including ETANTRs and medulloepithelioma. All diagnoses were made according to the 2021 WHO CNS tumor classification criteria and reviewed by two expertized neuropathologists. Surgery approaches were divided into biopsy, partial resection, and complete resection. Two patients were lost to follow-up; therefore, fifteen were included in our statistical analysis. Besides, we collected 31 patients with atypical teratoid/rhabdoid tumors (AT/RTs) and 50 patients with medulloblastomas (MB) as control groups.



Immunohistochemistry and fluorescence in situ hybridization

Immunohistochemistry (IHC) was performed on 10% neutral buffered formalin-fixed, paraffin-embedded (FFPE) 4-um-thick tissue sections using the two-step Envision standard. The primary antibodies included: Lin28A (Cell Signaling Technology, USA), INI1 (BAF47/INI-1; Santa Cruz, USA), glial fibrillary acidic protein (GFAP; Dako, Denmark), oligodendrocyte transcription factor 2 (Olig2; Dako), synaptophysin (Syn; Novocastra, UK), neuronal nuclei (NeuN; Dako), and Ki-67 (Dako). Dual-color fluorescence in situ hybridization (FISH) using an intermittent microwave irradiation method was performed on 4-um-thick FFPE tissue sections (11). The C19MC/19q13.42 probe and a controlled 19p13.11 probe were prepared from bacterial artificial chromosome (BAC) clones as previously described (6). Lin28 IHC and INI1 IHC were performed on all ETMRs and controls, while other stains and C19MC FISH were performed on ETMRs.



Statistical analysis

Log-rank analysis using the Kaplan Meier and Chi-square analysis was applied to compare survival time, including overall survival (OS) and event-free survival (EFS). Cox regression analysis was performed to identify independent predictors. The level of significance was p = 0.05. The statistical analyses were performed using SPSS 26.0 (IBM, USA) and Prism 9.1.1 (Graphpad Software, USA).




Results


Clinical characteristics and neuroimaging features

The clinical data of all 17 patients are listed in Table 1. The age at diagnosis ranged from 16 months to 55 months (median age, 29 months); 76% (13/17) of the patients were ≤ 4 years old, and the male: female ratio was 1.83:1. Progressive-sided weakness (6/17) and vomiting (6/17) were the main symptoms, while strabismus and convulsion occurred in 3 and 2 patients, respectively.


Table 1 | Clinical details of 17 patients of ETMRs.



The initial site was supratentorial in 10 patients and infratentorial in 7 patients, with a ratio of 1.4:1. Initial magnetic resonance imaging (MRI) information was available for 15 cases, and the other two were unavailable as MRI was performed at a local hospital. In 15 cases, tumors were isointense or hypointense on T1-weighted imaging (T1WI) and isointense or hyperintense on T2 WI. In contrast, tumors exhibited slight or partial contrast enhancement and hyperintensity on diffusion-weighted imaging (DWI) (Figure 1). Three of these tumors contained single or multiple partially cystic appearances. Calcification was not found in our cohort.




Figure 1 | MRI for ETMRs, (A) TIWI showed a hypointense mass in the brainstem, which was hyperintense on both T2WI (B) and DWI (C) (blue arrows, case 5); (D) a 3×2×1 mass in the left parietal and occipital lobes with ringlike contrast enhancement (blue arrow, case 6).





Histopathological features

Among the 17 patients, tumor sizes varied from 0.5 to 10cm, with a median size of 2.5cm. Sixteen patients had ETANTRs, 1 had medulloepithelioma (case 9), and no ependymoblastoma. The pathological features of the 17 cases are listed in Table 2. Morphologically, medulloepithelium was characterized by papillary, tubular, and trabecular arrangements (Figure 2), as well as sheets of poorly differentiated cells. ETANTRs showed biphasic architecture featuring dense clusters of small embryonal cells (or multilayered rosettes) and paucicellular neuropil-like areas (Figure 3). In ETANTRs, the neuropil-like areas were stained strongly and diffusely for the neuronal markers such as NeuN and Syn. In contrast, only a few positive cells were found within the multilayered rosettes and small cell areas (Figures 4D, E). The glial markers GFAP and Olig2 focally expressed in some embryonal cells but were negative in the neuron differentiated cells (Figures 4B, C). The Ki67 index ranged from 40% to 90%, which was relatively high in embryonal cells and lowered in the neuropil-like areas (Figure 4F). All tumors demonstrated diffused nuclear expression of INI1 throughout all components. Lin28A expression was found in all cases (17/17), and its immunoreactivity was more predominant and intense in multilayered rosettes and poorly differentiated small cell areas compared with neuropil-like regions (Figure 4A). In our three relapsed cases, the expression of LIN28A was much stronger and more intense in the recurrent lesions compared with primary tumors (Figure 5). Conversely, tumor cells of AT/RTs were partially or focally positive for Lin28A in13 cases (13/31, 42%), but all cases showed a nuclear loss of INI-1. In 50 cases of medulloblastoma, all tumor cells were negative for Lin28A and positive for INI-1. Besides, the increased copy number of MYC (N) was found in case 8 of both primary and recurrent lesions (Figure 6A), whereas no NRAS and CDK6 aberrations were detected (Table 3). The amplification of the locus 19q13.42, analyzed in 17 ETMRs, was presented in 16 patients (Figure 6B). For the patient without the amplification of C19MC (case 9), we performed the FISH analysis of DICER1, and mutations were not detected.


Table 2 | Histopathologic features of 17 patients of ETMRs.






Figure 2 | HE stainings of medulloepithelium for case 9, (A) papillary-like and tubular structures resembling the primitive neural tube (×40) and (B) on the luminal surface of these tubules, cilia, and blepharoplasts were absent (×400).






Figure 3 | HE stainings of ETMRs for case 1, (A) tumor cells were in a biphasic architecture featuring dense clusters of mall embryonal cells/multilayered rosettes and paucicellular neuropil-like areas (×100); (B) Sparse neoplastic neurocytic and ganglion cells could be observed in the neuropil-like matrix (blue arrow, ×200); (C) Multilayered rosettes comprised embryonal cells in a pseudostratified neuroepithelium with a central round or slit-like lumen; The cells facing the lumen have a defined apical surface with a prominent internal limiting membrane; The nuclei of the rosette-forming cells tended to be located away from the lumen towards the outer cell border (×200); (D) small embryonal cells were with round or polygonal nuclei and scant cytoplasm (×400).






Figure 4 | IHC of ETMRs for case 1, the expressions of (A) LIN28A, (B) GFAP, (C) OLIG2, and (F) Ki67 were stronger and more diffuse in the embryonal cell areas than in the neuropil-like matrix (×200); Neuronal makers, including NeuN (D) and Syn (E), expressed in the neuron differentiated cells but were negative in embryonal cells (×200).






Figure 5 | LIN28A IHC in primary and relapsed ETMRs for case 8, (A) LIN28A cytoplasmic immunopositivity was weaker and focal in primary tumors compared with (B) in recurrent counterparts (×200).






Figure 6 | FISH analysis, (A) N-MYC for relapsed case 8 showed increased copy numbers, green signals (white arrows); (B) case 12 showed amplification in the GSP C19MC probe, red signals (white arrows).




Table 3 | Pathological and molecular features of case 8.



One case (1/8) occurred with the histological evolution towards anaplasia during tumor progression (case 4). At first surgery, histopathology revealed a biphasic architecture featuring small embryonal cells with round or polygonal nuclei and scant cytoplasm and neuropil-like areas with sparse neoplastic neurocytic and ganglion cells (Figure 7A), confirming the diagnosis of ETMR. IHC showed the diffuse expression of Lin28A (Figure 7B) and focal expression of SYN and NeuN in tumor cells. FISH analysis revealed the amplification of C19MC. After 6.5 months, the tumor presented with recurrence demonstrated by MRI and undertook the complete resection. Histopathology showed tumor cells were three times larger than their neighboring cells with cellular pleomorphism and prominent nucleoli, indicating the anaplastic progression, but neither neuropils nor ependymoblastic rosettes were observed (Figure 7C). Amplification at 19q13.42 and immunopositivity of LIN28A (Figure 7D) still existed in the tumor cells, which demonstrated the recurrence of ETMRs.




Figure 7 | Histopathological progression of case 4, the tumor presented as the biphasic pattern of ETANTRs at the initial surgery (A), and Lin28A expression was positive (B); recurrent tumor after surgery showed anaplasia in large cells with cellular pleomorphism and prominent nucleoli (C); the expression of Lin28A was stronger and more intense (D) than that of the primary lesion.





Treatment and outcome

All 17 patients received surgery, with five undergoing complete resections, four biopsies, and eight partial resections. Two patients were lost to follow-up. Therefore, therapy and follow-up data were only available for 15 patients (Table 1).

Five patients occurred with metastatic disease, two with recurrence, and one presented with both metastasis and recurrence. Among the six patients with metastatic disease, one developed spinal metastasis from the fourth ventricle, and two occurred with intracranial metastasis at initial presentation. All the metastatic lesions were visible by MRI, while no metastatic cells were found in the cerebrospinal fluid. The 2021 WHO indicates that ETMRs occur in children ≤ 4 years of age, and analyses performed with stratification for periods ≤ and > 4 years showed that two patients had intracranial metastasis in the younger group (18%, 2/11) and four in the elder group (100%, 4/4). The incidence of metastasis was significantly different between the two groups (p = 0.025, χ2 = 9.76; Table 4), demonstrating that children aged > 4 years were prone to occur with metastasis.


Table 4 | Correlations between metastatic status and age in ETMRs.



Among the 15 patients, only three are alive, and the other 12 died of tumor progression. Six patients were without adjuvant therapy after initial surgery and died within a short time (0.3-1.3 months). Nine patients were treated with adjuvant treatment following surgery (1 biopsy, 3 partial, and 5 total resections); one patient received radiotherapy alone, four received chemotherapy alone, and four received radiotherapy plus chemotherapy. The median durations of OS and EFS were both 1.4 months. Analyses of OS and EFS showed patients who were treated with radiation treatment exhibited a higher survival rate than those who were not (p = 0.03 for OS, Figure 8A; p = 0.007 for EFS, Figure 9A). However, patients who underwent complete resection didn’t differ significantly from their partial resection or biopsy counterparts (p = 0.90 for OS, Figure 8F; p = 0.92 for EFS, Figure 9F). Additionally, tumor location, age, gender, and metastasis were not significantly associated with OS or EFS (respectively for OS, p = 0.50, p = 0.29, p = 0.86, p = 0.79, Figures 8C, D, E, G; respectively for EFS, p = 0.65, p = 0.56, p = 0.07, p = 0.55, Figures 9C, D, E, G).




Figure 8 | Analyses of overall survival (Kaplan–Meier method) according to (A) radiotherapy (p = 0.03); (B) chemotherapy (p = 0.04); (C) primary tumor location (p = 0.50); (D) age at diagnosis (p = 0.29). Figure 8.2 Analyses of overall survival (Kaplan–Meier method) according to (E) gender (p = 0.86); (F) surgical resection (p = 0.90); (G) metastatic status (p = 0.79).






Figure 9 | Analyses of event-free survival (Kaplan–Meier method) according to (A) radiotherapy (p = 0.007); (B) chemotherapy (p = 0.01); (C) primary tumor location (p = 0.65); (D) age at diagnosis (p = 0.56). Figure 9.2 Analyses of event-free survival (Kaplan–Meier method) according to (E) gender (p = 0.07); (F) surgical resection (p = 0.92); (G) metastatic status (p = 0.55).



The types of chemotherapeutic agents in our study were different between patients with and without complete resection, including vincristine, carboplatin, prednisone, cyclophosphamide, and cisplatin (see Table 1). Eight patients received chemotherapy, and one experienced long-term survival of greater than 36 months. Among them, the median OS and EFS were 7.4 and 5.6 months, respectively, while that of the patients without chemotherapy were 1.2 and 0.8 months, respectively (p = 0.04 for OS, Figure 8B; p = 0.01 for EFS, Figure 9B). We then removed age and other potential treatment biases on survival, and the multivariate analysis revealed that chemotherapy with a relative risk (RR) of 0.172 CI 95% (0.032-0.910) p = 0.038 was the only prognostic factor associated with better overall survival.




Discussion

ETMRs are extremely rare, and their true incidence is difficult to calculate; about 100 cases have been reported in the English medical literature since its first description in 2000 by Eberhart et al. (12). However, some patients may have been misdiagnosed or missed before its defining genetic alteration was established. The tumor mainly affects infants aged < 4 years old, and 76% of patients were under the age of 4 years in our analysis, but patients aged > 18 years have also been reported (10). Our data indicated that the male-to-female ratio was 1.8:1, which is consistent with the male predominance in CNS embryonal tumors. Supratentorial tumors are more often than infratentorial tumors (6, 8, 13, 14), as observed in our cohort, while rare cases arising in the spine have been reported (8, 15). On neuroimaging, these tumors were demarcated and large. MRI demonstrated that tumors were usually hypointense on T1WI and hyperintense on T2WI and DWI, with minimal or partial contrast enhancement (16, 17 ,13). Tumors may contain cysts or calcification (18). Of note, the imaging features of ETMRs are similar to that of AT/RTs and MB. Nevertheless, accurate diagnosis is crucial due to their distinct treatment protocols and biology, leading to a dismal prognosis of ETMRs that differs significantly from AT/RTs and MB. The average OS of ETMRs after intensive therapies is approximately 12 months (6, 8, 13), compared with a 37% of 4-year OS rate in AT/RTs (19) and the 5-year survival rate of MB is 85% (20).

Histologically, poorly differentiated small cells and multilayered (ependymoblastic) rosettes are the characteristic and standard features of ETMRs (12, 13, 21). Some tumor cells in ETMRs exhibit osteoid, myeloid, epithelial, mesenchymal, or muscular differentiation or contain cytoplasmic melanin pigment (21, 22). The morphological progression between the primary and recurrent lesions in patient 4 indicates the diagnostic histology of ETMRs is not always present and might result in misdiagnosis. Tumor progression towards anaplasia may be caused by genetic aberrations like TP53 (13, 23, 24), and it is interesting to consider whether anaplasia is of prognostic significance (as it is for medulloblastoma). However, more case numbers will need to be collected to explore it. Besides, glial and neuronal differentiation/maturation in ETMRs after combination therapies have been reported, and the significance of treatment and prognosis remains to be further demonstrated (25). Therefore, the analyses of C19MC amplification and Lin28A immunoreactivity are indispensable and should be performed in all CNS embryonal tumors in children to diagnose of ETMRs accurately. Though C19MC alterations are specific for ETMRs, LIN28A immunopositivity is not. Our result revealed that all cases showed positive expression of LIN28A while 16 cases had altered C19MC.

Immunohistochemical staining for Lin28A is more intense and prominent in the small cells and multilayered rosettes compared with neuron-differentiated cells in ETMRs irrespective of histological subgroups (13, 26). In the present study, the staining for Lin28A was more diffuse and prominent in the relapsed lesions than in primaries, which is supported by Andrey (27) as the recurrent ETMRs may be composed of hypercellular but lacked neuropil areas. Lin28A immunopositivity is not unique to ETMRs (10, 27); our study found it was also expressed focally in AT/RTs but was negative in MB. According to a large study, the strong expression of Lin28A in ETMRs statistically relates to poorer outcomes than those of negative or focal expression in other CNS embryonal tumors (27). Collectively, Lin28A IHC is of both diagnostic and prognostic significance in ETMRs (28, 29). The limitation of our study is that we didn’t compare the prognosis of ETMRs with the control groups.

The origin cells and biology of ETMRs remain poorly elucidated. Recently, the C19MC amplification at the Chr 19q 13.42 and the LIN28A/Let-7 signaling pathways are considered crucial hallmarks for tumorigenesis (5, 26, 27). 90% of ETMRs are characterized by amplification of the polycistronic microRNA (miRNA) cluster C19MC on chromosome 19q13.42, one of the largest miRNA clusters that contain 60 kb and 46 miRNA genes (30, 31). Compared with supratentorial ETMRs, infratentorial tumors typically have a higher frequency of C19MC amplification. Approximately half of the C19MC-negative ETMRs, representing 5% of all ETMRs, harbor biallelic DICER1 mutations and are mutually exclusive to C19MC amplification. Moreover, ETMRs characteristically express the RNA binding protein LIN28A, which could downregulate the let-7 family of miRNAs and is further associated with activating mTOR, WNT, and MYCN signaling pathways involving oncogenesis (27, 32). Of note, the LIN28A/let-7 pathway is the common downstream of alterations of C19MC and DICER1, which C19MC may affect LIN28A indirectly by downregulating Tristetraprolin (TTP). At the same time, WNT and MYCN signaling are downstream of the RNase III domain in DICER1 mutations, so ETMRs are molecularly similar whether they have C19MC amplification (33–35). Our case 9, which had a tumor in the frontal lobe, harbored neither C19MC amplification nor DICER1 mutation and should be classified as ETMR, not elsewhere classified (NEC), according to the 2021 WHO CNS classification (7). One explanation is that other genetic abnormalities, such as amplification of the miR17HG on chromosome 13, might drive the tumorgenesis of ETMRs, NEC (26). Moreover, our data showed the aberrant expression of N-MYC in case 8, which might play a role in tumor relapse (27), and the molecular genotyping didn’t change at recurrence. Therefore, more cases and research are needed to explore the biological nature and clinical patterns of the recurrent diseases to guide the therapy better.

To date, no standard therapeutic approaches have been established for ETMRs. The treatment now includes surgery, radiotherapy, and chemotherapy, but the prognosis of ETMRs remains poorer. In our analysis, the extent of surgical resection was not associated with overall survival. This result was different from the finding reported by Kirti et al. (10), in which total resection was a positive indicator of survival in ETMRs. The limitation of our study lies in that the extent of resection was not quantitated exactly. However, it indicated that there is no obligation for surgeons to conduct the total resection of the tumor, and biopsy is adequate for pathologic diagnosis and avoiding neurocognitive impairment. Besides, we found radiotherapy was not the prognostic factor in a multivariate analysis, similar to Alexiou‘s research (36). However, Horwitz et al. (8) found radiotherapy was associated with a better outcome using both univariate and multivariate analyses. The bias in the literature may be introduced by the fact that radiotherapy was treated after chemotherapy and surgery, which could screen patients. The radiation volumes have not been identified in ETMR; as the younger age in the ETMRs population (median age: 2 years), radiotherapy should be administrated with caution because of the late effects. Our findings revealed that radiotherapy might not be recommended for ETMRs and could decrease neurocognitive impairment. Due to the limitation of tumor samples, the prognosis was not compared among the three subtypes of ETMRs.

The effectiveness and prognostic role of chemotherapy have not been reliably identified hitherto. Due to the lack of established protocols, the type of chemotherapeutic agents varies among patients. Our data found that patients who received chemotherapy tend to have a statistically better prognosis than those who weren’t treated with chemotherapy, similar to some findings (8, 37). The favorable prognosis of chemotherapy is possible because it accelerates the neuron maturation of tumor cells (37). However, long-time OS of chemotherapy has not been identified in both our cohort and literature as a result of the small sample size and short duration. Therefore, more cases and long-time follow-ups are needed to explore the survival data of chemotherapy. Moreover, our results revealed that patients aged > 4 years had a higher likelihood of metastasis, as shown in other CNS embryonal tumors (38). One explanation is that tumor progression (i.e., tumor spread through the neuraxis) in an older child simply because cancer has had (presumably) more time to grow and disseminate.

Due to the limited effects of the current therapeutic strategy for ETMRs, novel treatment options are needed. Tara et al. (5) found that the ETMRs cell line, BT183, is more sensitive to inhibitors of the IGF/PI3K/mTOR pathway. Another study proposed that SHH inhibitors could benefit ETMRs by activating the WNT pathway and upregulating the SHH pathway (39). Large-scale research and rigorous preclinical testing are required to support these drug targets to guide the molecularly targeted medicine further. Though LIN28/let-7 pathway is a possible promising target, the mechanisms among C19MC amplification, DICER1 mutations, and LIN28 expression remain unclear. A more in-depth understanding of tumor biology is needed as well in ETMRs.In conclusion, our study covers the impressive number of patients diagnosed with ETMRs in a short time frame. Our data revealed that children over four years old have a higher rate of metastasis. The morphology of ETMRs varies, and characteristic features are not always presented along with tumor progression, which reminds us of the combination of the C19MC FISH and LIN28A IHC when making the diagnosis. Patients treated with chemotherapy tend to have a better prognosis. Since C19MC aberration has been detected for more than two decades, the understanding of ETMRs biology has improved as well as better diagnostic tools, more driving aberrations, and possible downstream targets. However, the survival of ETMRs patients has only minimally improved due to the lack of effective therapies; therefore, more case numbers and further studies are needed to demonstrate the involved signaling pathways and develop targeted molecular therapies.
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Adamantinomatous craniopharyngioma (ACP) is an epithelial tumor that arises when Rathke’s pouch remains during embryonic development. The pathogenesis of ACP remains unclear, and treatment options are limited. Here, we reveal the critical genes expressed in ACP and provide a basis for further research and treatment. The raw dataset GSE94349 was downloaded from the GEO database. We selected 24 ACP and 27 matched samples from individuals with no documented tumor complications (control group). Then, we screened for differentially expressed genes (DEGs) to identify key signaling pathways and associated DEGs. A total of 470 DEGs were identified (251 upregulated and 219 downregulated). Hierarchical clustering showed that the DEGs could precisely distinguish the ACP group from the control group (CG). Gene Ontology (GO) enrichment analysis indicated that the upregulated DEGs were mainly involved in cell adhesion, inflammatory responses, and extracellular matrix management. The downregulated DEGs were primarily involved in cell junction and nervous system development. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis indicated that the critical pathway was pathways in cancer. In the PPI network, CDH1, SHH, and WNT5A had the highest degrees of interaction and were associated with the formation of ACP. CDH1 was verified as a critical gene by quantitative reverse transcription–polymerase chain reaction (qRT-PCR) in ACP and CG samples. We found that CDH1 may play an important role in the pathways in cancer signaling pathway that regulates ACP development. The CDH1 gene may be a target for future research and treatment of ACP.




Keywords: craniopharyngioma, pathways in cancer, CDH1, SHH, WNT5A



Introduction

Craniopharyngioma (CP) is a complex and diverse congenital intracranial tumor, and surgical resection is the primary treatment strategy at present. Because this tumor is located near essential brain structures, such as the optic nerve and hypothalamus, it poses significant challenges for surgery. Damage to the hypothalamus and other important brain tissue structures can lead to high fever, electrolyte disorder, obesity, and other severe complications and seriously harm patients’ quality of life after surgery (1). Treatment options for CPs are difficult to determine because the balance of risks and benefits of surgery varies significantly from patient to patient. The close, heterogeneous relationship to the hypothalamus makes surgical removal of CPs challenging even though this remains the primary treatment strategy (1, 2).

The incidence of CPs is 4.6% of all intracranial tumors, and its exact pathogenesis remains unclear (1). There are two theories regarding the origin of CP cells: embryogenetic theory and metaplastic theory (3). There are two histological types of CPs, ACP and papillary craniopharyngioma (PCP), of which ACP is the most common (4). As PCP is rare in clinical practice, all subjects in this study had ACP. Exome sequencing studies have demonstrated that PCP and ACP have distinct genetic origins, primarily driven by mutually exclusive alterations; BRAFV600E is observed in 95% of PCPs, and CTNNB1 is observed in 75%–96% of ACPs (5). For PCPs with BRAFV600E mutations, targeted therapy with BRAF inhibitors combined with MEK inhibitors can reduce tumor volume by 85% to 91% (6, 7). However, no similar clinical studies have been conducted on ACPs. In addition to CTNNB1, CDH1 and SHH may play essential roles in the occurrence of ACP (8, 9).

Gene expression microarrays can be used to identify differentially expressed genes (DEGs) in ACP tissues, providing high-throughput gene expression data. Gene expression microarrays are an essential approach for studying the pathogenesis of CP. The National Center of Biotechnology Information GEO database comprises a large amount of genetic data, providing a rich resource for the study and analysis of differential gene expression levels (10).

Zou et al. (11) analyzed CP data in the USA, revealing that the mechanisms of ACP occurrence and development might involve the regulation of the RNA polymerase II promoter and glutamate receptor binding. Li et al. (12) also analyzed sample data and identified MMP12 as a potential therapeutic target in ACP. The present study examined the GSE94349 dataset, comprising a large number of samples obtained from American patients (13).

GSE94349, submitted by Donson et al. on 31 January 2017 (13), contains genetic data from 168 samples, analyzed by microarray technology using the Affymetrix Human Genome U133 Plus 2.0 array GPL570 platform.

We selected 24 ACP surgical tumor samples and 27 samples from individuals with no documented tumor complications (control group, CG) from GSE94349. However, as Donson et al. (13) was a clinical trial, the researchers did not quickly achieve a perfect match between the two groups. Although these two studies have implications for ACP, our study further contributed GSEA data. Finally, we used the intersection of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) and GSEA to determine the key genes. No relevant article has been published regarding the critical genes involved in ACP by using the intersection of DAVID and GSEA.

By analyzing the gene expression data of GSE94349, DAVID and GSEA were used to conduct GO and KEGG pathway enrichment analyses. Then, the intersection of the two methods was obtained, namely, crucial pathways and genes. Finally, STRING and Cytoscape software were used to construct protein−protein interaction (PPI) networks of critical pathways and genes. The present study identified critical genes in the pathogenesis of CP, which will provide new insight into the treatment of CP.



Materials and methods


Gene annotation and missing value supplementation

The gene expression microarray data of GSE94349_series_matrix.txt were downloaded from the GEO (http://www.ncbi.nlm.nih.gov/geo/) database. The quality control and standardization of these data were completed prior to the current study. The data were processed using R software (version3.6; http://www.r-project.org/). First, we searched and downloaded GPL570, the corresponding platform of GSE94349, from the official GEO website. GSE94349 was matched with GPL570 in R language to complete gene ID conversion and annotation. Next, the missing values were calculated by KNN in R language to supplement the missing values.



Identification of the DEGs

DEGs were filtered by using the limma package in R (http://limma.org) (14). Only genes with | log2-fold change (Fc) | > 4 and p-values < 0.01 were considered DEGs. Finally, we obtained upregulated and downregulated DEGs. Volcano mapping was performed in R language; heatmaps were drawn using the R package gplot 2.



GO enrichment analysis of DEGs

The upregulated and downregulated DEGs were input into the online tool DAVID (DAVID 6.8 version) for GO enrichment analysis. The results were analyzed according to biological process (BP), cellular component (CC), and molecular function (MF), and p < 0.01 was considered statistically significant.



KEGG pathway enrichment analysis

DEGs were imported into the DAVID online tool for KEGG pathway enrichment analysis, and p < 0.01 was considered statistically significant. We imported all the gene data for the GSEA. The Kolmogorov−Smirnov test was used to calculate the value of DEGs in each KEGG pathway by 1,000 repeated permutation tests to conduct the KEGG pathway enrichment analysis of DEGs in GSEA. p < 0.01 was considered statistically significant. Then, the upregulated and downregulated DEG KEGG pathway enrichment analysis results were derived. Finally, the intersection of the results of the two analysis methods was obtained to determine the target DEGs.

DAVID was used to conduct KEGG pathway enrichment analysis for all the different genes, yielding more comprehensive results. However, GSEA is a KEGG pathway enrichment analysis of all genes, yielding a complete dataset. The intersection of the two may be more valuable for further research (15). We used Venn diagrams to show the common KEGG pathways after the intersection of the DAVID and GSEA results.



PPI network

The KEGG pathway-related DEGs from the intersection of the DAVID and GSEA results were imported into the Search Tool for the Retrieval of Interacting Genes (STRING). The gene interaction relationship was derived with a confidence score >0.7 as the cutoff standard. Then, Cytoscape software (Version 3.5.1) was used to construct the PPI network between the KEGG pathway and its related DEGs. CytoHubba was used to predict the top 10 key genes. Three critical genes (CDH1, WNT5A, and SHH) were selected.



Patients and sample collection

ACP and CG samples were provided by the Department of Neurosurgery at The First Affiliated Hospital of Nanchang University (Nanchang, China). ACP samples were collected after endoscopic nasal resection, stored at 4°C for transport and then preserved in liquid nitrogen. Samples from individuals with no documented tumor complications [control group (CG)] were collected from patients undergoing surgery for epilepsy. The mean age of the four epileptic patients was 20 years (age range, 8–34 years), including two men and two women. A total of four ACP samples from two men and two women were obtained. The mean age of the ACP patients was 25.5 years (age range, 8–35 years). Patients pathologically diagnosed with ACP were included in the present study, while patients with other diagnoses were excluded. All specimens were pathologically and clinically diagnosed as ACP by three pathologists. The present study was approved by the Research Ethics Committee of Nanchang University [Nanchang, China; First Affiliated Hospital of Nanchang University (2020) Medical Research Ethics Review (No. 160)], and written informed consent was provided by all patients prior to the start of the study.



Sample inclusion criteria


ACP samples

	1. Clinical diagnosis of craniopharyngioma and consent to surgery;

	2. Han nationality, Chinese, right-handed;

	3. No history of chronic cardiovascular diseases; no history of infectious diseases; previously healthy, no history of kidney disease and liver disease;

	4. Normal hearing and language functions, no metal implants in the body, no history of surgery for heart, lung, or other vital organs, no history of major diseases such as brain disorders, and no history of mental illness; and

	5. At least two pathologists diagnosed ACP.

	6. Only when the above five items meet the requirements can they be included in the sample database of this study.





CG samples

	1. Clinically diagnosed epilepsy and consent to surgery;

	2. Han nationality, Chinese, right-handed;

	3. No history of chronic cardiovascular diseases or infectious diseases;

	4. No history of kidney and liver diseases;

	5. Normal hearing, no metal implants in the body; and

	6. No history of mental illness.

	Only when the above six items meet the requirements can they be included in the sample database of this study.





Sample exclusion criteria

	1. Oral hormone medication within 2 weeks;

	2. Speech and hearing impairment;

	3. Patients who cannot cooperate with researchers in information collection (e.g., coma patients with severe illness);

	4. Lost contact or refused to answer the phone during the follow-up period so that postoperative information could not be collected; and

	5. Patients with anemia, cachexia, and other blood cells or low hemoglobin.

	6. Any one of the above five items should be excluded from this study.





Exit criteria

	1. Patients or their family members voluntarily withdraw from the study after surgery;

	2. Non-craniopharyngioma patients were diagnosed after preoperative collection of craniopharyngioma patient specimens;

	3. Postoperative complications that require hormone and other related treatments;

	4. Postoperative complications and inability to cooperate with follow-up investigators; and

	5. Patients who cannot cooperate with postoperative follow-up.

	6. If any of the above five criteria are met, the study will automatically stop by default.






RT-PCR

Three critical genes (CDH1, WNT5A, and SHH) were validated in ACP tissues and compared with CG tissues by qRT-PCR using the QuantStudio 7 Flex real-time PCR system (Bio-Rad, Nanchang, China). The primer sequences used are shown in Table 1. The 2−ΔΔCt method was used, and the PCR results were normalized to the ACTIN gene (16).


Table 1 | Primers used in present study.



Total RNA was extracted from ACP samples according to the instructions of the RNA Extraction Kit (Servicebio, China). Then, the total RNA of ACP samples was reverse transcribed according to the steps of the Servicebio®RT First Strand cDNA Synthesis Kit (Servicebio, China). The total RNA and cDNA of CG samples were obtained by the same method. Finally, 7.5 μl of 2×qPCR Mix, 1.5 μl of 2.5 μm primer (upstream + downstream), 2.0 μl of reverse transcription product (cDNA), and 4.0 μl of ddH2O were added to a 200-µl PCR tube. After the PCR solution was prepared, it was gently mixed by pipetting up and down. A 96-well PCR plate was placed into a special bracket. The researchers avoided touching the bottom of the reaction plate to avoid affecting the data reading. Three wells were prepared for each reaction, and qPCR was conducted using the following reaction conditions: predenaturation at 95°C for 10 min, denaturation at 94°C for 15 s, and annealing at 60°C for 30 s for 40 cycles. When the temperature rose from 65°C to 95°C, the fluorescence signal was collected every 0.5°C to form a melting curve. RT-PCR (Bio-Rad, China) was performed on CG samples and ACP samples according to the above steps. Each experiment was repeated three times.



Data analysis

The ΔΔCT method was used as follows: A = CT (target gene, sample to be tested) − CT (internal marker gene, sample to be tested); B = CT (target gene, control sample) − CT (internal standard gene, control sample); K = A − B; express multiple = 2−K. All experimental data are expressed as the mean ± SD and were statistically analyzed by t-test. p < 0.05 was considered to be statistically significant.




Results


Gene annotation and missing value supplement

The gene expression microarray data of GSE94349_series_matrix.txt were downloaded from GEO, comprising 168 samples. The ACP and control groups were selected from GSE94349_series_matrix.txt, and other samples were removed. Quality control and standardization of these data were completed, and all chip data reached comparable levels.



Identification of DEGs

Twenty-four ACP samples and 27 control samples in the GSE94349 dataset were analyzed. The volcano plot in Figure 1 shows all genetic differences with a threshold of -log10 p > 2 (p < 0.01) and |log2 Fc| > 4. Red dots represent upregulated genes, and green dots represent downregulated genes. Then, based on the cutoff criteria (p < 0.01 and |log2 Fc| > 4), a total of 470 DEGs were identified, including 251 upregulated and 219 downregulated DEGs.




Figure 1 | The volcano plot shows all genetic differences with a threshold of −log10 p > 2 (p < 0.01) and |log2 Fc| > 4; red dots represent upregulated genes, and green dots represent downregulated genes.



All DEGs were analyzed. DEGs were also divided into upregulated and downregulated components for separate analyses. This study aimed to identify the upregulation and downregulation of target DEGs; thus, we divided the upregulated and downregulated genes for analysis. The expression heatmap of the DEGs is shown in Figure 2. Hierarchical cluster analysis accurately distinguished ACP samples from control samples.




Figure 2 | Hierarchical cluster analysis could accurately distinguish ACP samples from control samples. CGs, individuals with no documented tumor complication samples; ACP, adamantinomatous craniopharyngioma.





GO enrichment analysis

The DEGs were imported, DAVID was used for functional enrichment analysis, and the results were obtained according to the three functions of MF, CC, and BP. The GO analysis results of upregulated and downregulated DEGs are listed in the top 10 items in order of p-value in Figure 3.




Figure 3 | DAVID GO enrichment analysis results. According to the three functions of (A) molecular function, (B) cellular component, and (C) biological process, the top 10 upregulated (red) and top 10 downregulated (green) terms in each category.



Figure 3A shows the detailed results of the MF analysis of DEGs. The upregulated DEGs were mainly related to the activation of structural molecules and the binding of calcium ions; downregulated DEGs were mainly associated with calcium ions and calmodulin binding. Figure 3B shows the detailed results of the CC analysis of DEGs. The upregulated DEGs were mainly concentrated in exosomes, extracellular regions, and extracellular spaces; downregulated DEGs were mainly enriched in cell junctions, neuron projections, and neuronal cell bodies.

Figure 3C shows the detailed results of the BP analysis of DEGs. The upregulated DEGs were mainly associated with cell adhesion, inflammatory responses, and extracellular matrix organization, and the downregulated DEGs were mainly associated with chemical synaptic transmission and nervous system development.

The results showed that the upregulated genes were mainly involved in cell adhesion, inflammatory responses, and extracellular matrix management. The downregulated genes were mainly involved in cell junction and nervous system development.



Pathway enrichment analysis

Figure 4A shows the results of the DEG KEGG pathway analysis by DAVID. Seven KEGG pathways were enriched in the upregulated DEGs (p < 0.01). Twelve KEGG pathways were enriched among the downregulated DEGs (p < 0.01).




Figure 4 | The DEG KEGG pathway analysis by DAVID (A), pathways in cancer (B), and Venn plot of DAVID and GSEA (C). KEGG, Kyoto Encyclopedia of Genes and Genomes; DAVID, Database for Annotation Visualization and Integrated Discovery; GSEA, Gene Set Enrichment Analysis.



The upregulated pathway comprised pathways in cancer, the PI3K-Akt signaling pathway, the extracellular matrix (ECM)–receptor interaction, and the Wnt signaling pathway. The downregulated pathways were mainly associated with pathways related to retrograde endocannabinoid signaling, the synaptic vesicle cycle, morphine addiction, and neuroactive ligand–receptor interactions.

Figure 4B and Table 2 show the results of DEG analyses obtained by GSEA KEGG pathway analysis. Using p < 0.01 as the standard, there were seven upregulated and no downregulated pathways. Detailed results of the 7 KEGG pathways are shown in Table 2.


Table 2 | KEGG enrichment analysis results (GSEA).



Upregulated pathways were mainly associated with pathways in cancer and cytokine−cytokine receptor interactions.

The KEGG pathway analyses identified 19 significant pathways from DAVID and seven significant pathways from GSEA. The results of the two methods intersected, and only one common upregulated pathway was found, as shown in the Venn diagram in Figure 4C. The only upregulated pathway was “pathways in cancer”. The relationship between this unique pathway and related pathways and genes is shown in Figure 5.




Figure 5 | The relationship between this unique pathway (Pathway in cancer) and related pathways and genes. Yellow represents the pathways, and blue represents the genes.





PPI network analysis

All of the 15 DEGs in the one common pathway were collected using STRING, and a PPI analysis was performed. The 15 DEGs were imported into the STRING database, and their interactions were identified. If the interaction score was >0.7, the PPI network could be formed with 14 nodes and 32 edges. The PPI networks presented in Figure 6 show that all DEGs were upregulated. As shown in Figure 7, the cytoHubba plug-in was used in Cytoscape software to search for the top 10 key genes among the 15 DEGs in the PPI network map. Finally, the top three critical genes (CDH1, WNT5A, and SHH) were selected from the 10 genes for RT-PCR verification.




Figure 6 | The interaction score was >0.7, and the PPI network of all upregulated DEGs (15 nodes and 33 edges) is shown.






Figure 7 | The PPI network diagram was constructed from the top 10 key genes among the 15 DEGs.





RT-PCR results

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was used to measure and compare the expression levels of the key genes in the ACP and control groups (Figure 8). The expression levels of three key genes were significantly increased in ACP vs. the control group, including CDH1, WNT5A, and SHH, but only CDH1 had statistical significance (p < 0.05) (Figure 8).




Figure 8 | The horizontal axis shows the three key genes in the ACP and control groups. The vertical axis shows the mean value of 2−ΔΔCT of the three key genes in the ACP and control groups. CGs, individuals with no documented tumor complication samples; ACPs, adamantinomatous craniopharyngioma samples; *p < 0.05.






Discussion

A total of 470 DEGs were identified in the present study, including 251 upregulated and 219 downregulated DEGs. GO enrichment analysis indicated that the upregulated genes were mainly located in the extracellular exosome, extracellular region, and extracellular space and were involved in structural molecule activation and the binding of calcium ions, cell adhesion, inflammatory responses, and extracellular matrix organization bioprocesses. Another study showed that proinflammatory mediators drive the phosphorylation and activation of STAT3 (17). Persistent signaling through this pathway in cancer can result in a chronic inflammatory phenotype and suppression of antitumor immunity (13). Other studies have shown that cholesterol crystals in ACP activate the inflammasome, leading to the secretion of inflammatory cytokines that drive the inflammatory response (18). In addition, ECM proteins mediate epithelial–mesenchymal transformation (EMT) in ACP cells (19). The downregulated genes were mainly involved in cell junction and nervous system development. Research has shown that epithelial cell adhesion molecule (Ep-CAM) expression in craniopharyngioma could be a predictive marker of relapse (20). Additionally, ACP cells originate from remnants of Rathke’s cleft, which is neuroepithelial (1, 21).

The KEGG pathway enrichment analysis in this study showed that “pathways in cancer” (https://www.kegg.jp/pathway/hsa05200) was the major pathway involved in ACP.

There was only one common pathway and all 15 DEGs in this pathway were collected using STRING, and a PPI analysis was performed. In the DAVID KEGG analysis, these 15 DEGs were mainly involved in the following five signaling pathways: Wnt signaling pathway, ECM–receptor interaction, amoebiasis, PI3K-Akt signaling pathway, and pathways in cancer. Among these signaling pathways, the association between amoebiasis and ACP was not previously reported. The other four signaling pathways have been associated with ACP.

The Wnt signaling pathway is an important aspect of ACP pathogenesis. CTNNB1-Mut has been shown to promote ACP primary cell proliferation by activating Wnt/β-catenin signaling (22). On the other hand, reducing the expression of β-catenin can significantly inhibit the proliferation of ACP cells, and β-catenin can promote the expression of Fascin mRNA and Fascin by acting on Fascin genes in the nucleus, thus promoting the migration and invasion ability of ACP cells (23).

The ECM can mediate EMT in ACP cells (19). EMT plays an important role in ACP development. ECM can facilitate the migration and differentiation of cells and trigger EMT, which is important for the progression and metastasis of various tumors (24, 25). Overexpression of ECM in ACP cells can promote tumor proliferation, migration, and invasion (19). Although the association between the PI3K-Akt signaling pathway and ACP has not been reported, Andoniadou et al. showed that fibroblast growth factors (FGFs) could induce β-catenin cells to actively divide (26). As shown in Figure 5, three FGF members (FGF4, FGF19, and FGF20) of the 15 DEGs were involved in the PI3K-Akt signaling pathway. The FGF family proteins are key regulators of several biological processes, and together with their receptors, they affect the development of many human cancers (27). Overactivation mutations in FGF receptors have been identified in several human cancers, including breast, bladder, and prostate cancers (28, 29). It is tempting to speculate that FGFs induce active division of β-catenin cells through the PI3K-Akt signaling pathway. However, three FGF members of the 15 DEGs were also involved in pathways in cancer; therefore, FGFs induce active division of β-catenin cells through the PI3K-Akt signaling pathway or pathways in cancer, which requires confirmation in further experiments.

Similarly, the association between pathways in cancer and ACPs has not been reported, but the three most significant key genes (CDH1, WNT5A, and SHH) have been closely/positively associated with craniopharyngioma. One report showed that SHH is highly expressed in ACPs (9). After the formation of Rathke’s sac, the expression of SHH in this region gradually decreases (30). SHH can promote β-catenin overexpression in ACP animal and cell models by paracrine and autocrine effects, respectively (26). In addition, studies have shown that the expression of VEGF in ACP cells can promote tumor angiogenesis and increase microvascular density (31); however, whether the SHH pathway affects tumor blood supply in ACP through VEGF has not been clarified. This result provides new directions for future research on ACPs.

As a sequestering protein of β-catenin, E-cadherin (CDH1) plays an important role in canonical Wnt signaling (32). Previous studies have reported conflicting results regarding the expression of E-cadherin, encoded by the CDH1 gene, in ACP. Preda et al. found that CDH1 expression in ACPs was not correlated with β-catenin (33). However, Qi et al. found that β-catenin was positively correlated with CDH1 expression in ACP; β-catenin might regulate CDH1 expression in ACPs, and decreased CDH1 expression in ACPs has been associated with tumor recurrence (34). However, Barros et al. found that CDH1 expression in ACPs was not associated with tumor recurrence (32). All these findings need to be further verified. However, our results provide a new direction for the future treatment of ACP.

Cancer-associated fibroblasts (CAFs) are a major component of the cancer stroma and promote cancer cell aggressiveness by secreting multiple factors (35). WNT5A was found to be highly expressed in tumor stromal fibroblast gastric cancer studies and was associated with poor prognosis (36). Wnt/β-Catenin and WNT5A/Ca pathways regulate proliferation and apoptosis of keratinocytes in psoriasis lesions (37). It is tempting to speculate that the Wnt/β-Catenin and WNT5A/Ca pathways regulate the proliferation and apoptosis of cells, representing a potential new therapeutic target for treating ACP in the future. However, no similar study has been performed for ACP. Although the key genes revealed by RT-PCR in this study are relatively clear, the sample size was small. A larger number of samples are needed for validation. The roles of the three key genes remain unclear and require verification in future studies. WNT5A could be used as a target for the treatment of ACP in the future.

In conclusion, we hope that these methods can be applied in future studies. DAVID was used to thoroughly analyze the DEGs, while GSEA was performed to comprehensively analyze the genes. The main aim of our study was to analyze the KEGG pathways of all genes, including the DEGs, using GSEA. The analysis of large amounts of ACP gene data requires substantial work, and the analysis results are likely to change as the major databases are updated.

Our results suggest that the 15 DEGs, including CDH1, WNT5A, and SHH genes and “pathways in cancer”, may be associated with ACP. According to the cytoHubba statistical results in Cytoscape software, the first three DEGs were selected for RT-PCR verification. Our results suggest that CDH1 may play an important role in the pathways in cancer signaling pathway that regulate ACP development. However, its specific role in ACP remains to be confirmed in further experiments. Brastianos et al. showed that in PCPs with the BRAFV600E mutation, a BRAF inhibitor combined with MEK inhibitor targeted therapy can reduce tumor volume by 85%–91% (6, 7). We expect that ACP can be eliminated by similar treatments in the future. The limitation of this study is that most of the conclusions were drawn from bioinformatics analyses, and previous experimental results are lacking in in-depth research.

Clinical craniopharyngioma is rare. Our neurosurgery department treats approximately 12 patients with craniopharyngioma annually, among which 2–3 have PCP and 1–2 decline surgical treatment. Therefore, it is difficult to obtain a large number of samples for validation in a short time period. In addition, at present, methods for craniopharyngioma cell culture are in the early stages; thus, the characteristics of these tumors are challenging to verify in cell experiments.

In addition, no other analytical methods were used in this study; thus, more reliable conclusions may be obtained by integrating other analytical methods, such as ingenuity pathway analysis and WebGestalt analysis. For the three key genes selected in this study, we hope to further verify these three critical genes identified in this study and explore their specific mechanisms of action in ACP. In particular, we expect that CDH1 will be studied in the future to determine how it regulates the occurrence and development of ACP through the pathways in cancer signaling pathway.

According to the results of this study, we concluded that pathways in cancer signaling pathway is an important signaling pathway in the development of ACP. CDH1, WNT5A, and SHH regulate ACP formation through this pathway. Although this study concludes that CDH1 is the most critical gene, due to the small sample size of this study, we will expand the sample size in the future to further verify this result. For the study of ACP, in addition to CTNNB1 mutation expressing β-catenin to activate the classical Wnt signaling pathway and promote the proliferation and migration of tumor cells, current studies have confirmed that SHH in ACP can also participate in the regulation of the Wnt signaling pathway by promoting the expression of β-catenin through autocrine or paracrine. At the same time, β-catenin can regulate the expression of EGFR and promote the migration of tumor cells (38–40). Unfortunately, these studies have only been carried out in animals and cells and have not been confirmed in clinical trials. In addition, due to the lack of stable ACP cell lines, although many researchers have extracted primary ACP cells from fresh ACP tissues, no stable ACP cell lines have been constructed, so the results of these cell experiments are difficult to accept by the public.
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Objective

Pleomorphic xanthoastrocytoma (PXA) is a rare brain tumor, most commonly affecting children and young adults. Surgical resection represents the mainstay of treatment, and extent of resection is associated with improved survival. In this study, we analyzed the role of sodium fluorescein (SF) in improving intraoperative visualization easing resection.



Methods

Surgical database of FLUOCERTUM study (Besta Institute, Milan, Italy) was retrospectively reviewed to find pleomorphic xanthoastrocytomas and anaplastic xanthoastrocytomas, according to WHO-2016/2021 classification, surgically removed by a fluorescein-guided technique from March 2016 to February 2022. SF was intravenously injected (5mg/kg) immediately after induction of general anesthesia. Tumors were removed using a microsurgical technique with the YELLOW 560 filter (Carl Zeiss Meditec, Oberkochen, Germany).



Results

Twelve patients (7 males and 5 females; 3 pediatric patients, mean age 10 years, range 5 to 13 years and 9 adult patients, mean age 50.6 years, range 35 to 63 years) underwent fluorescein-guided surgery. No side effects related to SF occurred. In all tumors, contrast enhancement on preoperative MRI correlated with intense, heterogeneous yellow fluorescence with bright fluorescent cystic fluid. Fluorescein was considered helpful in distinguishing tumors from viable tissue in all cases. Gross total resection was achieved in 8 cases (66.7%); in 4 cases, otherwise, the resection was subtotal with fluorescent residual spots to avoid neurological worsening (33.3%).



Conclusions

The use of SF is a valuable method for safe fluorescence-guided tumor resection. Our data documented a positive effect of fluorescein-guided surgery on intraoperative visualization, suggesting a probable role in improving the extent of resection during yellow surgery of PXA.
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Introduction

Pleomorphic xanthoastrocytoma (PXA) is a rare, low-grade glial tumor, commonly affecting young adults and children (1); no gender predilection was reported. According to the 2016 (2) and 2021 (3) World Health Organization (WHO) tumors classification, PXA are classified as grade II/2 or III/3 tumors; the latter, previously designated as pleomorphic xanthoastrocytoma with anaplastic features, are characterized by a mitotic index ≥ 5/10 high-power fields and are currently considered anaplastic gliomas. According to 2016 classification, pleomorphic xanthoastrocytomas and anaplastic pleomorphic xanthoastrocytomas were considered two different entities; conversely, according to WHO CNS5 version (3), PXA is a single tumor type, anaplastic has been excluded as a modifier term in favor of a grading diagnosis relative to the tumor type (i.e. grade 2 or 3) to provide more flexibility in categorization and to emphasize biological similarities within tumor types rather than approximate clinical behavior. Pleomorphic xanthoastrocytomas have a relatively favorable prognosis when compared with diffusely infiltrative astrocytomas (4).

PXA presented at MRI (5) with a heterogeneous contrast enhancement due to blood brain barrier (BBB) disruption, with peritumoral infiltrative/vasogenic brain edema; these tumors sometimes consist of solid and cystic components: the cystic fluid is generally isointense as compared with cerebrospinal fluid. Leptomeningeal enhancement is seen in a subset of patients.

Among circumscribed gliomas, PXA can present some infiltrative features: indeed, it can be difficult to distinguish between circumscribed and diffuse astrocytic gliomas. They can look very similar to epithelioid glioblastomas, especially for grade 3 PXA. Genomic methylation profiling (BRAF V600E, CDKN2A/B) is particularly helpful in such circumstances (6), as many tumors thought to be epithelioid glioblastomas actually map either to PXA or pediatric high-grade glioma.

Surgical resection is considered the cornerstone of therapy (1, 4, 7, 8); furthermore, recent reports suggest a prolonged survival in patient treated with a gross total resection (GTR). The role of adjuvant treatment in grade II/2 tumors has not been agreed upon and clinical practice varies widely; otherwise, patients affected by grade III/3 astrocytomas are generally scheduled for adjuvant Stupp protocol. Patients are usually followed up by regular imaging, as re-resection is advised at recurrence.

Sodium fluorescein (SF) is a dye that, when intravenously injected, has the peculiar characteristic to accumulate in cerebral areas presenting a damage of the BBB (9, 10). The use of a dedicated filter in the surgical microscope, with specific wavelength for fluorescein (540-690nm), allows to improve the tumor-brain discrimination intraoperatively, reducing also the dosage needed to obtain this effect (11–13). In particular, this has been shown to be associated to a better tumor identification and resection in different tumors of the central nervous system (CNS) such as high-grade gliomas (14, 15), gangliogliomas (16), cerebral metastasis (17), and primary CNS lymphomas (18), both in adult and pediatric population (19).

In July 2015, based upon preliminary scientific results from different studies published in the international literature (20, 21), including a prospective phase II trial from our group, the Italian Medicine Agency (AIFA) has extended the indications for the utilization of fluorescein molecule (https://www.gazzettaufficiale.it/atto/serie_generale/caricaDettaglioAtto/originario;jsessionid=izVcTOmnjOzfNRjjw56kAA:.ntc-as2-guri2b?atto.dataPubblicazioneGazzetta=2015-07-22&atto.codiceRedazionale=15A05620&elenco30giorni=false). According to this determination, the intravenous (i.v.) injection of SF as a neurosurgical tracer during oncological procedures for aggressive tumors of the CNS is approved and its cost is totally reimbursed by the Italian National Health System (15). A low dose (5 mg/kg) of fluorescein is i.v. administrated at the end of patient intubation (around one hour before dural opening). Since our first experience in 2011 in HGG resection (20) by means of YELLOW 560 filter (Carl Zeiss Meditec, Oberkochen, Germany), we have used the low dosage of 5 mg/kg for our subsequent studies and surgical procedures; this protocol has standardized SF usage independently from the characteristics of the patients or of the tumors.

In March 2016, the authors started a new prospective observational study, called FLUOCERTUM (FLUOrescein in CERebral TUMors), regarding the use of SF as a fluorescent intra-operative tracer in patients with suspected aggressive tumors of the CNS (15).

Due to the characteristics MRI contrast uptake in PXA, the use of SF as a fluorescent tracer could allow a better intraoperative discrimination of the tumoral tissue even in this tumor subtype, with beneficial effect during the surgical resection (22). The foundation of our study lays upon the intrinsic staining potential of fluorescein and the radiological features of PXA, characterized by an intense contrast-enhanced pattern (5). Since fluorescein molecule presents a slightly lower molecular weight than that of the contrast medium, the rational of its utilization is to selectively stain the contrast-enhanced areas of PXA to improve the intraoperative visualization of the tumor and its borders, better delineating even the components where contrast enhancement was not prominent (23). The principal aim of this paper consists in showing the advantages and the valuable role of fluorescein in visualization and resection of pleomorphic xanthoastrocytomas in our case series.



Methods


Patients and inclusion criteria

In this study, we retrospectively reviewed the database of the prospective observational FLUOCERTUM study, started in March 2016 and approved by the Institutional Review Board, to identify the cohort of patients affected by pleomorphic xanthoastrocytoma until February 2022. The FLUOCERTUM inclusion criteria were as follows: patients of both genders, at any age; patients with suspected aggressive lesions of the CNS, as suggested by preoperative MRI or CT with i.v. contrast agent administration. The exclusion criteria were: impossibility to give consent due to cognitive deficits or language disorders; known allergy to contrast agents or history of previous anaphylactic shocks; known severe previous adverse reactions to SF; acute myocardial infarction or stroke in the last 90 days; severe organ failure; women in their first trimester of pregnancy or lactation. The retrospective case series revision aims to identify all those consecutive patients scheduled for fluorescein-guided surgery with a histopathologically confirmed PXA according to 2016/2021 WHO CNS5 tumors classification.



Clinical and radiological management

Preoperative assessment included physical and neurological examination (Karnofsky Performance Status [KPS] (24) in adult patients and Lansky Play-Performance status [LPS] (25) in pediatric ones), laboratory tests results and contrast-enhanced MRI for neuronavigation. In preoperative MRI, patients were categorized based on preoperative contrast enhancement characteristics. To evaluate the extent of resection (EOR), a volumetric MRI examination was performed for each patient within 72 hours after surgery; in particular, to calculate the residual pathological volume, the hyperintense alterations in volumetric basal T1 acquisitions were subtracted from the volume of hyperintense tissue in post-contrast volumetric T1 images, to avoid the incidental inclusion of blood or blood product (26). The EOR was calculated as a percentage of tumor resection based on early contrast-enhanced postoperative MRI; according to the entity of resection, we distinguished four main categories: GTR (EOR 100%), sub-total resection (STR, with an EOR of 90–100%), partial resection (PR, 30–90%) and biopsy. The postoperative clinical evaluation included a standard neurological examination as above as well as laboratory test (kidney function) and exclusion of occurrence of any side effect related to fluorescein injection. Clinical and neuroradiological long-term follow-up was performed for postoperative period as part of normal clinical practice, including telephonic interview.



Surgical protocol

The standardized surgical protocol of fluorescein-guided technique, as already described in previous papers (11, 12, 15, 20, 21), is based on i.v. SF (Monico S.p.A., Venice, Italy) injection at standard dose of 5mg/kg, by a central or peripheral venous line, immediately upon completion of the induction of general anesthesia. Surgery was performed with the aid of a surgical microscope equipped with an integrated fluorescent filter tailored to the excitation and emission wavelength of sodium fluorescein (YELLOW 560 – Pentero 900 and Kinevo; Carl Zeiss Meditec, Oberkochen, Germany). Surgical procedures were executed by different surgeons with the same philosophy regarding the importance and evaluation of SF and with the principle of the maximal safe resection. During resection, the microscope could be switched alternatively from fluorescent to white-light illumination; neuronavigation, intraoperative contrast enhanced ultrasounds or other tools could be used according to the surgeon’s preference. In tumors located adjacent to eloquent areas, intraoperative neurophysiological monitoring was used. Tumors were removed in an inside-out fashion until all fluorescent tissue was removed, as considered feasible by the surgeon.



Intraoperative fluorescence characteristics and side effects

Fluorescence intensity was graded by the surgeon as intense, moderate, slight or absent; surgeons were also asked to classify the use of SF per each procedure as useful, useless or not essential to achieve surgical aims. Furthermore, medical reports were evaluated for any possible adverse effect or allergic reaction to fluorescein administration.



Statistical analysis

The heterogeneous sample was described by means of the usual descriptive statistics: mean, median and standard deviation for continuous variables and proportions for categorical ones. PRISM software for Macintosh was used for the statistical analysis.




Results


Patients population

We enrolled 12 patients (7 males and 5 females; 3 pediatric patients, mean age 10 years, range 5 to 13 years and 9 adult patients, mean age 50.6 years, range 35 to 63 years) affected by pleomorphic xanthoastrocytomas (Table 1).


Table 1 | Characteristics of the patients and main results.



All patients presented with variable contrast enhancement pattern on the preoperative MRI: predominantly, PXA showed a heterogeneous enhancement (6/12 – 50%) with different degree of intensity and occasional presence of cystic components; in 2 cases (16.7%), the tumor presented a homogeneous and intense contrast enhancement whereas in other 2 cases (16.7%) the contrast uptake resulted peripheral and heterogeneous with central cystic-necrotic areas. Finally, 2 PXA (16.7%) appeared characterized by an intense enhancement of the solid, mural component with a large, satellite cyst (Table 1).

Most patients underwent surgery until 2021; 4 out of 12 cases (33.3%) resulted pleomorphic xanthoastrocytoma (grade II, WHO 2016), 6 of them (50.0%) were diagnosed anaplastic pleomorphic xanthoastrocytoma whereas 1 patient (8.3%) was affected by pleomorphic xanthoastrocytoma (grade 2, WHO CNS5 2021) and another (8.3%) by pleomorphic xanthoastrocytoma (grade 3, WHO CNS5 2021). Data on the clinical condition at admission, discharge, and follow-up and intraoperative findings were available for all patients (Table 1).



Intraoperative fluorescence characteristics and surgeon’s opinion

Intense fluorescent staining was reported in 10/12 cases (83.3%) whereas a moderate fluorescence enhancement was detected in 2 patients (16.7%). In 2 multicystic tumors, independently from specific fluorescein enhancement, we observed a bright fluorescent cystic fluid (Table 1). Five patients of our series (41.7%) were taking presurgical corticosteroid as a mild anti-edema (dexamethasone 4-8mg/day) and as a symptomatic relief; according to our case analysis, preoperative corticosteroid therapy did not affect fluorescence characteristics, as subjectively judicable by the surgeons. In all cases, intraoperative fluorescence was deemed helpful (Table 1) in achieving GTR by means of a better delineation of the borders of the tumor tissue from the health parenchyma, as compared to the conventional microsurgical technique using white-light illumination (Figure 1). Intraoperative fluorescence corresponded to preoperative MRI documented contrast enhancement. No technical difficulties regarding the use of the microscope filter nor switching between white and yellow light were encountered during the surgical resections.




Figure 1 | Preoperative T1 with contrast sagittal scan (A) in a 54-year-old female (patient n.8) shows a left frontal anaplastic pleomorphic xanthoastrocytoma with a gross-total resection, as detectable by postoperative post-contrast T1 MRI in (E). After dural opening, it was possible to appreciate a greyish and pale lesion (B) that was better highlighted after activation of YELLOW 560 filter (F). The tumor was removed with an inside-out fashion with the aid of a monopolar suction probe, showing a bleeding, friable tissue (C). During surgical resection, fluorescein helps the surgeon to identify residual pathological tissue (dotted lines in G), not clearly visible under white light (C). At the end of resection (D, H), no more fluorescent/pathological areas were detectable with the YELLOW 560 filter activated or with white light illumination.





Extent of resection

GTR was achieved in 8 cases out of 12 patients scheduled for tumor removal (66.7%); in 2 cases (16.7%) the resection was planned as subtotal (planned STR) due to the volume of the lesion and the relationship with eloquent areas whereas in other 2 patients (16.7%), an intended STR was the consequence of the intraoperative identification of fluorescent residual spots in the context of eloquent tissue identified by means of intraoperative neurophysiological monitoring and due to tenacious adherences with MCA branches, in order to avoid neurological worsening (Table 1).



Side effects and outcome

No adverse drug reaction related to SF injection was reported in this cohort of patients; the only remarkable and visible effect was the transient yellowish staining of urine which disappeared in about 24 hours.

At baseline, 9/12 (75%) of patients had KPS/LPS scores of 80-100, indicating good clinical and neurological conditions. Surgical morbidity led to a postoperative mild decline of KPS/LPS score in 5 patients; 6 patients were discharged with an unchanged KPS/LPS score whereas 1 patient presented a clinical improvement by means of surgical treatment. At discharge, 5/12 (41.7%) of patients had KPS/LPS scores of 80-100 (Table 1).

In addition to minor neurological complications related to the surgical manipulation of the specific eloquent structures, in 1 patient (n.5) a hemorrhagic complication requiring a re-craniotomy occurred (extradural hematoma); no significant neurological impairment derived from this emergency condition. Two patients with periventricular tumoral localization (n.6 and n.10) developed, in the postoperative course, a subacute obstructive hydrocephalus which required surgical management through positioning of a ventriculoperitoneal shunt.

The follow-up period ranged between 2 and 55 months, with a median follow-up of 24.1 months.

Tumor grading significantly influenced patient outcome; indeed, anaplastic PXA were characterized by a worst prognosis. Grade II/2 tumors were followed-up both clinically and radiologically whereas grade III/3 tumors were scheduled for Stupp protocol; no target or other pilot therapy was administered as a first line: B-Raf-inhibitor (Vemurafenib) was purposed in case of progression disease (27). Follow-up data were available for all patients.

Regarding grade II/2 PXA, all 5 patients were neuroradiologically stable (tumor free or stable remnant tumor) with substantially unchanged clinical status (Table 1).

Otherwise, regarding anaplastic PXA (7 cases), only 2 patients (28.6%) were neuroradiological stable (tumor free) presenting a clinical improvement measured by means of the KPS/LPS score. Three patients (42.9%) presented progression disease although Stupp protocol and are prosecuting with a chemotherapeutic approach with the possibility of performing a re-do surgery; finally, in 2 cases (28.6%), progression disease was so quick and clinically worsening leaving space only for palliative therapies (Table 1).




Discussion

To our knowledge, this is the first report evaluating the advantages of fluorescein-guided surgery in PXA resection. Given that the contrast uptake at the preoperative T1-weighted MRI reflects the fluorescent staining pattern of the tumor (9, 15), we hypothesized that the use of the SF would have positively affected the intraoperative magnification of these neoplasms. Indeed, the use of SF could improve tumor visualization and, therefore, the entity of tumor removal (14): our observation was associated with contrast enhancement on preoperative MRI, which was present in almost all tumors of our series.

Ten patients enrolled in the study were scheduled for surgery with a previous planning of macroscopic resection but keeping in mind the philosophy of maximal safe resection: in this series, we obtained GTR in more than half of the patients (8/10, 80.0%); this data can be explained by the fact that many tumors were located in such eloquent regions in which a sub-total resection is sometimes advisable, in order to avoid permanent neurological deficits. As a matter of fact, minimal residual tumor (lower than 10% of preoperative tumor volume) at postoperative MRI was expected in 4 cases out of the total 12 patients (33.3%), as it was involving eloquent areas (sensorimotor region, corticospinal tract, and arcuate fascicle) or due to the adherences to MCA insular or perforating branches and was therefore independent from the fluorescence visualization. Therefore, in these cases, the EOR was related to the identification of eloquent subcortical tissue during resection, by means of neurophysiological monitoring, that allowed obtaining a maximal safe resection. In fact, in all cases, surgeon-reported visibility of pathologic tissue was clearly enhanced by SF and YELLOW 560 filter view and almost always judged helpful for complete tumor resection.

Pleomorphic xanthoastrocytoma is an astrocytic tumor thought to originate from subpial astrocytes or their precursors (1, 7). It is a rare entity accounting for < 1% and it is mostly seen in children and adolescents, with a median age of onset of 22 years old (22). They can arise anywhere along the neuroaxis, but they usually originate in the temporal lobe inducing epilepsy as a presenting symptom. PXA is a relatively recent entity with variable clinical outcome and still current dilemma regarding the optimum treatment (1); the rarity of this disease precludes conducting a strong trial: currently, aggressive surgical resection is the more effective therapeutic intervention because of its irrefutable correlation with both overall survival (OS) and progression-free survival (PFS). The role of supramaximal resection is discussed but no evidence is present.

According to WHO CNS5 classification (3), pleomorphic astrocytomas are considered as circumscribed astrocytic gliomas in consideration of their more solid growth pattern, as opposed to the strongly infiltrative behavior of diffuse astrocytomas; they are include in the same group of the more frequent pilocytic astrocytomas (PA), though, at the same time and as discussed above, PXA present some infiltrative features which make them like adult-type diffuse astrocytoma. In relation to mitotic index and specific mutations, PXA are classified as a grade II/2 or III/3 tumors. Pediatric PXA patients have improved survival outcomes compared to their adult counterparts. PXA have a higher tendency to recur than other gliomas; indeed, PFS is similar between grade II/2 and grade III/3 tumors, whereas anaplastic pleomorphic xanthoastrocytomas, having a more aggressive behavior, present a worse prognosis with a significative impact on OS. Therefore, the WHO grading is still important, remaining a strong predictor of overall survival.

Few recent published series regarding this argument show that GTR was achievable in about half of the patients operated with white-light illumination (7, 22, 28). In this perspective, the application of new technical tools aiming at improving the EOR could be beneficial in the management of PXA. During the last years SF has emerged as intraoperative tracer able to improve brain-tumor visualization (14–16), due to its vascular, non-specific mechanism of action related to the accumulation in brain regions with BBB disruption (9, 12): these areas present an altered permeability that seems to correlate consistently with the contrast enhanced portions of T1-weighted MRI sequences, accounting for the staining capacity of this fluorescent tracer with tumors that uptake contrast (21). Previous experiences had suggested that the use of SF could be associated with a bright fluorescence of the tumor area in primary and recurrent high-grade gliomas (14, 15, 20, 29), in brain metastases (17), in primary CNS lymphomas (18), in gangliogliomas (16), and recently in the similar entity of circumscribed astrocytic gliomas which are the pilocytic astrocytomas (30): this was also associated with good results in term of extent of resection as well as PFS and OS. In particular, in the heterogeneous group of PA, a maximal safe resection was reached in more than 80% of cases. Use of the fluorophore 5-aminolevulinic acid (5-ALA), a biochemical precursor of hemoglobin that provokes the synthesis and accumulation of fluorescent porphyrins in different tumors, has been reported but with inconsistent results: in a recent systematic review by Schwake et al. (31), 5-ALA was evaluated in different pediatric tumors, including 3 PXA, and strong fluorescence enhancement could be detected in 1 case (32), therefore accounting for a judgment of usefulness only in the 33.3% of the entire series. No comparative study for this specific tumoral histotype are available in the current literature.

In addition, the recent introduction of a dedicated filter integrated on the surgical microscope, specific for the excitation and emission wavelength of sodium fluorescein, has further improved the intraoperative visualization of the tumor and the surrounding brain parenchyma (11, 12). This technological adjunct significantly affected the development of fluorescein-guided surgery having increased the discrimination of tumoral tissue from the surrounding viable brain parenchyma. Our results seem to suggest that fluorescein-guidance for surgical resection may improve the intraoperative discrimination of the tumor margin and potentially increase the GTR rate. As stated by Xue et al. (33), we want to underline that our opinion is that only the combination of the largest number of tools, also including fluorophores, can guarantee an optimal surgical radicality in CNS surgery.

Although intraoperative evaluation of the fluorescence was subjective in this study, the report of helpful fluorescence in all cases, particularly at the tumor margins, taken together with the rate of GTR, suggests a reproducible effect (Figure 1). Fluorescein is still undergoing feasibility tests, especially in combination with the specific YELLOW 560 filter. It is important to stress that, in most of the Countries, the use of SF as a tracer in neuro-oncology should still be considered off-label; thus, a widespread utilization of fluorescence-guided surgery will depend on the definitive approval by the competent authorities (12, 15). Optimal dosage and timing of SF in PXA surgery is neither known nor experienced in this study: also in this cohort of tumors, we have used the low dosage of 5mg/kg, intravenously injected at the time of patient intubation (11), as originally proposed by our group in January 2012 (20).

The main limitation of the presented study is represented by the lack of data about overall survival in grade II/2 tumors: given the rarity of PXA, a long-term follow-up is not available in our data; for this reason, along with the inclusion of both anaplastic and not PXA, a proper patient evaluation from a prognostic perspective was not possible. Another selection bias in addition to different tumor grading inclusion, is the association in a single cohort of both adult and pediatric cases. Moreover, we did not make any comparison between the use of SF and white-light illumination or other available fluorophores, like 5-ALA. The current state, it is difficult to compare these two important fluorophores since the different mode of action, administration and visualization (34). Despite these weaknesses, our study could represent a proof of concept that may indicate that fluorescein utilization is potentially useful in the identification of tumoral tissue and in achieving a high rate of GTR of PXA. As previously demonstrated with other lesions, further studies could better elucidate the contribution of fluorescein-guided technique in improving the intraoperative visualization during surgical resection of this tumor subtype. Furthermore, the effect of fluorescein on PFS and OS needs to be evaluated in a randomized, controlled clinical trial with adequate power to precisely assess the outcomes within a predefined observation period.



Conclusion

Our data suggested a positive effect of fluorescein-guided surgery during resection of PXA with contrast enhancement on preoperative MRI. We assert that SF is a safe and feasible tool: the use of fluorescein and YELLOW 560 filter is a readily available method for fluorescence-guided tumor resection, allowing intraoperative tumor visualization similarly to contrast enhancement in brain MRI.
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Tuberous sclerosis complex (TSC) is an inherited disorder that typically presents with seizures, developmental delay, cutaneous lesions, and facial angiomas. Clinical diagnosis of TSC based on symptoms is sometimes challenging due to its clinical similarities with neurofibromatosis type 1 (NF1), another type of neurogenetic tumor syndrome. Differential diagnosis should be carefully performed on the basis of clinical presentations, imaging, laboratory, and genetic testing. Here, we presented a case of a patient with an aggressively enlarged right upper limb in the NF1 clinic, who was initially suspected of a giant plexiform neurofibroma. However, differential diagnosis revealed TSC as the final diagnosis. The treatments for NF1 and TSC vary significantly, and misdiagnoses can lead to serious threat to the patients’ health. We also systematically reviewed all previous cases regarding differential diagnoses between NF1 and TSC. This case report can help clinicians make more accurate diagnoses and benefit the potential patient community.
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Introduction

Tuberous sclerosis complex (TSC) is a rare genetic disease characterized by seizures, developmental delay, and facial angiomas (Vogt’s triad) (1). Neurofibromatosis type 1 (NF1) is another neurogenetic tumor syndrome caused by the mutation of the NF1 gene (2). There are similarities in clinical symptoms between TSC with NF1, which might cause misdiagnosis. Here, we described a case of a young patient with TSC with an enlarged right arm who was first diagnosed as NF1 during first visit to the clinic. Genetic testing revealed the TSC1 mutation, and TSC was confirmed as the final diagnosis. Furthermore, the radiological imaging showed lung lymphangioleiomyoma and poor blood supply in the right arm. Last, we discussed the clinical treatment and follow-up recommendation for this patient (Figure 1).




Figure 1 | Timeline of this case.





Case presentation

A 20-year-old man presented to our institution, complaining that the right upper limb was much thicker than the left from birth, along with the enlargement of his left index finger and middle finger (Figures 2A–C). The volume of the right upper limb increased significantly during puberty. Five months before this visit, the patient suffered from an ulcer on the right hand that had failed to heal. He did not pay much attention to the enlarged right arm as he has got used to the condition for over 20 years. The main complaint for this visit was the non-healing right-hand ulcer, which he thought could be solved after simple debridement. He showed little awareness and had limited knowledge regarding the disease. Upon questioning, the patient declared no history of seizures and showed no signs of amentia. His parents also reported that the patient had no history of autism.




Figure 2 | Clinical symptoms. (A) Enlarged right arm; (B, C) unhealing ulcer; (D) adenoma sebaceous; (E) depigmented macule; (F) gingiva; (G) periungal fibromas.



On clinical examination, the right arm was significantly more prominent than the left, with the soft tissue being much thicker than the opposite side. Meanwhile, there were sebaceous adenomas on the back, depigmented macules on the face, and fibromas under the nail bed (periungual fibromas) and gingiva (Figures 2D–G). Other skin lesions of tuberous sclerosis such as ash-leaf spots and shagreen patches were not evident. The physical examinations of cardiovascular and central nervous systems were also normal.

We initially suspected the case as plexiform neurofibroma with NF1 due to the enlargement of the right arm. However, the facial spots described by the patient as “café’ au lait spots” are actually depigmented macules. Whole-body imaging was then conducted for the patient. The head CT revealed subependymal, cortical, and subcortical nodules (Figure 3A). Meanwhile, we found lymphangioleiomyomatosis on the chest CT, focal sclerosis, and bone cysts in multiple bone regions such as the spine (Figures 3B, C). Although MRI might help clarify the nature of the enlarged right arm, it could not be conducted as the volume of the patient’s right arm exceeded the maximum size limit of our MRI machine. No hemorrhage and retinal hamartomas were found on ophthalmic examination, and mild mitral regurgitation was found on echocardiography.




Figure 3 | Medical imaging results. (A) Nodules showed on the head CT; (B) lymphangioleiomyomatosis on the chest CT and bone cysts in the different regions; (C) lymphangioleiomyomatosis on the chest CT and bone cysts in the different regions.



Genetic testing was conducted for further differential diagnosis. No NF1 mutation was found. Furthermore, there was a heterozygous mutation on the TSC1 gene.

On the basis of these features, a diagnosis of TSC was established, and the non-healing ulcer was considered to be associated with the vascular blockage caused by the thickened soft tissue. Digital subtraction angiography (DSA) was used to analyze the blood flow condition of the right arm (Supplementary File 1). The result showed insufficient blood supply in the distal right upper limb, and amputation appeared to be the only treatment plan for the patient. During consultation, the patient showed difficulties accepting this treatment plan and stated that he needed time for consideration. Approximately 4 months later, he finally accepted the amputation surgery of the right arm as the ulcer condition barely improved. After the surgery, we recommended life-long follow-up and monitoring of potentially fatal complications. Annual ophthalmology examination was also essential for the risk of hemorrhage. As the patient also presented with lung lymphangioleiomyoma and cyst, high-resolution CT should be performed every year and the annual pulmonary function examination was necessary.



Discussion and conclusions

TSC is caused by the pathogenic variants in either the TSC1 or TSC2 tumor suppressor genes, located on chromosomes 9q34 and 16p13, respectively (3). TSC1 and TSC2 encode the protein hamartin and tuberin, which together suppress the activity of the mammalian target of rapamycin (mTOR) pathway (4). Loss of their function leads to continuous activation of the mTOR pathway, which results in cell proliferation (4). Typical clinical symptoms of TSC include periungual fibromas, renal angiomyolipoma, benign interstitial expansion of lung pulmonary smooth muscle cells, and neurological symptoms like seizures and neurodevelopmental delay (1).

Neurofibromatosis type 1 (NF1) is also an autosomal dominant genetic disorder caused by another tumor suppressor gene NF1 (2). The NF1 gene encodes neurofibromin, a negative regulator of the RAS–mitogen-activated protein kinase pathway. The loss of NF1 contributes to the activation of this pathway and finally leads to tumor growth and development (5). Classic clinical features include café-au-lait macules, skinfold freckling, benign neurofibromas like cutaneous neurofibroma and plexiform neurofibroma, brain tumors, iris hamartomas, and typical bony lesions. Meanwhile, there are also reports of neurological manifestations such as epilepsy (6).

Comparing these two diseases, both may have vague and overlapping clinical presentations that can lead to missed diagnosis and finally cause delayed treatment. Coincidentally, both NF1 and TSC were first described by Von Recklinghausen, which proved from the side that these two diseases have some similar symptoms (7, 8). The major clinical diagnostic criteria of TSC such as hypomelanotic macule, angiofibroma, and shagreen patch are sometimes difficult to distinguish from typical NF1 phenomenon like café-au-lait macules, skinfold freckling, and benign neurofibroma (Table 1). Although NF1 and TSC are the first and second most common neurogenetic tumor syndromes, NF1 only has a prevalence of approximately 1:2,500 to 1:3,500, whereas TSC is even rarer and affects 1 in 5,500 to 1 in 10,000 live births (9). The limited amount of clinical cases further caused difficulties in clinical differential diagnosis, especially for doctors in remote areas. Moreover, it was shown that, in some cases, both NF1 and TSC could occur in a single individual, which might further confuse the diagnosis. We performed an extensive review of the literature using PubMed search including the words (NF1 and tuberous sclerosis) from the year 2000 until 2021 (Table 2) (10–14). Interestingly, Wheeler and Sadeghi-Nejad reported a case of a 4-month girl that suffered from both NF1 and TSC but reported a family history of NF1 only (12). After a definite diagnosis of TSC was made for this girl, her parents were carefully re-examined and also confirmed the diagnosis of TSC (12). This case further indicates the similarities of some clinical symptoms, and one definite diagnosis might further inhibit the recognition of another. Genetic testing and pathological biopsy may be necessary for a definite diagnosis of TSC. Moreover, as TSC and NF1 are both hereditary diseases, first-degree relatives should undergo a clinical assessment and a three-generation family history is required.


Table 1 | Comparison of diagnosis criteria or neurofibromatosis type 1 and tuberous sclerosis complex.




Table 2 | List of published case reports of patients with both NF-1 and TSC from 2000 to 2021.



Current clinical management of TSC is insufficient as most of them are symptomatic treatments, especially for seizures. Early therapeutic intervention for children who present with infantile spasms correlated with TSC is essential, and the first-line treatment is vigabatrin (15). Furthermore, the mTOR inhibitors such as everolimus have provided great therapeutic promise. A clinical study showed that treatment with everolimus in patients with TSC resulted in a sustained decrease in seizure frequency in children and adolescents (16). Nonetheless, this patient did not have any history of seizures. As he reached the age of 20 and presented with vascular blockage indicated by the non-healing ulcer, surgical approaches were considered according to the 2021 updated TSC international recommendations (17). DSA examination further showed signs of ischemia. As a result, amputation was the only surgical choice for him. Compared to the limited drug choices for patients with TSC, the development of drug therapies for patients with NF1 progressed rapidly. Selumetinib, a Mitogen-activated extracellularsignal-regulated kinase (MEK) inhibitor, was reported effective for plexiform neurofibroma and was approved for clinical usage by FDA (18). Early distinguishment of these two diseases is essential for further proper clinical treatment.

Another essential issue for the treatment of patients with TSC is life-long follow-up recommendations. TSC influences multiple organs in the body, and some manifestations are life-threatening. For example, our patient has lymphangioleiomyoma, which might cause respiratory dysfunction. According to the 2021 updated TSC international recommendations, we recommended routine serial pulmonary function test annually on chest CT (17). Meanwhile, we had several recommendations regarding other possible TSC features, including continuous sun protection for depigmented macules, detailed dental examination every 6 months, electrocardiography every 3 years for mild mitral regurgitation, annual ophthalmic evaluation, and renal function assessment. For patients with NF1, life-long follow-up is also essential, but they are less concerned with respiratory dysfunction. A definite diagnosis is essential for further proper follow-up.

Definite and accurate diagnosis is the basis for proper and effective treatment, and misdiagnosis might cause further damage to the patients and waste medical resources. It is far more essential for relatively rare diseases as most doctors might have relatively less experience with them. This case introduced the possible pitfall and similarities of clinical phenomena between TSC and NF1, which might be helpful for future clinical diagnosis and management of these diseases in this area.
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Objective

Peripheral nerve sheath tumors (PNST) include mainly schwannomas and neurofibromas. Surgical resection represents the mainstay of treatment but due to their pathogenesis, distinguishing between intact functional nerve and the fibers from whence the PNST arose may not always be easy to perform, constituting the most relevant risk factor in determining a worsening in neurological condition. The introduction of intraoperative tools to better visualize these tumors could help achieve a gross-total resection. In this study, we analyzed the effect of sodium fluorescein (SF) on the visualization and resection of a large cohort of PNST.



Methods

Between September 2018 and December 2021, 142 consecutive patients harboring a suspected PNST underwent fluorescein-guided surgery at the Department of Neurosurgery of the Fondazione IRCCS Istituto Neurologico Carlo Besta, Milan, Italy. All patients presented with a different degree of contrast enhancement at preoperative MRI. SF was intravenously injected after intubation at 1 mg/kg. Intraoperative fluorescein characteristics and postoperative neurological and radiological outcomes were collected, analyzed, and retrospectively compared with a historical series.



Results

142 patients were included (42 syndromic and 100 sporadic); schwannoma was the predominant histology, followed by neurofibroma (17 neurofibroma e 12 plexiform neurofibroma) and MPNST. Bright fluorescence was present in all cases of schwannomas and neurofibromas, although with a less homogeneous pattern, whereas it was significantly less evident for malignant PNST; perineurioma and hybrid nerve sheath tumors were characterized by a faint fluorescence enhancement. The surgical resection rate in the general population and even among the subgroups was about 66.7%; from the comparative analysis, we found a consistently higher rate of complete tumor removal in plexiform neurofibromas, 66% in the “fluorescent” group vs 44% in the “historical” group (p-value < 0.05). The rate of complications and mean surgical time were superimposable among the two populations.



Conclusions

SF is a valuable method for safe fluorescence-guided PNST and mimicking lesions resection. Our data showed a positive effect of fluorescein-guided surgery in increasing the rate of surgical resection of plexiform neurofibromas, suggesting a possible role in improving the functional and oncological outcome of these lesions.
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1 Introduction

Peripheral nerve sheath tumors (PNST) constitute a miscellaneous group that counts for 10-15% of all soft tissue primary tumors (1). Among the histopathologic entities within the PNST (2), benign lesions, i.e., schwannomas and neurofibromas, are the most common overall and more frequently affect adults (3, 4). PNST can be sporadic lesions or associated with neurocutaneous syndromes characterized by multisystemic manifestations, prominently affecting structures primarily derived from the ectoderm (5, 6). Syndromic PNST affect young adults and children and are generally present in multiple localizations, including several subcutaneous lesions; although it is a rare subgroup, malignant PNST are more frequent in syndromic diseases than sporadic conditions. Neurofibromas are mainly related to neurofibromatosis type 1 (NF1), and they present the risk of malignant transformation into aggressive and infiltrative sarcomas (7, 8), with severe morbidity and also mortality (9). The role of adjuvant radiotherapy and traditional chemotherapy remains unclear for such tumors. The mainstay of treatment is surgical enucleation which should not lead to neurological impairment (3, 10, 11); gross-total resection is a pivotal predictor of local control and recurrence and could prevent possible malignant behavior (12). A relevant tool to reduce surgical morbidity on neurological functions is the use of intraoperative neurological monitoring (IOM) (13) which has an impact on identifying functional nerves, localizing the safest entry point inside the tumor capsule, and recognizing anatomical structures in case of large and destructive tumors. Nevertheless, the role of IOM is still an argument of debate among different groups involved in PNST surgery (14). Moreover, distinguishing between functional intact nerves and the silent fibers from whence the PNST arose is not always easy to perform (10). As already studied in central nervous system (CNS) tumors surgery, using intraoperative fluorophores could represent a valuable method to visualize pathological tissue better and possibly improve tumor resection (15–18).

Fluorescein is a green fluorescent synthetic organic compound with countless medical applications, mainly as fluorescein sodium salt (SF), a water-soluble dye. Although some pioneering applications in neuro-oncology (19), its use has been initially limited to ophthalmology (20). However, introducing a dedicated and integrated filter in the surgical microscope has exponentially increased SF applications in neurosurgery. After the first prospective phase II trial to evaluate the safety and efficacy of fluorescein-guided resection of high-grade gliomas by the use of a dedicated fluorescence filter in the surgical microscope (17), the Italian Medicine Agency (AIFA) has extended the indications for the utilization of fluorescein molecule (905/2015) (21). According to this determination, the use of SF as a neurosurgical tracer during oncological procedures is approved, and the Italian National Health System reimburses its cost.

The potential role of SF in PNST surgery is still little explored, despite some preliminary clinical reports (22–25). Experimental models have demonstrated that SF causes endoneurial extravasation, like blood-brain barrier extravasation, confirming the behavior of fluorescein as an unspecific vascular dye (26–28). In 2019, we presented our preliminary experience in a series of 20 patients with different PNST, in which fluorescein was used for intraoperative visualization and guidance in tumor removal (25), and we demonstrated that fluorescein is a feasible, safe, and helpful intraoperative adjunct to better identify and distinguish PNST from intact functional nerves, with a possible impact on tumor resection, particularly in diffuse neurofibromas (29, 30). Then we started a prospective analysis on a broader series regarding the use of SF as an intraoperative tracer for peripheral nerve tumors. We present our experience and benefits of intraoperative SF application during surgical removal of different PNST.



2 Methods


2.1 Patients and inclusion criteria

The inclusion criteria were: (1) patients of both genders, excluding pediatric patients (2) patients with suspected PNST, as suggested by preoperative ultrasound and MRI with paramagnetic contrast agent administration. The exclusion criteria were: (1) impossibility to give consent due to cognitive deficits or language disorders; (2) known allergy to contrast agents or history of previous anaphylactic shocks or known severe previous adverse reactions to SF; (3) acute myocardial infarction or stroke in the last 90 days; (4) severe organ failure; (5) women in their first trimester of pregnancy or lactation. Patients harboring mimicking lesions at histopathological examination but who had required a similar microsurgical treatment including the role of intraoperative neuromonitoring to preserve neurological function have not been excluded. The study started in September 2018, when the first patient was enrolled. All patients gave written informed consent for the surgical procedure, including the use of fluorescein, and were included in the prospective study about the use of fluorescein in neurosurgical procedures. The protocol has been approved by the Ethical Committee of the Fondazione IRCCS Istituto Neurologico Carlo Besta. To identify a comparative cohort of patients affected by PNST undergoing surgery before SF diffusion, we systematically and retrospectively reviewed our departmental surgical and neuropathological databases between March 2015 and August 2018. The Institutional review board approved the retrospective analysis.



2.2 Clinical and radiological management

The preoperative assessment included physical and neurological examination, laboratory test results, preoperative contrast-enhanced MRI of the region of interest, and ultrasonography. The postoperative clinical evaluation comprises neurological examination as above, laboratory test (kidney function), and exclusion of any side effect related to fluorescein injection. Patients with sporadic PNST received standard radiological follow-up with a first MRI of the nerve and body segment of interest three months after surgery; on the contrary, patients affected by neurofibromatosis or schwannomatosis underwent a more accurate neuro-oncological follow-up, also comprising brain and spinal MRI. Gross total resection was defined as the absence of residual hyperintense tissue on postoperative postcontrast volumetric T1 images after subtraction of the volume of spontaneous hyperintense tissue in volumetric T1 images without contrast; the T2 sequence was further analyzed and compared to preoperative one to exclude residual pathological tissue.



2.3 Surgical protocol

The standardized surgical protocol of fluorescein-guided technique is based on intravenous (i.v.) SF (Monico S.p.A., Venice, Italy) injection at the standard dose of 1mg/kg immediately upon completion of the induction of general anesthesia. Surgery was performed under microscopic view through surgical microscopes equipped with an integrated fluorescent filter tailored to sodium fluorescein excitation and emission wavelength (YELLOW 560 – Pentero 900; Carl Zeiss Meditec, Oberkochen, Germany). During resection, the microscope could be switched alternatively from fluorescent to white-light illumination. The safest surgical technique forecasts a sufficiently large tumor exposure, followed by inspection and pseudocapsule or true capsule direct electrophysiological stimulation to identify possible functional fascicles running inside. To guarantee an accurate IOM, general anesthesia is administered in a totally intravenous way with a targeted controlled infusion (TIVA-TCI) of a combination of propofol and remifentanil, maintained at a constant plasma concentration due to pharmacokinetic models; muscle relaxants are only used during intubation and, when necessary, a curare antagonist is administered before starting the electrostimulation. The subsequent surgical step is, therefore, the incision of a safe, silent entry zone, followed by intraneural and longitudinal dissection allowing progressive isolation and tumor removal via en bloc enucleation. In the case of huge tumors or neurofibromas, neoplastic tissue is usually removed piecemeal when an en-bloc enucleation is not feasible. Current neurophysiological protocol for peripheral nerve surgery comprises continuous free-running and stimulus-triggered electromyography to verify during and at the end of the procedure the functional integrity of the nerve.



2.4 Intraoperative fluorescence characteristics and side effects

Fluorescence intensity was subjectively graded by the surgeon as bright (homogeneous or inhomogeneous), faint or absent during surgical procedure; in addition, it was reported by the surgeon whether fluorescein was considered useful for removing the tumor. Furthermore, medical reports were evaluated for any possible adverse effect or allergic reaction to fluorescein administration.



2.5 Histological analysis

Histopathological analysis was performed in each case; tumors were classified according to the 2016 and 2021 WHO classification of nervous tissue tumors (31, 32) by the neuro-pathology group of our Institute as part of the daily clinical practice.



2.6 Statistical analysis

The sample was described by means of the usual descriptive statistics: mean, median, and standard deviation for continuous variables and proportions for categorical ones. PRISM software for Macintosh was used for the statistical analysis.




3 Results

A total of 142 consecutive patients (75 females and 67 males) admitted at our Institution between September 2018 and December 2021 for a suspected PNST were included in the analysis. The mean age of presentation was 45.1 years, with a median age of 47.8 years (ranging from 18 to 82 years). The median follow-up in our cohort was 6.5 months, with a minimum of 3 months and a maximum of 35 months. Patients with neurocutaneous syndromes represented 29.6% of our cohort (42/142): 21 patients (14.8%) were affected by NF1, 15 patients (10.6%) by schwannomatosis, and 6 (4.2%) by NF2. The most common neoplasms were schwannomas (92/142 – 64.8%), followed by neurofibromas (17/142 – 12%) and plexiform neurofibromas (12/142 – 8.5%); MPNST were the fourth most represented histology (5/142 – 3.5%). The remaining neoplasms were a heterogeneous group with less common PNST, such as hybrid peripheral nerve tumors, perineurioma, lymphomas, and others. Histopathological and intraoperative fluorescein findings are reported in 
Table 1
.


Table 1 | 
Clinical characteristics of the Sodium Fluorescein series.




In 117 out of 142 patients (82.4%), we achieved a complete tumor removal (
Figure 1
), defined as radiological (at 3-months MRI) and histological radical excision without border infiltration at the histological specimen. We then analyzed these results concerning tumor histopathology. Similar complete resection rates in schwannomas (81/92) and neurofibromas (15/17) were achieved. In plexiform neurofibromas, the complete removal rate was 66.7% (8/12), while in MPSNT, 40% (2/5). In 6 cases of neurofibromas and in two schwannomas (
Figure 2
), the final YELLOW 560 visualization showed the presence of small remnants not visible under white-light illumination; this occurred more frequently in plexiform neurofibromas (4 of these 6 cases). The overall complication rate was 7.7% (11/142), considering both transient and permanent new neurological deficits. In 5 cases, a postoperative transient sensitive deficit was recorded, whereas all recovered completely at the three months follow-up. In four cases, postoperative worsening of a pre-existing motor deficit was present; after physio-kinesiotherapy, the patients partially recovered: in 2 cases, at the first follow-up visit, the neurological status was superimposable with the preoperative one, while in the other 2 cases a mild worsened motor deficit remained. A cerebrospinal fluid leak occurred in a sacral schwannoma with intradural extension, requiring revision surgery but without neurological impairment. Only one patient with a large cervical neurofibroma had a new motor deficit after surgery with left arm hyposthenia that persisted after physio-kinesiotherapy.




Figure 1 | 
Left brachial plexus schwannoma (coronal MRI scan in A). After skin incision and subcutaneous tissues dissection, the tumor appeared surrounded by the nerve (B). The first examination under YELLOW 560 filter (C) showed a slight and diffuse fluorescence both of the tumor and the nerve covering the tumor. However, after pseudocapsule incision (D), the tumor showed an intense and homogeneous fluorescence (E), whereas the nerve was only slightly fluorescent. Tumor removal was performed under intraoperative neurophysiological monitoring (F).







Figure 2 | 
Remnants identification in a left superficial peroneal schwannoma (A–C: white light; D–F: YELLOW560). After the popliteal fascia opening, the sciatic-superficial popliteal nerve was identified and followed distally: one 1,5 cm schwannoma was visible (dotted circle in A). The first fluorescein examination (D) depicted a corresponding area of more slight fluorescence than the nerve. Therefore the capsule was opened (B). However, the tumor appeared intensely fluorescent, more than the nerve (E). After tumor removal (C), the last examination under YELLOW560 evidenced a small remnant (arrowhead) non-clearly visible under white light, then removed to obtain a gross-total resection.




We finally compared these results retrospectively with a historical cohort of patients submitted to surgery between 2015 and 2018, matched for age, gender, and lesion characteristics. The “fluorescein” group (2018-2021) and the “standard of care (SOC)” group were comparable in terms of overall complete tumor removal and complication rates, the primary endpoints of our study. Looking at histological subgroups, we found a consistently higher rate of complete tumor removal in plexiform neurofibromas, 66% in the “fluorescent” group vs. 44% in the “SOC” group (p-value < 0.05, Fisher’s exact test, CI 95%) (
Table 2
).


Table 2 | 
Clinical characteristics of the comparison historical cohort of PNST.






4 Discussion

In our surgical series, the utilization of SF has represented a helpful adjunct in most of the PNST, mainly in neurofibromas. Compared to the retrospective analysis of a historical cohort well-matched for demographic and clinical characteristics, the use of SF could add significant advantages to tumor visualization. In particular, SF constituted a valuable tool in increasing the extent of resection in plexiform neurofibromas. During the last years, SF has emerged as an intraoperative tracer able to improve brain-tumor visualization (16–18, 33, 34), due to its non-specific, vascular mechanism of action related to the accumulation in brain regions with blood-brain barrier (BBB) disruption, as it happens with MRI contrast enhancement (35). The availability of integrated and specific filters in the surgical microscope has contributed to the wide diffusion of fluorescein (36). Therefore, based on our extensive experience with CNS tumors, we empirically started this experience of fluorescent PNST using a low dosage of 1mg/kg of sodium fluorescein, i.v. injected during the patient intubation to achieve optimal discrimination between the tumor and normal surrounding nerves (25, 29). Moreover, another factor that led us to evaluate the role of SF in PNST was that other diffused intraoperative dye as 5-ALA has demonstrated, in few cases of spinal neurinomas, the lack of positive fluorescence pattern, in relation to its specific mechanism of action (37, 38).

In our preliminary analysis comprising only 20 lesions, we discussed that fluorescein plays a valuable role during surgical resection of schwannomas by highlighting the pathological tissue with a brighter fluorescent appearance than the surrounding nerves (25). Nevertheless, we noted that the most relevant advantage of SF was obtained mainly in neurofibromas helping identify diffuse tumor remnants (
Figure 3
). The German group led by Pedro found similar results: the authors examined 21 cases of PNST during surgery under SF at the low dosage of 0.5-1mg/kg (22, 23). An optimal distinction between tumor and surrounding nerves was observed in all 17 schwannomas scheduled for fluorescein-guided surgery, in 1 neurofibroma, and 1 MPNST. The authors also experienced the role of SF in fascicular biopsy of lesions involving the whole nerve segment (23, 39), finding usefulness in a case of B-cell lymphoma, whereas the fluorescein uptake in the MPNST was so widespread that the SF-contrast was judged useless (23). Moreover, they stressed the role of ImageJ, an open platform for digital video analysis, in objectifying SF enhancement, confirming the intraoperative impression of increased fluorescence of the PNST compared to healthy tissue. After these experiences, SF was established as a standard visualization tool in PNST surgery at the authors’ Institution (23). Some case reports have also demonstrated the application and usefulness of SF in other peripheral nerve diseases, such as intraneural ganglion cysts (24). In contrast to all the previously mentioned findings, Kalamarides et al. examined five schwannomas with a fluorescein dosage of 0.5mg/kg (40) without noticing any benefit deriving from filter activation in tumor visualization or pathological tissue discrimination from nerve fascicles, except for only 1 case. However, these different results could partially be explained by the dose and timing of SF administration: as for CNS tumors, the high discrimination assured by SF appears to depend on the injection time and dosage (30). Regarding other commercially available fluorophores, 5-aminolevulinic acid (5-ALA) has been employed in spinal tumors but without any positive fluorescence pattern in the case of schwannomas (37). To date, no other study has been reported regarding using 5-ALA in PNST surgery, including MPNST.




Figure 3 | 
Coronal view in a huge plexiform neurofibroma of the whole upper left arm. Due to the rapid increase of a nodular lesion between radial and median nerves, the patients underwent partial surgery (coronal view in (A) – preoperative – and D – postoperative), with progressive exposure of the nerves by alternating the white light (B, C) and the YELLOW560 filter activation (E, F). The tumor showed intense fluorescence if compared to the moderate fluorescein uptake of the nerve, whereas the neurofibroma partially substituted the radial nerve (F).




A bright fluorescence was present in all schwannomas (
Figure 4
) and neurofibromas of the present series; on the contrary, the fluorescence pattern was significantly less evident for malignant PNST, as also reported by other groups (23). Perineurioma and hybrid nerve sheath tumors were instead characterized by a faint fluorescence enhancement, although the rarity of these histotypes cannot allow a strong generalization. Other tumors and lesions such as B-cell lymphomas, solitary fibrous tumors, or other malignant entities appeared highly fluorescent with an inhomogeneous pattern due to sporadic necrotic regions. Pedro and coworkers discussed about the role of a digitalized and video analysis of fluorescein enhancement: in our experience, comprising also CSN tumor oncology, we were used to evaluate a broad range of fluorescein enhancement due to several characteristics besides the specificity of the tumor, such as the timing of injection, previous radiation therapy or corticosteroid administration. Therefore, after an appropriate learning curve, we consider that an adequate subjective evaluation can overcome the software elaboration since the role of fluorescein magnification consists in allowing a discrimination between health and pathological fluorescent tissue, not based upon absolute uptake value how much rather on enhancement compared to the baseline of the surgical cavity.




Figure 4 | 
Axial (A) and coronal (D) view of a schwannoma of the suprascapular nerve. Under white light (B), the tumor capsule was, in some parts, indistinguishable from the nerve, but the schwannoma showed intense fluorescein uptake (E) compared to the nerve lying lower. The tumor was removed en bloc (C) entirely, and intense and homogeneous fluorescence was still visible (F).




These uptake findings correlate to the characteristic’s enhancement of tumors at preoperative MR, and the concentration of SF depends on endoneurial extravasation. The key point is the disruption of the blood-nerve barrier (BNB), which shares some structural features with the BBB (26, 41). The interaction between blood and nerve sheath justifies our clinical findings, in particular the increase of fluorescent enhancement after pseudocapsule opening and during tumor resection: this evidence can be explained considering that tumor growth disrupts the tight junctions, a network of transmembrane and peripheral proteins, altering BNB structure and leading to fluorescein extravasation and accumulation inside neoplastic nodules (28). In particular, a stratified analysis of our results revealed that the contribution of fluorescein is more significant for schwannomas and neurofibromas: the former presented a bright fluorescence with intense delineation of tumor borders which made more straightforward surgery, especially for large lesions which need a piecemeal removal. In the case of neurofibromas, especially for the plexiform variant, the role of SF can be judged fundamental in increasing the resection rate, as demonstrated by the comparison to our historical institutional series. Differently from schwannomas, due to various entering and exiting fascicles in neurofibromas, SF facilitates progressive dissection and piecemeal resection, thus allowing further identification of small remnants not visible under white-light illumination. Most of surgery can be performed under YELLOW 560 visualization which allows to visualize the surgical field in similar natural color with an adequate brightness: therefore, we cannot be able to quantify the specific cases in which SF could have increased resection; this datum can be indirectly derived by means a comparison with the historical series. On the contrary, the use of fluorescein remains questionable for other rarer tumors, such as MPNST, showing a minimal or heterogeneous pattern of SF uptake (
Figure 5
) and widespread involvement of healthy and functional structures; further studies including specifically a single-tumor entity could determine the real potentiality of this methodic.




Figure 5 | 
Comparison among the intense and homogeneous fluorescein uptake of a brachial plexus schwannoma (A, B) and a MPNST of the upper limb (C), which showed inhomogeneous and slightly fluorescence (D), compared to the surrounding nerve.




The complication rate is similar in the current series and the historical cohort. These findings can be explained by the role of IOM, employed for several years at our Institution, comprising both the control and the SF cohort. Intraoperative fascicular mapping and monitoring is still a surgical milestone; the use of SF represents, in our experience, an intraoperative adjunct without rejecting the standard principles of PNST microsurgical resection to preserve neurological function. We hypothesize the role of SF in selecting yellow nervous fibers silent at direct stimulation, probably due to tumor infiltration, to potentially increase surgical radicality. We did not report fluorescein-related side effects or adverse reactions. The only visible manifestation of fluorescein administration is the onset of a transient and harmless yellowish urinary stain that rapidly disappears after 24 hours. Despite the very high safety profile of SF, as also reported for ophthalmological applications that usually employ a dose of 500 mg (20, 42), the lack of side effects may be related to the low dosage used in this study, thanks to the dedicated filter into the microscope, that allowed more accurate identification of fluorescent tissue. Nonetheless, the main limitation of the presented study is represented by the heterogeneous histology of PNST included. In addition, the lack of a significant long-term follow-up prevents the elucidation of a possible correlation between the use of SF, the extent of resection, and survival. Another selection bias is the association of both sporadic and syndromic tumors. Future prospective studies could better address these limitations by stratifying the cohorts according to the major predicting factors of PNST removal, including tumor histology.



5 Conclusion

Fluorescein-guided surgery seems to be a safe and effective technique that can be used during the surgical resection of PNST to identify better and distinguish the most frequent subtypes of PNST from intact functional nerves. Prospective studies with long-term follow-up and designed for specific histologies could provide significant insights into the effects of fluorescein application on PNST patients’ outcomes.
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Introduction

Primary intracranial malignant lymphoma (PIML) is a rare form of lymphoma that most often occurs in the brain and has an extremely low 5-year survival rate. Although chemotherapy and radiotherapy are widely used in the clinical management of PIML, the choice of treatment regimen and the actual circumstances of patients remain challenges when assessing survival rates in different patients.



Methods

Considering this, we obtained clinical treatment and survival information from the Surveillance, Epidemiology, and End Results database (SEER) on patients with lymphoma, the primary site of which was the brain, and performed statistical analyses of the demographic characteristics. Survival analyses were performed using the Kaplan–Meier method, and univariate and multivariate Cox proportional hazards regression analyses were performed to identify independent prognostic factors.



Result

We identified age, pathology, the Ann Arbor stage, and treatment as the risk factors affecting patient prognosis. The areas under the curve (AUCs) for overall survival at 1, 3, and 5 years were 0.8, 0.818, and 0.81, respectively. The AUCs for cancer-specific survival at 1, 3, and 5 years were 0.8, 0.79, and 0.79. The prediction ability in the development and verification cohorts was in good agreement with the actual values, while we plotted the clinical decision curves for the model, suggesting that the nomogram can provide benefits for clinical decision-making.



Conclusion

Our model provides a prognostic guide for patients with PIML and a reliable basis for clinicians.
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Introduction

Primary intracranial malignant lymphoma (PIML) is an uncommon form of lymphoma, accounting for 1% of all non-Hodgkin’s lymphomas (1). Its incidence has increased over the last 30 years and is closely related to the immune function of patient (2). PIML has become the most common neurological tumor because of the increase in patients with acquired immunodeficiency syndrome and the use of immunosuppressive drugs following transplantation (3). Although PIML is relatively rare, it is more common than the secondary spread of primary extracranial lymphoma (4).

PIML is treated with a combination of chemotherapy, radiotherapy, and surgery in clinical practice (5). Of these, chemotherapy is the most conventional treatment (6), and experts in the field agree that high doses of methotrexate are the backbone of multimodal therapy (7), including other chemotherapeutic agents. However, there are many controversies regarding the treatment of PIML. The impact of surgical resection on PIML remains controversial, with one clinical study suggesting that for intracranial lymphoma, surgical resection improves PFS (progression-free survival) but not OS (1). Other controversies include the optimal upfront chemotherapy regimen, the status of radiotherapy, the risks and benefits of surgical treatment, and treatment involving the cerebrospinal fluid space (8).

To explore the impact of different demographic characteristics and treatment on the prognosis of patients with PIML, we performed a retrospective analysis of data corresponding to patients with PIML based on the Surveillance, Epidemiology and End Result (SEER) database (9). SEER database, supported by a project of the National Cancer Institute (NCI), is a real-world database of clinical oncology literature that has been widely used for epidemiological investigations and statistical analyses (10), especially for a rare tumor type such as PIML. With a total of 1245 patients diagnosed with lymphoma of the brain origin between 1975 and 2019, this is the most comprehensive retrospective study to analyze clinicopathological features. Using these data and establishing a nomogram model that predicts OS and CSS (Cancer Specific Survival), which will provide an excellent reference for future clinical decisions.



Method


Data acquisition

The SEER Program of the NCI contains retrospective data on the demographic characteristics, disease classification, pathological features, and treatment of tumors in patients from different states in the USA (10). In its official data retrieval SEER* Stat software, the “Incidence-SEER Research Plus Data, Nov 2021 sub (1975–2019)” dataset corresponded to patients with PIML from 1975-2019. The primary site label identified the brain (code C71.9), and the behavior code ICD-0-3 was used to identify the malignance. The disease was identified as a lymphoid neoplasm after the 2021 revision. We collected information on sex, age, the time of diagnosis, the primary tumor site, pathological staging of the lymphoma, radiotherapy, chemotherapy, surgical treatment, survival time, marital status, the cause of death, and survival status. A total of 919 patients were included after screening based on the following exclusion criteria (1): Ann Arbor stage information was unknown (2), treatment information was unknown (3), survival time was unknown. The graphical abstract of this study is presented in Figure 1.




Figure 1 | The flowchart of this study which was including and dividing patients.





Statistical analysis

All statistical analyses were performed using R Studio (version 4.1.2) and SPSS (version 36.0). First, the 919 samples were randomly divided in a 7:3 ratio into development and verification groups using the sample statement in R Studio (11). These groups were used to develop and validate the model. Statistical analysis between the two groups was performed using the R package “CompareGroups,” and chi-square tests were used for comparisons between the groups. The R package “survival,” “rms,” “survivalROC,” “survminer,” and “ggplot2” were used for survival analysis and to develop nomogram models and plot Kaplan–Meier (KM) curves.

OS (Overall survival) and CSS (cancer-specific survival) are commonly used indicators to assess the prognostic status of tumor patients. First, OS and CSS were used as the outcome variables. Using the KM method, OS and CSS were calculated using SPSS software. We obtained the Cox regression model parameters using maximum likelihood estimation with the help of the partial likelihood function. We included all variables in the development cohort in the univariate Cox regression analysis separately, and P values < 0.05 were considered statistically significant. Variables that were statistically and clinically significant were included in the multivariate Cox analysis, while hazard risk ratios were calculated, with a value > 1 being considered a risk factor for survival. The independent prognostic factors affecting OS and CSS in patients with PIML were identified. A nomogram prediction model was developed based on the established Cox regression results. All the above was also verified in the verification cohort.

A risk score formula was constructed based on multivariate Cox regression. All the patients were divided into high and low risk groups according to the risk scores, and the probability of poor survival was quantified for each patient. A nomogram model was constructed based on the multivariate Cox regression analysis. To further evaluate the predictive performance of the nomogram model, the area under the subject working characteristic curve (AUC) and correction curve for OS and CSS at 1, 3, and 5 years were calculated (11). A higher AUC and smoother correction curves indicated that the models had a greater ability to predict patient prognosis (12). Decision curve analysis (DCA) also demonstrated that our models could deliver greater patient benefits (13). Finally, the KM method was used to plot survival curves with different variables.




Result


Patients’ characteristics

A total of 919 patients diagnosed with lymphoma between 1975 and 2019 with the primary site in the brain and documented survival time and clinical staging were included in the study. Table 1 summarizes the demographic and clinical characteristics of all the patients. The patients were randomly distributed into a developmental group (n = 643) and a verification group (n = 276), and the chi-square test was used to confirm the significant internal differences between the two groups. The International Prognostic Index (IPI) stage of lymphoma scores 60 years as 0 points and age >60 years as 1 point (14). In this study, all patients were classified according to the IPI scoring system using the age of 60 years as the cutoff value. Of these, 573 patients (62%) were younger than 60 years at the time of diagnosis. Caucasian ethnicity predominated (n = 735, 80%), and there were 609 (66%) male patients.


Table 1 | The demographic and clinical features of patients with PIML.



Diffuse large B-cell lymphoma was the most common histological subtype, with 462 cases (50%), which is sufficient to establish that the most common pathological type of intracranial lymphoma is the same as the systemic lymphoma (15). This was followed by lymphoid tumors in 346 cases (38%). Hodgkin’s lymphoma was the least common, with only 2 cases (0.2%). For lymphoma, Ann Arbor staging guided clinical diagnosis and treatment was used, with stages I and IV accounting for the majority of the 919 patients included in the study, 729 (80%) and 173 (19%), respectively. For treatment, 152 (17%) patients underwent surgery, with some of the remaining patients treated for surgery due to patients’ refusal and the lack of indications for surgery. Radiotherapy and chemotherapy were administered to 454 (49%) and 372 (40%) patients, respectively. Due to the limitations of the database, it was not possible to know about the specific treatment regimens of the patients or the chemotherapeutic drugs used.

Meanwhile, the median survival time for the entire cohort was 3 months. As shown in the survival curves in Figure 2, the OS rates for the entire cohort were 29.5%, 21.0%, and 16.1% at 1, 3, and 5 years. The CSS rates were 27.5%, 19.3%, and 14.6% at 1, 3, and 5 years, respectively.





Figure 2 | The Kaplan-Meier (KM) curves for predicting the OS and CSS of PIML patients in the whole cohort.





Survival analysis of OS and CSS

Univariate and multivariate Cox regression analyses were performed to predict prognostic factors affecting OS and CSS. First, all variables in the development cohort, including age, sex, race, the time of diagnosis, the type of pathology, the Ann Arbor stage, radiotherapy, surgical treatment (other than biopsy), chemotherapy, and marital status were included in the statistical analysis. The results shown in Table 2 indicate that age was a potential risk factor affecting OS. Marital status is also a potential prognostic factor. In addition, the pathological type of Hodgkin’s lymphoma, surgery, and chemotherapy were significantly associated with OS. However, our results showed that radiotherapy was not significantly associated with OS.



Table 2 | The result of Univariate and Multivariate  COX regression analyses of OS and CSS in development group.



Variables that were statistically significant in the univariate Cox analyses were then included in the multivariate Cox regression analysis. The data showed that age was an independent risk factor affecting the prognosis of patients, with patients 60 years or older having a poor prognosis. The pathology type of Hodgkin’s lymphoma was also an independent factor affecting OS, with patients with Hodgkin’s lymphoma having worse OS. Chemotherapy and surgery were independent prognostic factors, with the risk of death being 0.41 times higher for those who received chemotherapy than for those who did not, and 0.65 times higher for those who received surgery than for those who did not, suggesting that patients treated with chemotherapy and surgery had better OS. Cox regression analysis showed that the Ann Arbor stage was not a prognostic factor. This may be related to the distribution of the data, as lymphoma is an insidious malignancy with high heterogeneity, and all data were distributed closer to stages I and IV. Nonetheless, the Ann Arbor stage remains the preferred assessment criterion in clinical decision-making.

Meanwhile, CSS is one of the most important predictors of prognosis in patients with malignancy. The impact of the 10 aforementioned variables on CSS was further explored. In contrast to OS, the results of univariate Cox analysis showed that age did not have the potential to influence CSS. Sex and age were able to influence CSS, and the time to diagnosis was a potential predictor of CSS. As previously described, these statistically significant differences in the univariate analysis were further included in the multivariate Cox analysis, which showed that age and sex had a P value greater than 0.05 and failed to show independent predictive power. Like OS, surgery (P = 0.00633) and chemotherapy (P = 8.42e-12) remained highly significant independent prognostic factors. In summary, both statistically and in clinical practice, treatment significantly influenced the prognostic survival of patients, but statistical analysis showed that radiotherapy did not demonstrate superiority. Next, the KM method was used to calculate the probability of survival for OS (Figure 3) and CSS (Figure 4) in PIML, and all cohorts were categorized by variables, showing a significant correlation with prognosis.




Figure 3 | The Kaplan-Meier (KM) method was performed to calculate the OS classified by clinical pathologic factors for patients with PIML. The clinical pathologic factors including risk score (A), Surgery (B), Age (C), Marital status (D), Histology (E), Chemotherapy (F).






Figure 4 | The Kaplan-Meier (KM) method was performed to calculate the CSS classified by clinical pathologic factors for patients with PIML. The clinical pathologic factors including risk score (A), Chemotherapy (B), Histology (C), Race (D), Surgery (E), Year of diagnosis (F).





Establishment and evaluation of prognostic nomogram

To assess the survival probability in individual patients, the nomogram models for predicting patients’ OS and CSS were developed in the development cohort. Factors of significant prognostic and clinical significance were screened using multivariate Cox regression analysis, including age, the type of pathology, treatment, and Ann Arbor staging (Figure 5). Detailed scores for each factor are shown in the nomogram, and by calculating these scores against the total score on the bottom axis, OS and CSS could be predicted at 1, 3, and 5 years. To verify the feasibility of these models, receiver-operating characteristic curves were used to assess the accuracy of the nomogram models. The AUC values for OS at 1, 3, and 5 years were 0.8, 0.818, and 0.81. In the development cohort (Figure 6), and the AUC values for CSS were 0.8, 0.799, and 0.798, respectively (Figure 7). These data demonstrated the predictive power of the nomogram based on the development cohort. Next, the effectiveness of the nomogram was validated in the verification cohort to further demonstrate its reliability, with AUC values of 0.8, 0.832, and 0.809 for OS (Figure 8) and 0.8, 0.845, and 0.788 for CSS (Figure 9) in the verification cohort at 1, 3, and 5 years, respectively, demonstrating the potential ability of the established nomogram to predict 1-, 3- and 5-year survival rates in patients with PIML (Figure 10). Analysis of the AUC and calibration curves in these validated cohorts showed consistent results in the development cohort, and these results confirmed the strong relevance and value of the multi-established nomogram in predicting the prognosis of patients with intracranial lymphoma in clinical practice. The model built by the nomogram was further subjected to DCA, a simple method for evaluating clinical prediction models. The data showed that the model built according to the nomogram yielded good benefits, allowing patients to achieve higher benefits for the same risk.




Figure 5 | The prognostic nomogram models to predict 1-year, 3-year, and 5-year of OS and CSS for patients via development cohort (A, B).






Figure 6 | The AUC (A-C) and calibration curve (D-F) of 1-year, 3-year, and 5-year to assess the performance of predictive models for OS in the development group.






Figure 7 | The AUC (A-C) and calibration curve (D-F) of 1-year, 3-year, and 5-year to assess the performance of predictive models for CSS in the development group.






Figure 8 | The AUC (A-C) and calibration curve (D-F) of 1-year, 3-year, and 5-year to assess the performance of predictive models for OS in the verification group.






Figure 9 | The AUC (A-C) and calibration curve (D-F) of 1-year, 3-year, and 5-year to assess the performance of predictive models for CSS in the verification group.






Figure 10 | The DCA curve for OS (A-C) and CSS (D-F) of 1-year, 3-year, and 5-year in the development group.



Next, risk scores for patients with intracranial lymphoma were quantified based on the patients’ clinicopathological factors, age, sex, type of pathology, and treatment. To further illustrate whether risk scores could be considered independent prognostic factors, we determined the median risk score as a basis for classifying high-risk subgroups and low-risk wind resistance, with KM curves showing better survival rates in the low-risk group.




Discussion

To our knowledge, PIML is a relatively rare intracranial malignancy that accounts for approximately 1.5% of all primary intracranial tumors (16). PIML can initially present with optic nerve damage, increased intracranial pressure, a high degree of malignancy, a specific release site, and a poor prognosis (17). The prognosis of this rare type of lymphoma, in which non-Hodgkin’s lymphoma is the main type, has improved over the last decade due to the use of high doses of methotrexate (18). However, the prognosis of PIML depends on several other factors, such as the time of diagnosis, histological and biological characteristics of the tumor, and the appropriateness of the treatment (19). In conclusion, after more than a decade of development, the prognosis of PLML remains unsatisfactory (20). Routine physical examinations are unable to assess intracranial conditions, and most intracranial abnormalities detected on magnetic resonance imaging, as well as their specific anatomical location, prevent clinicians from obtaining a specifically determined (21). Therefore, there is a need to explore sensitive and specific tumor markers and diagnostic methods. Owing to the rarity of intracranial lymphoma, there are only a few related clinical studies (22). According to the literature, there are no randomized clinical trials for recurrent, refractory PIML, and no prognostic models for PIML have been developed (23). To better understand the clinical demographic characteristics and risk factors of PIML, we investigated the largest sample of data corresponding to patients with PIML retrieved from the SEER database, and these data were used to develop and validate prognostic OS and CSS nomograms for patients with PIML. These models can be applied in clinical practice to provide advice to physicians when making clinical decisions.

This study included 919 patients who were diagnosed with lymphoma between 1975 and 2019 with an intracranial primary site and documented survival time and clinical staging. Detailed data on demographic characteristics were obtained and statistically analyzed, with OS rates of 29.5%, 21.0%, and 16.1% at 1, 3, and 5 years, respectively, for the entire cohort. Univariate Cox regression analysis was performed to identify potential risk factors, and multivariate Cox regression analysis was performed to identify independent prognostic factors. The patients were categorized according to IPI staging using a cut-off of 60 years of age, with 62.3% of patients <60 years. Age was one of the most notable risk factors for prognosis in patients with PIML; patients >60 years had worse OS, although 60 years of age was statistically insignificant for CSS based on the results. In addition, there appeared to be no statistically significant difference in the effect of sex on intracranial lymphoma, with a potentially significant difference in incidence by sex. Meanwhile, the pathology was consistent with that of lymphoma, with diffuse large B-cell type remaining the most common type, whereas patients with a pathological type of Hodgkin’s lymphoma had a worse prognosis, in line with the results of previous studies (24).

Ann Arbor staging was not significant based on the statistical analysis of this study. This may be strongly related to the distribution of data, with most patients (98.1%) having stages I and IV, which could have biased the results of the regression analysis. This reflects the following two extremes in the staging of patients with PIML: early onset of symptoms causing discomfort, leading to earlier medical intervention, or early onset of no obvious symptoms, and an advanced stage by the time of the first medical examination (25). However, the results of the statistical analysis do not negate the role of Ann Arbor staging in guiding clinical practice.

Meanwhile, treatment options are the most important factors affecting the prognosis of patients with PIML (26),and patients who have not undergone systemic treatment generally have a worse survival time. Management of patients with PIML included surgical tumor resection (other than biopsy), chemotherapy and radiation therapy. This multimodal treatment, including chemotherapy and aggressive surgery can convey a survival advantage in patients with PIML (27).However, radiotherapy does not show a unique superiority over chemotherapy and surgery, contrary to our conventional understanding (28).Patients treated with chemotherapy and surgery generally have longer life expectancy (29). These data confirm the importance of chemotherapy in the treatment regimen for PIML. However, owing to the limitations of the database, it is not possible to obtain information on the specific options for treatment, including surgery, the drug regimens for chemotherapy, and the choice of dose and irradiation target area for radiotherapy, all of which largely influence the patient outcomes (30).

A nomogram to predict patient prognosis was further developed based on a risk-based coefficient. Given the importance of age for patient staging, we included age in the creation of the nomogram. Firstly, time-dependent receiver-operating characteristic curves indicated that the nomogram had high sensitivity and specificity. Second, the small deviation from the reference line demonstrated the high reliability of the established nomogram, and the DCA curve showed that the nomogram contributed to better clinical decision-making (31).

For lymphomas of the central nervous system, MRI (magnetic resonance imaging) is the diagnostic method of choice. The T2-weighted (T2W) signal usually indicates intracranial edema and lesions of vascular origin, while the T1-weighted (T1W) signal shows intracranial parenchymal lesions or occupancies (32). For patients with PIML, there is no substitute for MRI in assessing the anatomical localization of the tumor, tumor size, and edema of the brain parenchyma. Meanwhile, positron emission tomography combined with computed tomography (PET/CT) is increasingly being demonstrated in clinical trials as the center of gravity in the evaluation of lymphoma. Gradually, a diagnostic approach with MRI and PET/CT as the core has been developed. In particular, the sensitivity of PET/CT has increased dramatically in patients with lymphoma involving bone marrow involvement (33). However, a subset of lymphoma patients exhibits low 18F fluorodeoxyglucose (FDG) avidity (34). Also, PET/CT based staging is prognostically instructive in most clinical explorations, suggesting that imaging can give direct evidence in tumor morphology, infiltration, and metastasis. These significantly influence the treatment choice and prognostic evaluation of patients.

The study tracked all records of PIML patients in the SEER database from 1979-2019, building a prognostic model over a forty-year cohort. This model is reliable in terms of sample size. And it can provide a basis for subsequent multicenter clinical studies or prospective studies. At the same time, imaging information was missing from the data we collected, and this absence is understandable. The first publication on 18F FDG PET in lymphoma was in 2007 (32). Also, medical imaging system is evolving very rapidly, it is difficult to document with quantifiable information, and imaging changes in patients at different pathological stages are dynamic. Therefore, this study focuses more on quantifiable factors in the data and uses different factors: gender, age, stage, and type of pathology to build models that predict the prognosis of different patients. Most of these factors can be obtained in the admission records, which is faster and more specific. Also imaging evidence can be used as valid evidence of prognosis, which, together with the results of this study, allows a better management and assessment of the prognosis and treatment of patients. In other words, with our prognostic model as a basis, we can combine imageomics and molecular diagnostics to build a multimodal prognostic model (35). It is a big challenge that requires more clinical studies and further molecular research.

In summary, this study obtained comprehensive clinical data from the SEER database and assessed the actual situation of individual patients from different perspectives, using uniform criteria and methods. This allowed us to comprehensively analyze the clinicopathological features of intracranial lymphomas. However, this study had several limitations. First, the treatment-specific information in the cohort was not sufficiently comprehensive, which prevented us from further targeting the benefits of different treatment. Due to the limitations of the database, we do not have access to a definitive treatment plan, which is the factor that has the greatest impact on patient prognosis. This includes the surgical procedure, the size and extent of tumor resection, the management of metastases including lymph nodes, and postoperative management. This information can be more specific and refined for assessing the prognosis of patients. At the same time, more large multicenter clinical trials are needed to explore the details of these treatment factors, which have positive implications for improving the prognosis of patients with intracranial lymphoma. Second, the SEER database contains qualitative or semi-quantitative data, and the statistical reliability was, to some extent, impaired. Finally, the nature of retrospective studies inevitably results in bias (36). Although our findings and new models require further in-depth studies, our results can provide new insights for treating patients with PIML and can assist oncology hematologists.



Conclusion

We constructed a new nomogram to predict OS and CSS in patients with PIML. In addition, we found that age, surgery, chemotherapy, Ann Arbor staging, and histological type are independent risk factors for PIML. The identification of risk factors and construction of nomograms can provide new insights for patients with PIML and oncology hematologists, allowing doctors to make better choices during clinical decision-making.
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Meningiomas arise from arachnoidal cap cells of the meninges, constituting the most common type of central nervous system tumors, and are considered benign tumors in most cases. Their incidence increases with age, and they mainly affect females, constituting 25-46% of primary spinal tumors. Spinal meningiomas could be detected incidentally or be unraveled by various neurological symptoms (e.g., back pain, sphincter dysfunction, sensorimotor deficits). The gold standard diagnostic modality for spinal meningiomas is Magnetic resonance imaging (MRI) which permits their classification into four categories based on their radiological appearance. According to the World Health Organization (WHO) classification, the majority of spinal meningiomas are grade 1. Nevertheless, they can be of higher grade (grades 2 and 3) with atypical or malignant histology and a more aggressive course. To date, surgery is the best treatment where the big majority of meningiomas can be cured. Advances in surgical techniques (ultrasonic dissection, microsurgery, intraoperative monitoring) increase the complete resection rate. Operated patients have a satisfactory prognosis, even in those with poor preoperative neurological status. Adjuvant therapy has a growing role in treating spinal meningiomas, mainly in the case of subtotal resection and tumor recurrence. The current paper reviews the fundamental epidemiological and clinical aspects of spinal meningiomas, their histological and genetic characteristics, and their management, including the various surgical novelties and techniques.
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Introduction

Meningiomas are lesions that arise from arachnoidal cap cells, the outer part of the arachnoid layer and villi (1). They usually form dural attachments and are marked by meningothelial hyperplasia (1).

Spinal meningiomas are relatively rare, accounting for approximately 3% of all meningiomas of the central nervous system (CNS) (2) and 25-46% of all primary intraspinal neoplasms (2, 3). 90% of intradural extramedullary spinal tumors are either meningiomas or schwannomas and constitute nearly 25% of primary spinal neoplasia (3).

Spinal meningiomas mainly affect people in their fifth decade of life and are more frequent in women (given their estrogen receptors) (4). In case they occur in young patients, or if they cause multiple lesions, a genetic disorder like neurofibromatosis type 2 (NF2) or aggressive histological subtypes should be suspected (2, 4). Spinal meningiomas most commonly occur in the posterior, posterolateral, or lateral thoracic region, followed by the anterior cervical and lumbosacral regions. The main treatment is surgery, which can be performed in (a) a classical open microsurgical approach in the vast majority of cases, (b) a minimally invasive surgery (MIS), or (c) through an endoscopic intervention (5). The choice of the most appropriate surgical method could be challenging, especially in the case of aggressive meningiomas and in some difficult access tumors (e.g., location anterior to the spinal cord in the thoracic region). For instance, ventral/ventrolateral cervical meningiomas within the upper cervical region, may envelop the vertebral artery (6), and thus require precise presurgical calculations to adopt the safest approach.

The scientific knowledge regarding spinal meningiomas has evolved over the past twenty years. This evolution concerns multiple aspects, including clinical evaluation, molecular and radiological specificities, and microsurgical management techniques. Therefore, the main goal of this paper is to come up with an updated review of spinal meningiomas, with a particular focus on their clinical presentation, biological and imaging aspects, and neurosurgical strategies.



Selection criteria

A review of the literature was carried out using PubMed/Medline and Scopus databases. The following keywords were used: “spinal meningioma” AND (“biology” OR “molecular” OR “genetic” OR “endocrine” OR “imaging” OR “grading” OR “prognosis” OR “surgery” OR “resection” OR “intraoperative monitoring” OR “adjuvant therapy” OR “recurrence” OR “psychology” OR “anxiety” AND “depression”). Original papers published in English and French were included in the analysis. The references of the selected papers were manually scanned in order to identify any additional references. To note, papers on intracranial meningiomas were also scanned and relevant papers were included since some research on spinal meningiomas stem from studies carried out on intracranial meningiomas.



Clinical features

Spinal meningiomas are typically solitary, well-circumcised, slow-growing, intradural extramedullary tumors (Figure 1) (7) that usually respect the surrounding normal tissue (1). Hence, they are often perceived as noninvasive. However, they could be aggressive in some cases by seeding other parts of the CNS or the surgical site.




Figure 1 | Illustration of extramedullary and intradural location of a spinal meningioma.



As stated above, meningiomas are more frequently seen at the thoracic level and tend to expand slowly without any clinical manifestation initially. Around 9% of cases are asymptomatic and report no complaints (8). At an advanced stage, meningiomas compromise spinal elements, resulting in various neurological symptoms and signs, such as pain, motor, and sensory disturbances, gait abnormality, and sphincter dysfunction. Complaints can vary from one person to another depending on the size of the meningioma and the exact site of the spinal compression (8). Clinical manifestations depend also on the initial size of the spinal canal as large constitutional ones can tolerate the development of large sized tumors while remaining asymptomatic.

The most frequent presentation is pain, ranging from 42% in some case series to as high as 87% in other reports (8, 9). Pain is more frequently described as local or radicular. Apart from pain, patients often report sensory and motor symptoms. Sensory manifestations can have many aspects, such as aching, burning, tingling, numbness, hypoesthesia, paresthesia, and anesthesia. These symptoms can be present in 16% to 84% of cases (4, 10). However, the most alarming sign for patients is motor deficit. It can start as a slight weakness and evolves later into a complete motor deficit. Motor symptoms are present in 33% to 93% of patients with spinal meningiomas (2, 4). Moreover, some patients could complain of gait and balance disturbances in 47% to 93% of cases (8, 11). Finally, sphincter dysfunction is reported in some series but less frequently than other symptoms. Sphincter dysfunction can be seen in 6 to 60% of patients seeking medical opinion (8, 11). A summary of the clinical manifestations is depicted in Table 1.


Table 1 | Summary of clinical manifestations in spinal meningiomas.





Pathology

Many histological subtypes of meningiomas have been described, among which meningothelial, fibroblastic, and transitional meningiomas are the most frequent ones. The histological analysis of meningiomas defines the histological type and grade of the tumor according to the 2021 World Health Organization (WHO) classification, as illustrated in Figure 2 (16). It classifies meningiomas into three grades, where each grade correlates with different potential for growth, metastatic spread, recurrence, and prognosis.




Figure 2 | Grading of meningiomas according to the 2021 WHO classification system. HPF: high power field.



Many histologic subtypes are observed in both intracranial and spinal meningiomas. Meningothelial, metaplastic, psammomatous, transitional, atypical, and clear cell subtypes are the most common subtypes of intracranial meningiomas. As for spinal meningiomas, the psammomatous, meningothelial and transitional subtypes distinguish them, and they have a lower risk of recurrence than the intracranial ones for reasons yet to be determined.

The WHO divides meningiomas into three grades from 1 to 3 (benign, atypical and malignant, respectively) based on their malignancy degree (17). In the case of “mixed” tumors, the diagnosis of the dominant histological type (i.e., the type forming more than 50% of the tumor) is retained. However, the presence of a minority contingent with more aggressive potential should be reported.



Genetic alterations

Advances in molecular biology have greatly improved the understanding of the various mechanisms at the origin of meningiomas development. Molecular profiles of spinal meningiomas are similar to their intracranial counterparts (18). These alterations account for 3% of reported cases only. Chromosomal instability is a widespread molecular alteration that characterizes recurrent or poor prognosis meningiomas. Accumulation of cytogenetic aberrations is associated with higher-grade meningiomas and a higher risk of recurrence, which explains why high-grade meningiomas have more altered cytogenetic profiles than benign meningiomas (19). Table 2 summarizes the different gene mutations implicated in meningiomas and their prognosis.


Table 2 | Main molecular alteration and their prognosis in meningiomas.



Among the multiple mechanisms of oncogenesis, the increased cell proliferation was considered as the most important one. In brain tumors, the typical immunohistochemically marker Ki-67/MIB-1 for cell proliferation is more predictive of survival than the expression of proliferating cell nuclear antigens p53 and PCNA. In meningiomas, a high expression level of Ki-67 is directly associated with significant worse prognostic, especially with Ki-67 index higher than 4% (24). A close follow-up is recommended in this population.


Chromosomal abnormalities

Among the chromosomal abnormalities found to be related to spinal meningiomas, chromosomal 22q deletion seems to be the most important one (25). In addition, one study on sixteen patients with spinal meningiomas showed an allelic loss of the 1p chromosomal arm - involving several genes such as the ALPL (Alkaline phosphatase) gene - and a homozygous loss of 9p that results in inactivation of tumor suppressor genes such as the CDKN2A (Cyclin-dependent kinase inhibitor 2A) (19, 21). Other chromosomal abnormalities have also been described, such as the loss of 10q and the gain of 5p and 17q (26).



NF2-mutated meningiomas

In Schwann cells, the NF2 gene on chromosome 22q12.2 leads to the production of merlin, a protein also known as schwannomine, that provides myelin insulation for nerves. Merlin is also involved in the regulation of several key signaling pathways implied in cytoskeletal remodeling and cell motility. In addition, this protein is a tumor suppressor that prevents cell proliferation (20). The loss of merlin expression is characteristic of all NF2-associated meningiomas and nearly half of sporadic cases. Mutations in the NF2 gene produce an abnormally shortened protein altering its functional condition (20). NF2 mutation is also known to activate several oncogenic signaling pathways such as PI3K/AKT1 (20).



NF2-non-mutated meningiomas

Approximately 40% of sporadic meningiomas are independent of NF2 inactivation and are linked to other mutations discovered in high-throughput sequencing studies of large cohorts of meningiomas (27). For grade I meningiomas, mutations in AKT1 (v-akt murine thymoma viral oncogene homolog 1, leading to activation of the PI3K pathway), TRAF7 (Tumor necrosis factor receptor-associated factor 7, encoding the pro-apoptotic E3 ubiquitin ligase), KLF4 (Krupple-like factor 4, a pluripotency-inducing transcription factor) and SMO (Smoothened, frizzled family receptor, leading to activation of the Hedgehog pathway) have been identified and appear to be mutually exclusive of NF2 alterations (22). In addition, mutations in the SMARCE1 gene (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily E, member 1) have been reported in clear cell meningioma, and mutations in the SMARCB1 gene (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily B, member 1) are involved in multiple meningiomas. These mutations are further associated with tumor location and histological subtype (Tauziede-Espariat et al., 2017). In spinal schwannoma, one study reported a mutation in the large tumor suppressor kinase 1 gene (LATS1), a downstream mediator of NF2, but the clinical relevance of these alterations remains unknown in spinal meningiomas (28).



Other additional mutations

Comparative microarray analysis between spinal and intracranial meningiomas confirmed that spinal meningiomas are associated to a higher rate of chromosome 22 deletion (23). Moreover, 35 genes out of 1555 reported were more highly expressed in spinal than in intracranial meningiomas (23). Barresi et al. reported that spinal meningiomas showed an increased expression of the matrix metalloproteinase family, a group of proteins also involved in cell growth and invasion (23).




Meningiomas and sex hormones

Multiple reasons suggest the association between sexual hormones and the development of meningiomas. Meningiomas are more common in females, even more for spinal meningiomas than intracranial meningiomas, and are positively correlated with breast cancer (29, 30). Most meningiomas express progesterone and somatostatin receptors (31). Spinal meningiomas expressed more androgen receptors (AR+) and estrogen receptors (ER+) than intracranial meningiomas (30).

Many studies have investigated the impact of sex hormone medication, such as oral contraception or hormonal replacement therapy (HRT), on meningiomas development. Results were inconclusive still recently (32–34). A dose-dependent relationship between the incidence and growth of meningiomas and hormonal treatment with progestin cyproterone acetate (CPA) has recently been established (35). A similar but lower risk of meningiomas has been recently reported with the use of chlormadinone acetate and nomegestrol acetate as progestin treatments (35).

Concerning HRT in menopausal patients, evidence from epidemiological studies seem to favor an increased risk of meningiomas in treated patients although a recent study failed to show an increased growth of meningiomas in HRT treated vs. nontreated patients (36). Until larger studies are available, it seems wise to recommend avoiding HRT in patients with meningiomas (37).

Based on studies demonstrating the expression of hormonal receptors in meningiomas, therapies targeting these receptors have been tried but have failed to show an overall favorable clinical outcome in meningioma treatment (37).

To the best of our knowledge, there are no published data on spinal meningiomas in pregnant women. However, data arising from intracranial meningiomas research suggest that the latter may enlarge during pregnancy, as noted by Cushing and Eisenhardt (38). But the rarity of this condition does not allow to clearly define the risk and the need for surgery during pregnancy. Usually, urgent neurosurgery can be indicated during pregnancy in case of neurological symptoms such as motor deficit or visual impairment (39, 40). For asymptomatic meningiomas, a multidisciplinary approach is always useful to better evaluate the pros and cons of surgery during pregnancy and following management both for maternal and fetal health, the aim being, as far as possible, to organize the surgery away from childbirth (41).



Neuroimaging


Magnetic resonance imaging aspect

Magnetic resonance imaging (MRI) is currently the preferred diagnostic modality of intradural spinal tumors (Figure 3). On MRI, most spinal meningiomas show intermediate to hypo intensity on T1-weighted images (WI) and are iso- to hyperintense on T2-WI (42, 43). In fact, on T2-WI, these tumors present with a higher signal than the spinal cord but a lower signal than the surrounding fat tissue (44). They are usually well-circumscribed, with an intermediate to strong homogeneous enhancement after gadolinium injection (45). Tumors with heterogeneous enhancement seldom present with a decreased intratumoral signal on T2-WI due to calcifications, hemorrhage, or necrosis (46).




Figure 3 | (A) Localization of the dural attachment (73% located ventrally to the dentate ligament). (B, C) Spinal meningioma aspects on MRI. The figure is adapted from reference 4 and reproduced with permission from SNCSC.



Intratumoral calcifications are reported in less than 5% of spinal meningiomas (46) but are associated with poor functional outcomes after surgical resection (4).



Characteristic radiological features

As previously mentioned, spinal meningiomas are most commonly found in the thoracic region, in the lateral and anterolateral aspects of the spinal cord (in front of the denticulate ligament). Although a dural tail is a characteristic feature of meningiomas, it is less frequently seen in spinal than in cranial meningiomas (47).



Radiological classification

Yeo et al. classify spinal meningiomas into four categories depending on their MRI appearance (44): Type A includes tumors with a dural attachment (with and without dural tail) that shows homogeneous enhancement after gadolinium injection; type B consists of oval-shaped tumors with hypo intense component on T2WI; type C consists of “en plaque” meningioma, that grows in a diffuse sheet-like aspect along with the dura mater; and type D for the rest of spinal meningiomas that could not type A, B nor C.



A unique presentation of “en plaque” meningioma

“En plaque” or type C meningioma is a subgroup of spinal meningiomas. It is frequently associated with intramedullary signal changes on T2WI (44), although myelomalacia is a rare finding in spinal meningiomas (47). Moreover, type C meningioma has a larger size at diagnosis compared to well-encapsulated tumors (44). Thus, it has an increased risk of worse surgical outcomes, with postoperative arachnoiditis and higher recurrence rates after surgical resection. This might be explained by the diffuse growth pattern of these tumors, which delays clinical manifestations (44).




Observation

More available neuroimaging modalities as MRI scans facilitated the discovery of incidental meningiomas. These lesions represent of 0.9% to 1.0% of the general population (48). Depending on the growth of the lesions, a follow-up plan is set for every individual patient. Presently, it is agreed that annual MRI scans are recommended in meningiomas of WHO grade 1 for five years. After that period, biannual MRIs can be performed.

During pregnancy, a close follow-up is recommended in patients known to have meningiomas (40).



Management

Unlike intracranial meningiomas, spinal meningiomas do not generally invade the pia and rarely result in spinal cord edema, compared to small intracranial meningiomas that can cause significant vasogenic edema thus becoming symptomatic (49). Spinal meningiomas tend to manifest clinically once they exhibit a direct mass effect on the neural elements (50). For incidentally discovered meningiomas, clinical and radiographical observation is essential to select the best management strategy, even in the case of a documented tumor growing on serial imaging. Several factors should be considered in asymptomatic spinal meningioma before proposing tumor resection. Those factors include the patient’s age, comorbidities, and tumor size.


Surgery

Surgery is the gold standard therapy for spinal meningiomas (51). Pseudomeningoceles or CSF leakage are the most common complications occurring in nearly 4% of cases (52). In neurosurgical practice, spinal meningiomas location and growing patterns may affect surgical results (9). The tumor location in the canal was classified into four types depending on the location of the dural attachment of the tumor and their shape (53): dorsal, lateral and ventral; dumbbell-shaped spinal meningioma being extremely rare. Ventrally attached large tumors causing spinal cord signal changes are linked with poor functional outcomes and increased risk of spinal cord traction during surgery. Severe preoperative impairment (McCormick grades III, IV, and V) that may reflect the plasticity and a vulnerable spinal cord, is significantly related to neurological deterioration postoperatively (54). Location of the meningioma throughout the spine is also important, as lumbar location gives more freedom for gross total resection (GTR) than dorsal or cervical locations, due to the absence of the spinal cord. Thoracic location is most critical as the vascularization of the spinal cord is frail (54).

Surgical removal of dorsal or lateral lesions is usually not difficult, and complete surgical resection can be achieved in 97% of cases (13). Ventrally located are less accessible, and “en plaque” meningiomas may not be removed totally (9).

A posterior midline approach with laminectomy can be used in the majority of dorsal or dorsolateral spinal meningiomas. Bilateral laminectomy, one level above and below the lesion, is usually sufficient for exposure in open surgery for small lesions (6, 55). The integrity of the surrounding vertebral structures should be mandatory to preserve biochemical stability, especially in cases of multilevel laminectomy or facet join disruption (56).

Anterior or anterolateral approaches are exceptional (56, 57), and must be reserved to complex anterior spinal meningiomas, because complications are more frequent, especially for CSF leakage (58). These techniques generally require a corpectomy, preferably with a unilateral approach, which implies a complementary vertebral fixation and fusion for the preservation of biomechanical stability. In some cases of anterolateral localization, when costotransversectomy and pediculectomy are needed to safely access the spinal canal and expose the lateral and anterior parts of the tumor, unilateral instrumented fusion should be done.

Excision of spinal meningiomas follows the Simpson grading (Table 3) regarding the totality of the resection and the treatment of the dural tail attachment (59). One of the most critical surgical steps is to define a dissection plane between the lesion and the neural elements. To access to the anterior compartment, it might be required to separate the dentate ligaments during debulking to ensure a convenient area of manipulation of the spinal cord (7). Tumor excision is accomplished using micro scissors, rongeurs, bipolar cauterization and/or ultrasonic cavitation aspirator (7, 55). Hemostasis of the epidural plexus can be achieved using surgical compression, low-intensity electrocoagulation, or hemostatic agents (55). Dural attachment resection with a patch graft suturing must be systematically performed to limit postoperative complications such as pseudomeningoceles or CSF leakage (52, 60). Finally, Kaplan-Meier survival curves showed that there is no significant difference between Simpson grade I and II, grade II GTR is more convenient in difficult surgical cases where access is difficult and risky (54).


Table 3 | Simpson grading in meningiomas.





Minimally-invasive techniques

In 2006, Tredway et al. reported operative success using a mini-invasive hemilaminectomy technique with a tubular retractor system (55), allowing to less manipulation of the spinal cord, thus maintaining vertebral stability, decreasing blood loss and reducing hospitalization period. Since then, numerous reports have confirmed the feasibility and safety of MIS for spinal meningiomas. However, this type of approach can only be used for small lesions limited to maximum two vertebral levels (55), and must be offered to elderly and fragile patients when possible (61). However, there is still not enough evidence to recommend MIS techniques over the classical open surgery (62), because the studies advocating for MIS had small sample sizes and mixed extra- and intra-medullary tumors, resulting in confounding biases. More inspections are needed in the near future to establish specified criteria and indications for the proper usage of MIS in the treatment of spinal meningiomas.




Intraoperative monitoring

Spinal surgery has little margin for error. Therefore, all means must be deployed to preserve the functioning of the spinal pathways and reduce the postsurgical neurological deficit. For this purpose, intraoperative neurophysiological monitoring was first introduced in 1975 by Tamaki and Yamane and has been widely used by spinal surgeons to provide information regarding the extent of tissue manipulation, tissue resection, and preservation of spinal tracts function (2, 56).

Motor evoked potentials (MEP) and somatosensory evoked potentials (SEP) are the two main neuromonitoring tools used during surgery. MEP explore the integrity of the pyramidal tracts and are primarily used in the context of anterior and anterolateral spinal lesions. SEP examine the dorsal columns and are thus mainly used in the case of posterior and posterolateral spinal lesions. The two modalities are frequently combined and offer quick and valuable surgical feedback. Intraoperative SEP and/or MEP deterioration prompt rapid surgical intervention and prevent irreversible sensory and motor pathways damage.

MEP requires stimulation of the pyramidal tracts and response recording through surface electrodes placed over a muscle of interest (for instance, intrinsic hand muscles or tibialis anterior muscle) (63–66). Direct spinal stimulation could elicit muscle responses and has been used by several groups worldwide. However, it is now known that the obtained responses could not accurately reflect the functioning and integrity of central motor pathways. Although these motor responses translate the firing of lower motor neurons, they result from the activation of various spinal tracts, including antidromic activation of dorsal column axons that have collaterals with lower motor neurons (67). Therefore, brain stimulation is recommended to monitor the integrity of corticospinal (pyramidal) tracts (64).

Brain activation could be obtained by applying magnetic or electric stimulation to the scalp. For intraoperative monitoring, electric currents are by far more practical than the magnetic field. They are delivered to the brain through “corkscrew” needles, straight needles, or surface electrodes. The latter consists of electroencephalographic (EEG) cups that could be securely fixed on the scalp (before surgery) using collodium. Anodal stimulation was more efficient than cathodal stimulation in evoking MEP. Stimulating electrodes are placed at specific sites over the motor cortex, such as C3, C4, C1, C2, Cz - 1 cm, and Cz + 6 cm (according to the 10-20 international system of electrode placement). Several montages have been proposed, like hemispheric, interhemispheric, and midline (for review, please refer to 64); each has its advantages and inconveniences that fall outside the scope of this paper and will not be discussed here.

As for SEP, this technique requires stimulation of a peripheral nerve of the upper or lower limb and response recording through electrodes positioned over the primary sensory cortex (65). Recording electrodes consist of either EEG cup electrodes fixed to the scalp using collodium or subcutaneous needle electrodes. The latter provide rapid positioning but could increase the risk of local infection or subcutaneous hemorrhage.

Concerning stimulation, median and posterior tibial nerves are usually used; other peripheral nerves can also be stimulated in certain circumstances; for instance, the ulnar nerve is chosen in lower cervical interventions. The stimuli are rectangular, of 0.2 to 0.3 ms duration, and supramaximal intensity. The latter corresponds to two times the motor threshold or three times the sensory threshold (65).

For both techniques, qualified and experimented personnel is needed to accurately detect any changes in SEP or MEP response, distinguish it from any confounder, and warn the surgical team.



Metastatic spinal meningiomas

The literature regarding spinal meningiomas metastasis is lacking. However, according to data arising from intracranial meningiomas research, extracranial meningioma metastases (EMM) occur in 0.1% of intracranial meningiomas mainly encountered in atypical and anaplastic lesions. Most common sites of metastasis are the lungs and pleura but intraspinal and vertebral EMM also occur in a lesser percentage and are poorly described in the literature. There is no standard treatment protocol for EMM although their presence might worsen the prognosis of the concerned patients (68). EMM occurrence is independent of WHO grading and can be even present before tumor recurrence.



Tumor recurrence

As stated previously, spinal meningiomas are benign tumors with a low recurrence rate independently of the histological grade of the cancer. In general, the recurrence rate in spinal meningiomas tend to be less than in intracranial meningiomas. The recurrence/progression of meningiomas after ten years can reach 13% (2, 69). The incidence was lower for convexity lesions (3%) than parasagittal (18%) and sphenoid ridge (34%) meningiomas. Multiple demographic, clinical and radiological factors have been associated with increased recurrence rates, such as patient age (recurrence rate higher in young patients (below 50)), tumor location (cervical), infiltrating meningioma, En plaque growth, extradural extension, arachnoid scarring, and partial resection (Simpson IV-V grades). Moreover, a recent series reported by Park et al. found that foraminal and thoracic location is associated with a higher recurrence rate (70).

In addition, histological types seem to influence the recurrence risk; for instance, spinal clear cell meningioma was found to have a greater recurrence rate (10).

The importance of dural attachment resection is controversial and contrasting results have been described. For instance, Nakamura et al. found that the recurrence rate was lower for Simpson Grade I than for Simpson Grade II resection (53). In contrast, a low recurrence rate can be found even without dural resection (71). In the same perspective, the add-on value of including the dural tail in the field of radiation therapy is still undetermined. Some data come from the domain of intracranial meningioma, where the radiation of the dural attachment was not found to be beneficial (i.e., it did not reduce the recurrence rate) in a large retrospective series recently reported by Piper etal. (72). A better understanding of the dural tail (or dural attachment) pathophysiology is needed to guide and improve the management of this cancer.



Functional outcomes and complications

Spinal meningiomas are frequently associated with a favorable neurological and functional prognosis (4, 73, 74).

The patients who underwent surgical decompression experienced significant post-operative improvements in Patient Reported Outcomes as measured by the Brief Pain Index and MD Anderson Symptom Inventory (75). However, anterior or calcified lesions, recurrences, cases in which the arachnoid layer has been violated, tumors invading the spinal cord and/or the vascular structures do not have the same favorable outcome (74). Therefore, the preoperative functional and neurological evaluation using the Frankel and the McCormick scales should be carried out before and after surgery (Tables 4, 5). Complications are present due to neurological worsening that can be caused by the surgery itself. This includes spinal epidural hematoma, CSF leakage with or without deep or superficial infections, syringomyelia, and iatrogenic instability (4, 73, 76). In the event of early postoperative neurological deterioration, epidural hematoma should be suspected, and an emergent MRI obtained, in order to rule out this complication, the other possibility being spinal cord ischemia or edema. Epidural hematoma should be evacuated in an urgent manner to obtain rapid and total neurological recovery. In the absence of epidural hematoma and the presence of spinal cord edema, high-dose intravenous steroids should be administered. There are no exact percentages in the literature for these postoperative complications, but all publications agree on their rarity and (i.e., below 5% of cases). CSF leakage is treated by lumbar drainage for 4-5 days and usually resolves without surgical revision. Superficial and deep infections are rare and must be treated with antibiotic therapy and surgical revision when required. Syringomyelia is a late onset complication. If chronic neurological impairment is attributed to the development of the evolving syrinx, subarachnoidal shunting of the cavity through an intracystic catheter should be considered. This complication is usually of bad prognosis. Iatrogenic instability should be considered mainly when back pain remains an issue with the appearance of local kyphosis on control imaging. Instrumented fusion should be considered. It could be done through a minimally invasive navigated percutaneous approach.


Table 4 | Frankel scale evaluating functional outcomes in spinal cord injuries.




Table 5 | McCormick scale evaluating neurological outcomes in spinal cord injuries.





Adjuvant therapy

Surgery remains the primary treatment modality for spinal meningiomas, although radiotherapy may be used as an adjuvant treatment in some cases.

Postoperative radiotherapy role is not well understood yet (14). Radiotherapy and radiosurgery are the two best substitutes for surgery in specific situations described in the literature (77–79).

Both therapeutic strategies are depicted in Table 6. Patients with WHO grade 1 meningiomas do not necessarily need adjuvant treatment after resection that might be sufficient for short-term tumor control (80).


Table 6 | Indication for adjuvant treatment in spinal meningiomas.



Upfront radiosurgery is usually not an option, given that small, non-compressive lesions usually require a close observation strategy, and large symptomatic lesions should undergo surgery. It may be used in fragile patients who cannot be operated. In addition, a 2-3 mm margin between the meningioma and the spinal cord is required for an effective tumoricidal dose (81). Thus, stereotactic body radiation therapy (SBRT) can be proposed for operated patients within a safe margin. The definitive SBRT dose consisted of delivering 21 Gray in three fractions. Five-year control rates with stereotactic therapy for meningiomas, varied between 70% and 100% (82). Adjuvant therapy can also be considered in WHO grade 3 meningiomas, given that these lesions are more aggressive and have a higher recurrence rate (83). Image-modulated radiation therapy (IMRT) and conventional fractionated radiation therapy have also been used to treat spinal meningioma, but SBRT is the preferred modality (77).

Chemotherapy is not used in the management of spinal meningiomas. In invasive atypical meningiomas (WHO grade 3), multiple agents have been used, including hydroxyurea, interferon α-2B, long-acting Sandostatin, and even multidrug sarcoma protocols (84). Chemotherapy can also have a role as a salvage therapy in cases of highly aggressive tumors.



Specific situation: Spinal meingioma in pediatric population

When a spinal meningioma is diagnosed in children, a strictly follow-up must be adopted because of the high risk of developing other tumors, particularly in the context of NF2 (52). Complete surgical resection is the primary treatment modality of spinal meningiomas (85). Adjuvant radiotherapy should be recommended only for children with recurrence (85).



Psycho-oncological aspects

Neuropsychiatric symptoms could be observed in oncology wards, including neuro-oncology. They could result either from the direct effect of the tumoral processes affecting the CNS (such in the case of intracranial meningiomas) and/or secondary to the stressful events or the adjustment processes that arise from the announcement of potentially life-threatening conditions and the related workup, surgical interventions, prognosis, and follow-up (86–88). Although these manifestations might affect patients with meningiomas, as in those with other tumors, they remain overlooked and sometimes forgotten. The majority of the few available studies published on this matter focused on intracranial meningiomas and reported the frequent occurrence of fatigue, anxiety, and depression symptoms (89, 90), as well as the lack of effect of pharmacological therapies (Methylphenidate or Modafinil) on these symptoms, compared to placebo in the randomized clinical trials that recruited patients with primary brain tumors including meningiomas (91, 92).

Fewer data are available on this matter in spinal meningiomas and involve anxiety, depression, and quality of life. For instance, in one study that considered patients with intradural extramedullary spinal tumors (of which 31.8% were meningiomas), some (50%) or extreme (14.3%) problems with anxiety and depression according to a quality-of-life questionnaire (EQ-5D-3L) were reported before the surgical intervention; the rates started to decrease from less than 1-month following the surgery to 3-12 months later, but they increased back to baseline values after one-year follow-up (93). Moreover, in another study involving patients with intradural extramedullary spinal tumors, of which 4.2% had meningiomas, 22.9% met the diagnostic and statistical manual of mental disorder criteria (DSM IV-TR) of a psychiatric disorder. In comparison, 37.5% and 12.5% of patients had mild and moderate depression symptoms according to Beck Depression Inventory, respectively (94). Furthermore, in a third study that addressed the previous limitation by including a homogeneous cohort of patients with spinal meningiomas (n=84), some or extreme problems with anxiety and depression were reported by 31% and 3.6% of patients, respectively, according to a quality-of-life questionnaire (EQ-5D-3L; 95). Here, no significant differences in problems related to anxiety and depression were found in gender or neurological status.

These facts warrant more research to further understand this clinical population’s affective and cognitive outcomes. A thorough investigation of these variables would help to (a) understand such outcomes (depression and anxiety symptoms, fear of recurrence, fatigue, coping strategies) and their clinical predictors, (b) subsequently develop specific screening tools to quantify the symptoms and identify patients at risk, and (c) implement psycho-oncological interventions that could be ideally offered in a patient-tailored manner (psychoeducation, psychosocial support, pharmacotherapeutics or psychotherapies if justified) (96). Lastly, informal caregivers of patients with spinal meningiomas seem to be still forgotten (97), and future studies are needed to evaluate and help these “hidden patients” (98), which might contribute to its turn in improving patients’ outcomes.



Conclusion

Spinal meningiomas are intradural, slow-growing tumors, classified as a WHO grade 1 lesion in more than 70% of the cases. There is no histological difference between spinal and intracranial meningiomas.

Since intradural spinal tumors are not frequent, multicenter studies are required to fully understand and materialize the promise of targeted genetic therapies that will widen the treatment options in the future with a better clinical decision-making.

Observation should be implemented when suitable. Surgical treatment is the gold standard solution, with a principal goal of a GTR (Simpson grade I). If this GTR cannot be achieved, a SIMPSON II is advised, if possible, given the low recurrence rates. In cases of the ventral tumor where GTR is hardly achievable, small amounts of the tumor should be left. If interval growth is seen, the residual tumor can be observed and/or treated with adjuvant therapy, mainly SBRT.

Advances in surgical approaches, especially endoscopic and minimally invasive techniques, are still ongoing to minimize the risks with a better postoperative prognosis with a complete resection as a primary treatment modality.

Psycho-oncological interventions might be beneficial in patients presenting with spinal meningiomas. More research is needed to optimize screening and support patients and their informal caregivers.
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The uncommon MN1-altered primary central nervous system (CNS) tumors were recently added to the World Health Organization 2021 classification under the name Astroblastoma, MN1-altered. Another term used to describe them, “High-grade neuroepithelial tumor with MN1 alteration” (HGNET-MN1), makes reference to their distinct epigenetic profile but is currently not a recommended name. Thought to occur most commonly in children and predominantly in females, MN1-altered CNS tumors are associated with typical but not pathognomonic histological patterns and are characterized by a distinct DNA methylation profile and recurrent fusions implicating the MN1 (meningioma 1) gene. Diagnosis based on histological features alone is challenging: most cases with morphological features of astroblastoma (but not all) show these molecular features, whereas not all tumors with MN1 fusions show astroblastoma morphology. There is large variability in reported outcomes and detailed clinical and therapeutic information is frequently missing. Some patients experience multiple recurrences despite multimodality treatment, whereas others experience no recurrence after surgical resection alone, suggesting large clinical and biological heterogeneity despite unifying epigenetic features and recurrent fusions. In this report, we present the demographics, tumor characteristics, treatment, and outcome (including patient-reported outcomes) of three adults with MN1-altered primary CNS tumors diagnosed via genome-wide DNA methylation and RNA sequencing. All three patients were females and two of them were diagnosed as young adults. By reporting our neuropathological and clinical findings and comparing them with previously published cases we provide insight into the clinical heterogeneity of this tumor. Additionally, we propose a model for prospective, comprehensive, and systematic collection of clinical data in addition to neuropathological data, including standardized patient-reported outcomes.




Keywords: CNS, HGNET-MN1, astroblastoma, MN1, rare CNS tumor, adult



Introduction

The term high-grade neuroepithelial tumor with MN1 alteration (HGNET-MN1) was first introduced in 2016 as one of four novel tumors with a distinct DNA methylation profile that emerged after analysis of CNS PNETs (central nervous system primitive neuroectodermal tumors) (1, 2). In addition, the presence of a recurrent fusion implicating the MN1 (meningioma 1) gene was described; however, the specific mechanism by which MN1 fusions drive tumor development is still unknown (1, 3). Due to histopathological overlap with other CNS tumors and a lack of a uniform immunohistochemical profile, the diagnosis of MN1-altered tumors with conventional methods remains challenging. Quite often, tumors with the HGNET-MN1 epigenetic profile are diagnosed histologically as either ependymomas or astroblastomas (1, 2), and most tumors histologically diagnosed as astroblastoma belong to this molecular entity (2). In recognition of this association, the 2021 World Health Organization (WHO) classification of CNS Tumors updated the previous morphological diagnosis of astroblastoma to reflect these molecular findings, and renamed this tumor as astroblastoma, MN1-altered, simultaneously recommending against the use of the term HGNET-MN1. However, this latest WHO classification also comments on the need for future work to establish clear histopathological and molecular criteria by which astroblastomas with MN1 alterations can be distinguished from morphologically comparable neuroepithelial tumors with similar genetic alterations (4). In most cases this tumor arises in the supratentorial region and is thought to primarily affect children (1, 3). Unfortunately, available clinical and outcome data is quite limited due to the rarity of this tumor. Additionally, there is a lack of universally available molecular testing required for diagnosis which creates a challenge for retrospective data collection. Few publications provide information about the clinical outcomes for patients diagnosed with astroblastoma MN1-altered or HGNET-MN1, collectively referred to within this manuscript as MN1-altered CNS tumors.

Given their rarity, recent description, and heterogeneous outcome, evidence-based treatment guidelines are not available and prospective studies that would help determine optimal therapy are difficult to implement. In this report, we present three patients with MN1-altered CNS tumors, two initially diagnosed as young adults, and one presenting with a late recurrence after being diagnosed in childhood. MN1-altered CNS tumors in adults are even a more uncommon clinical presentation for which only anecdotal experience has been reported to date.6–7,12,15 In addition to discussing these adult patients’ demographics, clinical presentation, imaging, pathological and molecular findings, we also discuss their treatment and outcome, including patient-reported outcomes (PROs). Our cases and those previously reported highlight the clinical heterogeneity of this tumor and potential management options. Additionally, we propose a model for longitudinal, comprehensive, and systematic collection of clinical data, including standardized patient-reported outcomes, that is aimed at improving the understanding of these and other newly described rare CNS tumors for which prospective clinical data is often impossible to obtain, and retrospective data collection is often limited to basic demographic and survival data.



Methods

The three cases discussed in this manuscript were retrieved from enrollees in an IRB-approved Natural History Study (NHS) at the Neuro-Oncology Branch, National Cancer Institute (NCI), National Institutes of Health (NIH) (NCT02851706), which allows longitudinal evaluation of adult patients with primary CNS tumors who are probable future candidates for NCI Phase I and II protocols, including tumors that are understudied or have indeterminate natural history. Of 950 participants enrolled in this study as of October 21, 2021, only three were found to be diagnosed with MN1-altered tumors. NHS longitudinal data collection includes comprehensive, structured clinical information, PROs (MDASI-BT and/or SP, Patient-Reported Outcome Measurement Information System [PROMIS], NeuroQOL Cognition Function, and EQ-5D-3L) completed at baseline and each subsequent clinic visit, and collection of peripheral blood and tumor tissue samples.


Patient-reported outcomes

Symptom occurrence has been shown to predict treatment course and survival in patients with solid tumors. PROs provide information directly from patients about their symptoms, quality of life, and functional status associated with their tumor and/or treatment. PROs can help optimize patient care, provide information that goes beyond mere survival, and have not been previously reported for those diagnosed with MN1-altered CNS tumors.

The MD Anderson Symptom Inventory-Brain Tumor (MDASI-BT) is a validated instrument that allows self-reporting of symptom severity and interference with daily activities (5). The inventory utilizes a scoring system with 0 representing a symptom which was not present/did not interfere with the patient’s life over the last 24 hours, to 10 which represents a symptom that is as bad as you could imagine and interfered completely with a patient’s life. Scores of greater than or equal to 5 are considered moderate to severe.

Emotional state was assessed with “PROMIS-depression short form 8a” and “Anxiety short form 8a.” Mean t-scores for depression and anxiety were calculated based on the general U.S. population mean t-score of 50. Mean t-scores greater than 60 indicate moderate to severe depression or anxiety.

Neuro-QoL Cognition Function measures self-perceived cognition; a mean t-score of 50 is considered average for the general U.S. population. Mean t-scores less than 40 are considered moderate to severe impairment of cognitive function.

EQ-5D-3L measures general health status. Responses can be described as health states, where each digit of the five-digit health state reflects the severity of its corresponding dimension. The “11111” health state reflects no problems in any dimension. An index score is calculated based on U.S. population weights and reflects the patient’s perception of their own health. An index score of 1 indicates the patient perceives their health as perfect; an index score of 0 indicates they perceive their health as bad as death; and a negative index score indicates they perceive their health as worse than death.



Tumor testing

All tumor specimens were reviewed histologically, and molecular analysis was performed at the Laboratory of Pathology, NCI, Bethesda, Maryland. Methods are summarized in Supplementary Tables 4, 5. Final interpretation of each case was based on integration of methylation-based classification, histopathological findings, clinical history, and data reported in the biomedical literature.



Literature review

We performed a systematic review of the literature following the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA). In consultation with an NIH biomedical research librarian, a search was performed in PubMed (NLM), EMBASE (Elsevier), Web of Science (Clarivate), and Scopus (Elsevier) from December 2022 back to the start of each database. Due to few studies, we searched broadly for studies using only the key terms HGNET-MN1, astroblastoma, and MN1-altered in the topic fields and in the title/abstract fields. PubMed retrieval was 16 citations; EMBASE retrieval was 36 citations, Web of Science retrieval was 18 citations, and Scopus retrieval was 13 citations (Supplementary Figure 2). The total from all four databases was 83 citations. Of the 83 citations, 43 citations were duplicates. The remaining 40 citations were reviewed in full text based on our inclusion and exclusion criteria. Studies were included if they discussed the clinical management of the initial malignancy, provided patient OS and PFS, and there was a molecular diagnosis of HGNET-MN1 or astroblastoma-MN1 altered, at a minimum. Studies were excluded either due to there being a lack of molecular and/or detailed clinical data (reason 1), or due to the tumor being an extracranial lesion (reason 2). Of the 40 citations reviewed in full text, 9 of these studies were included in our manuscript, collectively describing 27 cases.


Patient 1

The patient is a 25-year-old female who was first diagnosed with a left fronto-parietal tumor at 5 years of age after presenting emergently with right-sided facial weakness and urinary incontinence. She underwent surgical resection outside the United States, and pathology was informed as “ependymoma”. The tumor recurred when she was 7 years old, and she underwent additional surgical resection at that time and again one year later, then receiving 59.4 Gy involved brain field radiotherapy. After completing radiotherapy, she experienced her first seizure.

Her imaging remained stable for 16 years until medically refractory epilepsy prompted repeat imaging. A brain MRI with and without gadolinium at age 24 revealed a right fronto-parietal enhancing nodule within the resection cavity (Figure 1A). She underwent a gross total resection of this new enhancing nodule. Histopathology showed a tumor with moderate cellularity, composed of monomorphic cells with round/oval nuclei and rhabdoid appearance. Mitoses were rare. No areas of hemorrhage or tumor necrosis were observed. The tumor had discrete interface with surrounding brain parenchyma (Figure 2A). The neoplastic cells were positive for GFAP (subset) and INI (retained); while negative for L1CAM, NeuN, and BRAF V600E. Olig2 staining was not performed. Synaptophysin showed focal, often dot-like staining, of unclear significance; Ki67 proliferation index was low. Additional molecular analysis including genome-wide DNA methylation and gene panel via Oncomine Comprehensive Assay v3 were performed. Methylation class was “CNS high-grade neuroepithelial tumor with MN1 alteration” (Figure 2D). MGMT promoter methylation was negative. Copy number variations can be found in Supplementary Figure 1. SLX4 (p.Ala1755Val) and ESR1 (p.Leu23Val) mutations were identified and classified as variants of uncertain significance (variant allele frequency 52.9% and 49.3%, respectively). Homozygous CDKN2A deletion was not observed. RNA sequencing was performed as a research test and a MN1::BEND2 fusion was found. Tissue from the patient’s two prior recurrences during her childhood were analyzed via DNA methylation and found to be also consistent with HGNET-MN1.




Figure 1 | Patient imaging findings. (A) Patient #1 imaging findings at 3rd recurrence. Axial T1-weighted MRI with gadolinium showing an enhancing nodule (arrow) along the anterior-superior margin of the previous left frontal resection cavity. (B) Patient #2 imaging at initial presentation. Left to right: Axial CT without contrast, Axial T2/FLAIR MRI, and Axial T1-weighted MRI with gadolinium. Lobular homogeneously enhancing mass with cystic component in the right frontotemporal region, with vasogenic edema, mass effect, midline shift, and intratumoral calcification (arrow). (C) Patient #3 imaging at initial presentation. Left to right, Axial T2/FLAIR MRI, and Axial T1-weighted MRI with gadolinium. Large heterogeneously enhancing left parieto-occipital mass with perilesional edema and midline shift.






Figure 2 | H&E-stained sections of tumors and UMAP embedding of DNA methylation array data for select tumor types. (A–C) H&E-stained sections showing the range of histologic characteristics of astroblastoma (wide-tapered perivascular pseudorosettes and prominent hyalinization) for patient 1 (A), patient 2 (B), and patient 3 (C). (D) UMAP embedding of MN1-altered astroblastoma samples (HGNET-MN1), embedded among select groups of CNS tumors. Three samples from MN1-fused patients discussed in this study are included in a blue circle.



Following her most recent resection, she continued MRI surveillance, and her imaging has remained without evidence of recurrent or residual tumor for the last 3 years. Her most recent neurologic exam revealed weakness of her right hand and foot. She described having partial seizures occurring typically twice per month and lasting from 1 to 10 minutes, and generalized seizures occurring typically twice per year. She was receiving levetiracetam and lacosamide. In contrast with the stable imaging findings, PROs obtained during surveillance revealed seven symptoms rated as moderate to severe and with moderate to severe interference with daily activities (MDASI-BT), moderate to severe depressive symptoms (PROMIS), and an index score of 0.67 on EQ-5D-3L with some problems with walking and self-care and moderate pain/discomfort and moderate anxiety/depression (Table 1; Supplementary Tables 1–3).


Table 1 | MDASI-BT measurement of symptom burden and interference for Patients 1–3.





Patient 2

This patient is a 29-year-old right-handed female who presented 2 years prior with worsening headaches, nausea and vomiting. A brain MRI revealed a right frontal-temporal mass (Figure 1B). She underwent surgical resection with pathology revealing a tumor composed of epithelioid cells forming vague rosettes and with patchy hyalinization of vessel walls, suggestive of a morphological diagnosis of astroblastoma (Figure 2B). No areas of hemorrhage or tumor necrosis were observed. The tumor was diffusely positive for vimentin but showed only patchy stain for GFAP. Only rare cells were positive for S-100. There was cytoplasmic staining for EMA, and synaptophysin showed dot-like positivity in the cytoplasm of tumor cells. Neuron-specific enolase also showed patchy staining within the tumor. INI-1 staining was retained by the tumor cells, and Olig2 staining was negative. Immunohistochemical stain for Ki-67 demonstrated a focal elevated labeling index of 10%–20%. Additional molecular analysis included genome-wide DNA methylation and next generation sequencing using a Primary CNS Tumor panel. Methylation class was “CNS high-grade neuroepithelial tumor with MN1 alteration” (Figure 2D). Copy number variations can be found in Supplementary Figure 1. PARP1 (p.Trp481Cys) and RB1 (p.Gin436Lys) mutations of uncertain significance with variant allele frequency of 53% and 49%, respectively, were identified. Homozygous CDKN2A deletion was not observed. RNA sequencing via CLIA testing revealed a MN1::BEND2 fusion.

Following tumor resection, she underwent involved-field radiotherapy (unknown dose) with concurrent temozolomide completed 3 months after resection. Her imaging remained stable without evidence of recurrent or residual tumor at her last visit 2 years after treatment. As of the patient’s most recent physical exam, her KPS score was rated as 90 with no major neurological deficit. PROs obtained during surveillance revealed no symptoms rated as moderate to severe, no moderate to severe interference with daily activities (MDASI-BT), no moderate to severe depressive or anxiety symptoms (PROMIS), and an index score of 1.00 on EQ-5D-3L (Table 1; Supplementary Tables 1–3). She was not on any medications and continues brain MRI surveillance every 4–6 months.



Patient 3

This patient is a 36-year-old female who had presented emergently 3 years prior reporting bilateral headaches, right-sided blurry vision, and intermittent diplopia. She had right incomplete homonymous hemianopsia and a right cranial nerve VI palsy on exam. A brain MRI revealed a left parieto-occipital enhancing mass (Figure 1C). She underwent a complete surgical resection and outside pathology was reported as “CNS embryonal tumor with rhabdoid features”. Histopathology revealed a malignant and infiltrative neoplasm composed of sheets of cells with abundant eosinophilic to clear cytoplasm, eccentric nuclei, and prominent nucleoli with associated areas of hemorrhage and tumor necrosis, but also perivascular pseudorosettes (Figure 2C). The neoplastic cells were positive for vimentin and glypican3 while negative for synaptophysin, GFAP, keratin and inhibin. EMA staining was focally positive. Olig2 staining was not performed. DNA methylation performed in two independent CLIA certified laboratories revealed a methylation class of “CNS high-grade neuroepithelial tumor with MN1 alteration” (Figure 2D). Copy number variations can be found in Supplementary Figure 1. No clinically relevant variants were detected via Primary CNS Tumor gene panel. Homozygous CDKN2A deletion was not observed. RNA sequencing via CLIA testing revealed a MN1::BEND2 fusion.

She received craniospinal radiation to a total dose of 30.6 Gy in 17 fractions with a 30 Gy boost in 15 fractions to the left parietal surgical bed completed 3.5 months following resection. She experienced her first disease progression 7 months after the initial tumor resection and began receiving cisplatin and lomustine. She required dose reduction after 3 cycles due to myelosuppression. About 12 months following her initial diagnosis imaging showed a second tumor progression. She then underwent a second gross total resection followed by Gamma Knife radiosurgery (5 fractions to the left parietal region; dose unknown). Seven months later, imaging showed enlarging enhancement adjacent to the left parietal cavity with increased perilesional edema and enhancement extension into the craniotomy defect. Another subtotal resection confirmed tumor recurrence. She began exploring potential clinical trials at our center.

At the time of her first visit, her KPS score was rated as 80. She had dysarthric speech, a slow and cautious gait and was unable to perform tandem gait. She was on multiple medications including dexamethasone, oxycodone, docusate, pantoprazole, levetiracetam, ondansetron, aripiprazole, trazadone, benzonatate, albuterol inhaler, melatonin, and acetaminophen.

Her MRI revealed nodular contrast enhancement in the walls of the most recent resection cavity. She was tapered off dexamethasone and enrolled in a clinical trial on which she began receiving a checkpoint inhibitor. PROs obtained prior to treatment initiation revealed 6 symptoms rated as moderate to severe and with moderate to severe interference with daily activities (MDASI-BT), moderate to severe depressive symptoms (PROMIS), moderate to severe impairment in perceived cognition, and an index score of 0.71 on EQ-5D-3L with some problems with walking and performing usual activities, moderate pain/discomfort, and moderate anxiety/depression (Table 1; Supplementary Tables 1–3). Two months after starting experimental treatment her MRI showed increased T1 contrast enhancement in the occipital resection site with associated T2/FLAIR hyperintensity, extending into the left thalamus and left parietal lobe. With this imaging progression, the patient stopped receiving trial therapy and underwent surgical resection followed by treatment with bevacizumab. She continued to decline and died one year following her clinical trial enrollment and less than 3 years after initial diagnosis.




Literature review

Table 2 summarizes the demographic, diagnostic, treatment, and outcome data of previously published cases of astroblastoma MN1-altered and HGNET-MN1 from the 9 studies meeting our inclusion criteria. A total of 30 cases are included in the table (27 previously published plus the three reported in this manuscript). Among these cases, the median age at diagnosis was 9 years with a range of 3.6 to 36 years old. Only six of the 30 patients were diagnosed as adults (18 years of age and older), including 2 of our patients. Only two of the 30 patients were male.


Table 2 | Demographic, treatment, and outcome data of patients with MN1-altered CNS tumors.



The most common morphological diagnoses prior to a molecular diagnosis of an MN1-altered tumor were astroblastoma or ependymoma. During follow up of variable duration, 14 of the 30 patients (46.7%) experienced at least one recurrence of their disease; however, 25 of the 30 (83.3%) were still alive at the time of their last follow up. The shortest progression-free survival (PFS) was 6 months whereas the longest was 12 years. The shortest surviving patient died 35 months (2.9 years) after diagnosis. The longest survival was 27 years, with the patient still alive at the last follow up. We did not identify any other manuscript reporting PROs in patients with this diagnosis.




Discussion

MN1-altered CNS tumors are a newly described and uncommon diagnostic entity. Our NHS, which enrolls adults with primary CNS tumors and routinely incorporates tumor testing with DNA methylation and next generation sequencing panels, identified three participants (all female) with this diagnosis whose comprehensive longitudinal clinical information including PROs, imaging findings and tumor analysis are presented in this manuscript. Two of our patients were diagnosed as young adults, and one experienced a late recurrence as an adult after a prolonged period of stabilization of a tumor diagnosed in her childhood.

Our systematic literature review identified 40 publications of which only 9 provided sufficient information for inclusion. Only four of the 27 cases identified in these 9 publications were diagnosed as adults, indicating the very uncommon presentation in this age group, although this may also reflect a general paucity of advanced molecular testing of primary CNS tumors in adults outside of specialized centers. Few publications discuss the detailed clinical features, management, and outcome of these tumors in adults, and we provide valuable information on the clinical course, diagnosis, and management of this disease.

Our three patients received an integrated diagnosis of HGNET-MN1 before the publication of the latest 2021 WHO classification recommending the term astroblastoma, MN1-altered. We found, that despite sharing the same DNA methylation profile and MN1::BEND2 gene fusion, survival and functional outcomes were quite heterogenous, as reflected by their variable clinical course and our patient’s self-reported symptom burden. Two of our three patients were highly symptomatic, including depression and anxiety and reported an impact on their general health status (one reported this despite the context of prolonged tumor control), highlighting the importance of understanding the patient’s experience in addition to simply analyzing survival data.

Furthermore, the limited existing literature also suggests that outcomes measured as either OS or PFS do not appear to correlate with factors such as age at diagnosis, sex, or initial treatment. Some patients experience a short PFS and multiple recurrences despite treatment with surgery, radiation, and chemotherapy, while others experience years long PFS and OS after only having undergone surgical resection. The determinants of this vast difference in outcomes despite the unifying molecular diagnosis remain unknown and likely include clinical features, tumor genomics and treatment modalities. Table 2 also highlights a discrepancy between PFS and OS as many patients experience short PFS yet prolonged OS with some experiencing late recurrences (9, 11). Sturm and colleagues reported that of the eight patients diagnosed with HGNET-MN1 in their study, 100% experienced an overall survival (OS) beyond 8 years, but only two had a progression-free survival (PFS) that extended beyond 6 years (2). This discrepancy between PFS and OS was also noted by Lehman and colleagues, who found that patients with MN1-rearranged CNS tumors had a clear and significant survival advantage compared to BRAFV600E-mutant tumors, and patients bearing MN1-rearrangements were all alive at the time of publication despite multiple recurrences in some cases (15).

The presence of specific interchromosomal gene fusions may impact survival in patients diagnosed with MN1-altered tumors as five of the patients included in our review possessed an MN1::BEND2 fusion with two of these patients having an OS surpassing 100 months (8.3 years). However, one of our patients with an MN1::BEND2 fusion (Patient 3) experienced her first recurrence only 7 months after her original diagnosis despite intensive therapy and died in 3 years. We acknowledge that the number of cases with reported gene fusions is very small as a comprehensive molecular profile likely remains unexplored in many patients. Systematic analysis of the presence of specific interchromosomal gene fusions and detailed prospective collection of treatment data may provide further insight into whether specific fusions impact OS and PFS.

Although a specific type of interchromosomal gene fusion may be a contributing factor to these differences in outcome, it is likely not the only one. Of four tumors analyzed using RNA sequencing by Sturm and colleagues, gene fusions between MN1 and BEN domain containing 2 (BEND2) were observed in three samples (2). An additional gene fusion was observed between MN1 and CXXC-type zinc finger protein 5 (CXXC5) in another sample (2). High expression levels of BEND2 (a fusion partner) were uniquely observed in HGNET-MN1 tumors distinct from other CNS tumor types (2). Moreover, a set of samples including the tumor harboring the MN1::CXXC5 fusion formed a distinctly separate cluster via t-SNE analysis (t-distributed stochastic neighbor embedding), while all three tumors harboring MN1::BEND2 fusion were found in a larger homogenous cluster, potentially indicating differences in underlying biology, and therefore outcomes, depending on the MN1 fusion partner. These findings indicate not only the need for further molecular characterization of these tumors, but also the collection of detailed clinical and treatment data as these may act as other important factors determining outcome.

Currently, only advanced methods such as DNA methylation profiling and targeted next generation sequencing can confirm this diagnosis both in tumors morphologically diagnosed as astroblastomas, and in tumors with histological features that resemble other diagnoses or are insufficient for a specific morphological diagnosis. Hopefully, with the increased recognition of the utility of advanced molecular testing, these tests will be more accessible enabling more accurate diagnosis of a variety of primary CNS cancers. This increase in diagnostic precision will allow better characterization of the natural history of this tumor, ultimately providing important prognostic information and guiding therapy. However, it is essential to collect large series of well annotated and comprehensive clinical, treatment, and outcome data to help decipher prognostic and predictive factors of this and other emergent rare CNS tumors defined by their molecular features.
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Lymphoblastic lymphoma (LBL) is a rare tumor that accounts for approximately 2-4% of all non-Hodgkin lymphomas, and less than 20% of LBLs are derived from B cells. B- Lymphoblastic lymphoma (B-LBL) often presents as bone marrow and peripheral blood lesions, and is very rare to present as a seller mass. We report a case of sellar B lymphoblastic lymphoma mimicking pituitary apoplexy, and review its diagnosis and treatment process, combined with the literature to deepen the understanding of sellar tumors.
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Introduction

Lymphoblastic lymphoma (LBL) is a rare type of aggressive non‐Hodgkins lymphoma (NHL). In the 2017 WHO classification, LBL is classified together with acute lymphoblastic leukemia (ALL) as ALL/LBL, and LBL is conventionally distinguished from ALL by less than 20–25% marrow infltrating blasts cells (1). LBL represents 2-4% of adult NHL, divided into B cell LBL (B-LBL) and T cell LBL (T-LBL), but only 20% of them are derived from precursor B cells (2). The global incidence of B-LBL/ALL is about 1-5/100000 persons per year (3). Up to now, only one case of B-LBL in sellar has been reported and diagnosed as primary pituitary stalk B-LBL (4). Due to the extreme rarity of sellar B-LBL, its incidence and prevalence cannot be estimated.



Case presentation

A 22-year-old male was presented to our hospital in May 2022 with “sudden drop of left eye vision for one week.” The patient had been healthy prior to the onset of his illness, and denied family history of genetic disease. Visual assessment: visual acuity was 0.2 in the left eye and 1.0 in the right eye. Fundus examinations disclosed optic disc edema in the left eye. Acuity examinations showed inferonasal sector hemianopia in the left eye and superonasal sector hemianopia in the right eye. He underwent MRI at another hospital 2 days before admission; Results showed that the sella was expanded, with an oval slightly long T1 and long T2 abnormal signal, and there was uneven enhancement and a clear boundary; The lesion size was 2.16x1.60x2.16cm (Figures 1A–C). A diagnosis of a large pituitary macroadenoma with compression of the left optic chiasm was considered. His disease progressed rapidly. On the afternoon of admission, he presented with a sudden decrease in visual acuity in his right eye, and his visual acuity of the right eye improved slightly after rapid infusion of mannitol and dexamethasone. CT of the head showed that a hyperdense nodules can be seen inside the pituitary fossa (Figure 1D). We considered it to be a pituitary apoplexy. Then, an emergency craniotomy was performed. Preoperative tests: 1. Blood routine examination: leucocyte [8.6×109/L (3.5-9.5)], absolute value of lymphocytes [1.22×109/L (1.1-3.2)], lymphocyte percentage [14.3% (20-50)]; 2. endocrine tests: cortisol [1174nmol/L (171-536)] was elevated, and other hormones were normal; 3. HIV (-). We found the tumor had an outer envelope, with tough texture and a very rich blood supply during surgery (Figure 1E). All eyes had significantly improved vision without diabetes insipidus and electrolyte disturbance after surgery. Pathological results: B-lymphoblastic lymphoma (Figure 1F). Immunohistochemistry results: CD10(+ +), CD79A (+), KI67(+ 90%), P53(10% +), TDT (65%), Syn (+), BCL-6(+), BCL-2(> 90% +), LMO2(+), PAX5(+), CD99(+), CD20(-). Bone marrow specimens were evaluated by flow cytometry, and we found that B lymphocytes with CD19+CD20+ accounted for about 19.8% of lymphocytes, with polyclonal expression of Kappa and Lambda (Figures 1G, H), but no obvious abnormal immunophenotype cells were found. Next-generation sequencing was performed on tumor tissue to detect of 93 gene variants associated with lymphoma, and six variations in five genes were found (Table 1). PAX5 c.913_923delCGTGACTTGGC (p.R305Efs*32) and TP53 c.969_971delGGAinsAGGC (p.D324Gfs*13) are not recorded in COSMIC, MSK database, and both of them are new discoveries. One month after surgery, he underwent a PET/CT examination, which showed that the tumor had invaded both kidneys, ureters, prostate, pelvis, and left femoral head and neck. There was no tumor recurrence when he had his second MRI in October 2022 (Figure 1I). On October 26, 2022, the patient had a re-examination of PET/CT and found that the increased FDG uptake in his both kidneys, ureters, prostate, pelvis, and left femoral head and neck were reduced compared with the previous range, and the extent of lymphoma involvement was relieved. Until mid-December, he had been receiving 4 rounds of hyper-CVAD chemotherapy at our institution, and complications such as acute pancreatitis and anemia occurred. The patient now claims that his left eye vision is worse than postoperative and cannot take care of himself. Next step he is going to undergo stem cell transplant treatment.




Figure 1 | (A-C) Head MRI: the sella was expanded, with an oval slightly long T1 and long T2 abnormal signal, and there was uneven enhancement and a clear boundary. The neurohypophysis is clearly shown, the left optic chiasm is compressed, and the internal carotid artery in the left cavernous sinus is partially surrounded. The intracranial segment of the left optic nerve were compressed and slightly thinned, and the enhanced scan showed mild enhancement; (D) Head CT: the sella is enlarged, high-density nodules are seen in the pituitary fossa, the size is about 2.1*2.8cm, and the CT value is about 56HU; (E) The tumor was found to have abundant blood supply during the operation; (F) Pathological section: Proliferating tumor cells and have a starry sky appearance and they are dense, with medium cell volume, thin cytoplasm, large and slightly irregular nuclei, and fine chromatin; (G, H) Flow cytometry, and we found that B lymphocytes with CD19+CD20+ accounted for about 19.8% of lymphocytes, with polyclonal expression of Kappa and Lambda; (I) Postoperative re-examination of head MRI showed no tumor recurrence.




Table 1 | Genome variation detection results.





Discussion

Initially, we considered the sudden loss of vision in his right eye as pituitary apoplexy, but we found that the tumor had invaded the right optic canal and did not find any evidence of pituitary apoplexy during the surgery. Reviewing the diagnosis and treatment process of this case, his medical history, clinical symptoms, signs, laboratory findings and radiological characteristics were consistent with pituitary adenoma, so it was easy to be misdiagnosed as pituitary apoplexy. A retrospective study showed that the clinical manifestations of pituitary lymphoma were similar to those of invasive pituitary adenoma, and half of patients show clinical and/or laboratory evidence of hypopituitarism at diagnosis. In addition, 50% of the patients had visual field defects and 40% had symptoms of cranial nerve involvement (5). Clinical studies have shown that most B-LBL patients present with lower stage lesions, mainly consisting of osteolytic bone lesions (26%) and skin lesions (23%), and rare findings included mediastinal or pleural disease (11%), isolated bone marrow disease (13%), isolated lymph node (13%), or visceral disease (4%). Only a minority of patients (6%) have central nervous system manifestations (6). Meyer et al. used molecular inversion probe technology to analyze the genetic data of 23 B-LBL patients, and found that CDKN2A/B deletions were the most common alteration identified in 6/23 (26%) B-LBL cases. IKZF1 and PAX5 deletions were observed in 13% and 17% of B-LBL (7). TP53 is the most frequently mutated gene in human cancer, and is closely related to the occurrence and development of tumors (8). Mutations in the TP53 gene detected in multiple NHL patients, and the detection frequencies in diffuse large B-cell lymphoma (DLBCL), transformed follicular lymphoma (tFL) and Burkitt lymphoma (BL) patients were 21%-31.7% (9–11), 29%-80% (12) and 33%(12), respectively. Mutations in the TP53 gene are extremely rare in patients with B-LBL (13).

PAX5 is a member of the PAX transcription factor family. The main feature of this gene family is the highly conserved DNA binding motif paired box. PAX5 plays an important role in B cell differentiation, and participates in the regulation of B lymphocyte specific target gene - CD19 gene. B cell-specific activator protein (BSAP) encoded by Pax5 gene plays a decisive role in the early directed differentiation of B cells. In the process of hepatocarcinogenesis, PAX5 inhibits hepatocarcinogenesis by inhibiting cell proliferation and regulating p53 signaling pathway to induce apoptosis. It can be used as an auxiliary marker in diagnosing classical Hodgkin lymphoma and B-NHL (14, 15). Studies have shown that in B lymphoma, PAX5 promotes lymphomagenesis through stimulation of B cell receptor signaling (16). However, other studies have shown that PAX5 silencing promotes mantle cell lymphoma (MCL) cell proliferation and that PAX5 overexpression induces MCL cell death (17). Mutations in the PAX5 gene are detected at a frequency of 7% in patients with B-cell progenitor acute lymphoblastic leukemia (BCP-ALL) (18). PAX5 c.913_923delCGTGACTTGGC (p.R305Efs*32) is a frameshift mutation, which leads to a substitution of the arginine at position 305 to glutamic and termination at position 336 and causes the transcription to end prematurely (Figure 2), resulting in functionally impaired proteins, or loss of protein expression through nonsense-mediated mRNA degradation (NMD).




Figure 2 | A newly discovered frameshift mutation in PAX5, which leads to a substitution of the arginine at position 305 to glutamic and termination at position 336. ATG (base sequence) transcription translates to methionine (M,start codon); GAT/GAC transcription translates to aspartic acid (D); GGC transcription translates to glycine (G); CGT transcription translates to arginine (R); GAG transcription translates to glutamic acid (E); CAC transcription translates to histidine (H); TTG transcription translates to leucine (L); GCG transcription translates to alanine (A); AGC/TCA transcription translates to serine (S); ACG transcription translates to threonine (T); TCA transcription translates to serine (S); TGG transcription translates to tryptophane (W); TGA transcription translates to stop codon.



TP53 (tumor protein P53) is a tumor suppressor gene. The protein it encodes, P53, is a DNA binding protein involved in a variety of biological processes. P53 protein regulates target gene expression in response to various cellular stresses, thereby inducing cell cycle arrest, cell apoptosis and senescence, DNA repair, or changes in metabolism. In the cell cycle, when the DNA in the cell is damaged or defective, the P53 protein will arrest the cell cycle in G1 and G2 phases, and start the corresponding repair mechanism to repair the damaged or defective DNA. If the repair fails, the P53 protein initiates the apoptosis mechanism to clear the damaged cells, thus achieving the regulatory function. TP53 c.969_971delGGAinsAGGC (p.D324Gfs*13) is also a frameshift mutation, which leads to a substitution of the aspartic at position 324 to glycine and termination at position 336 and causes the transcription to end prematurely(Figure 3), resulting in functionally impaired proteins, or loss of protein expression through nonsense-mediated mRNA degradation (NMD).




Figure 3 | A newly discovered frameshift mutation in TP53, which leads to a substitution of the aspartic at position 324 to glycine and termination at position 336. ATG (base sequence) transcription translates to methionine (M,start codon); GAG transcription translates to glutamic acid (E); AAA transcription translates to lysine (K); CCA transcription translates to proline (P); CTG/CTA transcription translates to leucine (L); GAT/GAC transcription translates to aspartic acid (D); GGA/GGC transcription translates to glycine (G); TCA transcription translates to serine (S); TGG transcription translates to tryptophane (W); AGA transcription translates to arginine (R); GCG transcription translates to alanine (A); TGA transcription translates to stop codon.



PAX5 c.77T>G (p.V26G) is a missense mutation, which leads to a substitution of the valine at position 26 to glycine. SIFT and PolyPhen-2 provide an in silico prediction of the functional consequences of missense mutations. The former appears to be harmless, while the latter is on the opposite side. XPO1 is a proto-oncogene and Involved in the regulation of mitosis. XPO1 c.1711G>A (p.E571K) is a missense mutation, which leads to a substitution of the glutamic at position 571 to lysine. It can be used as a novel biomarker for classical Hodgkin lymphoma and helps to capture the pathogenesis of classical Hodgkin lymphoma (19). CDKN2A and CDKN2B are tumor suppressor genes. Loss of CDKN2A may lead to the loss of p16ink4a which is a CDK4/6 inhibitor. In turn, CDK4/6 will be activated, resulting in dysregulation of cell proliferation (20, 21). CDKN2B copy number variation is the result of deletion of the CDKN2A-CDKN2B locus.



Conclusion

Sellar lymphoma has no special imaging features, which presents a huge challenge to both accurate diagnosis and personalized therapy. Although sellar lymphoma is extremely rare, it should always be considered in the diagnosis of sellar tumors, and early diagnosis and systematic treatment are the key to improve the prognosis of B-LBL patients.
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Objective

Diffuse intrinsic pontine gliomas (DIPGs) are rare but devastating diseases. This retrospective cross-sectional study aimed to investigate the clinical, radiological, and pathological features of DIPGs.



Materials and methods

The clinical data of 80 pediatric DIPGs under clinical treatment in Beijing Tiantan Hospital from July 2013 to July 2019 were retrospectively collected and studied. A follow-up evaluation was performed.



Results

This study included 48 men and 32 women. The most common symptoms were cranial nerve palsy (50.0%, 40/80 patients) and limb weakness (41.2%, 33/80 patients). Among the 80 patients, 24 cases were clinically diagnosed, 56 cases were pathologically verified, and 45 cases were tested for H3K27 alteration status, with 34 H3K27 alteration cases confirmed. Radiological results indicated that enhancement was common (65.0%, 52/80 patients). Cho/Cr was of predictive value for H3K27 alteration status (P = 0.012, cutoff value = 2.38, AUC = 0.801). Open cranial surgery followed by further chemotherapy and radiotherapy was beneficial for patients’ overall survival. Cox regression analysis indicated H3K27 alteration to be the independent prognostic influencing factor for DIPGs in this series (P = 0.002).



Conclusion

DIPGs displayed a wide spectrum of clinical and imaging features. Surgery-suitable patients could benefit from postoperative comprehensive therapy for a better overall survival. H3K27 alteration was the independent prognostic influencing factor for DIPGs.





Keywords: diffuse intrinsic pontine glioma, H3K27 alteration, overall survival, MRS, radiomics



Introduction

Brainstem gliomas (BSGs) are defined as a heterogeneous group of gliomas that arise from the midbrain, pons, or medulla. BSGs show a bimodal peak of age distribution, with the first peak in the latter half of the first decade and the second peak in the fourth decade (1). BSGs account for approximately 20% of central nervous system tumors in children, and 80% of them are diffuse intrinsic pontine gliomas (DIPGs) (2).

The prognosis for diffuse BSGs has been very poor, compared with a better prognosis in focal low-grade gliomas of the midbrain or focal gliomas in the dorsal bulbo-medullary or pons. Pediatric DIPGs, with a median overall survival of 9–12 months, have been a main research focus for the past 50 years due to their inoperability and resistance to chemotherapy and radiotherapy (3). Whether chemotherapy and radiotherapy could improve prognosis is still controversial. Approximately 80% of pediatric DIPGs harbor H3K27 alterations. Brain tumors that harbor H3K27 alterations seem to have a particularly poor prognosis. In order to classify this new biological feature of brain tumors, a new subtype “diffuse midline glioma, H3K27 altered (DMG-H3K27-alt)” was termed (4). However, the radiomics features of DIPGs, as a pretreatment non-invasive measurement, especially for the DMG-H3K27-alt types, are less known.

DIPGs are a wide range of diseases defined by MR imaging. Histopathology with molecular features is the gold standard for diagnosis. A new study indicated the histone alteration status of predictive value for prognosis (3). Due to the risks of biopsy or open cranial surgery for DIPGs, MRI has been used for the diagnosis of DIPGs for decades. Whether MR features are correlated with histone alteration status and prognosis in DIPGs is still unknown. Furthermore, whether DIPG patients could benefit from chemotherapy and radiotherapy still needs more exploration. In order to obtain a better understanding of the clinical and imaging features of DIPGs, we conducted this retrospective cross-sectional study.



Materials and methods

This study was approved by the Scientific Review Board of the IRB in our hospital. All DIPGs with intact clinical data and MR imaging data were included from July 2013 to July 2019. Clinical information, including age, sex, symptom duration before diagnosis, neurological findings, pathological findings, natural history, treatment with chemotherapy, and treatment with radiotherapy, was retrospectively collected. Patients were diagnosed with DIPG according to MRI images, clinical manifestations, and intact clinical records. Patients without magnetic resonance spectrum results or without intact clinical data were excluded. All the histopathological results and molecular pathological results were reviewed by an experienced team of neuropathologists at Beijing Tiantan Hospital, Capital Medical University.


Imaging review

Imaging evaluation was independently performed by two senior radiologists and one neurosurgeon. A consensus opinion was utilized if there were discrepancies among the reviewers; all images were reviewed again and an agreement among the reviewers was reached. Imaging information included maximum tumor size in the cross section, percentage of pons involved in the cross section, tumor margin, eccentric position, T2 hypointensity, heterogeneity, diffuse restriction, hemorrhage, peritumoral edema, necrosis, cystic, enhancement characteristics, spectroscopy features, hydrocephalus, supratentorial peri-ventricular edema, presence of stripes in non-necrotic T2 hyperintensity regions in the cross section of the pons, location of medulla involvement, and location of midbrain involvement. Diffuse intrinsic pontine glioma was defined as having its epicenter in the pons and typically involving more than 50% of its surface according to the imaging features in MRI. Only diffuse intrinsic pontine gliomas were included in this study for further analysis. Quantitative analysis of diffusion, spectroscopy data, and correlation with other variables was performed.



Histone alteration status

Cases were pathologically verified through stereotactic biopsy or open cranial biopsy. In addition to histopathological diagnosis, immunohistochemistry (IHC) assessment of histone alteration status was also performed. The IHC method utilizes a polyclonal, mutant-specific antibody that recognizes the product of all H3K27 variants, and a positive result was visualized microscopically as strong nuclear staining of the tumor cells (5).



Statistical analysis

Univariable and multivariable analyses of imaging features (quantitative value of diffuse restriction and spectroscopy data, external pontine tumor location, and T2 pontine stripe features), clinical data, and histone status relative to overall survival (OS, diagnosis until death) were performed using Cox proportional hazards regression. The hazard ratio (HR) and odds ratio (OR) for OS and histone status were summarized. Variables with P <0.05 in the univariable analysis were chosen for multivariable analysis when applicable. Correlation analysis between histone status and other variables was also performed. Correlations with a value of P < 0.05 were considered to be of statistical significance. Paired t-tests or independent sample t-tests were used for quantitative data; P <0.05 was considered to be of statistical significance. The chi-square test was used for nominal data, and P <0.05 was considered to be of statistical significance.




Results


Demographics, clinical, and imaging features


Demographics and overall survival

A total of 80 patients who met the criteria were included, consisting of 48 men and 32 women. The median age was 7 years old (range between 2 and 14 years). The demographic data and correlation with OS are summarized in Table 1.


Table 1 | Clinical parameters correlated with OS of 80 DIPGs.





Clinical data and overall survival

Prediagnostic symptom duration time ranged from 1 week to 3 years (with a median duration time of 1 month, Table 1). The most common first symptom before diagnosis was lower cranial nerve palsy, followed by limb weakness and ataxia. A shorter prediagnostic symptom duration time indicated a much shorter overall survival (P = 0.048).

Among the 80 patients, 56 cases were pathologically verified through stereotactic biopsy or open cranial biopsy. Pathology results were reviewed back-to-back by two senior pathologists to reach an agreement. Totally, 56 cases were verified with pathology and a total of 45 cases were tested for H3K27 alteration status with 31 alteration-positive cases. The correlation between overall survival and pathological results is listed in Table 2. Higher tumor grade was correlated with the presence of necrosis on MRI imaging (P = 0.024) and indicated a much shorter overall survival time (P = 0.043).


Table 2 | Pathological parameters correlated with OS of 56 DIPGs.





Histone alteration status and correlation

Among the 56 cases, H3K27 alteration status was identified in 45 cases, consisting of 31 H3K27 alterations and 14 wild-type cases Table 2). Among the 45 cases with H3K27 alteration assessment results, a shorter overall survival was correlated with H3K27 alteration status (P = 0.003). Furthermore, H3K27 alteration was identified to be statistically correlated with the presence of stripes in the pontine (P = 0.035) and cerebellum involvement (P = 0.044). H3K27 alteration status showed no correlation with ADC, Cho/NAA, Cho/CR, or NAA/CR (Table S1). Pontine stripes in MR T2 were commonly observed in DIPGs (55%, 44/80 cases) and correlated with H3K27 alteration status (P = 0.006).



Treatment protocols and overall survival

Among the 80 patients, 24 were clinically diagnosed as having DIPG according to MRI imaging and received no other clinical treatment. Another 18 patients only received stereotactic biopsy or open cranial surgery without subsequent radiotherapy and/or chemotherapy, another 6 patients received radiotherapy and/or chemotherapy after stereotactic biopsy, and the other 32 patients received open cranial tumor burden reduction surgery followed by radiotherapy and/or chemotherapy. Survival analysis indicated that patients receiving stereotactic biopsy or open cranial tumor burden reduction surgery plus radiotherapy and/or chemotherapy had a longer overall survival (P < 0.001, Figure 1A; Table 3), compared with the clinical observation group and the stereotactic biopsy/open cranial cytoreductive surgery group. The overall survival between the clinical observation group and the stereotactic biopsy or open cranial cytoreductive surgery group was of no statistical significance. The overall survival was significant between the other three groups (P < 0.001, Table 3).




Figure 1 | Kaplan–Meier survival analysis for DIPGs. Graph (A) shows the overall survival of DIPG patients in different treatment groups: Group A, clinical observation group; group B, stereotactic biopsy or open cranial surgery; group C, stereotactic biopsy plus radiotherapy and/or chemotherapy; group D, open cranial cytoreductive surgery plus radiotherapy and/or chemotherapy. Graph (B) indicates H3K27 alteration status predicts shorter overall survival (P = 0.004).




Table 3 | Treatment protocols correlated with OS of 80 DIPGs.





MRI features and overall survival

MRI imaging of the 80 cases was reviewed independently by two senior radiologists, and disagreement cases were reviewed again to reach an agreement. The detailed features of MRI images of the 80 cases are listed in Table 4. The medulla was involved in 58 cases, in which the pontomedullary sulcus was involved in 53 cases and the fundus of the fourth ventricle was involved in 33 cases. The midbrain was involved in 68 cases, in which the tectum was involved in 34 cases, the tegmentum was involved in 63 cases, and the cerebral peduncle was involved in 10 cases. The thalamus was involved in four cases, mainly involving the central-median part of the thalamus. The brachium was involved in 70 cases and the cerebellum was involved in 19 cases. Cerebellum involvement was identified to correlate with OS (P = 0.045, Table 4). No statistical significance was found between OS and other involved parts of the brainstem.


Table 4 | Imaging parameters correlated with OS of 80 DIPGs.



According to the shape and growth features of tumors in the pons, we divided DIPGs into two types: tropism growth and exophytic growth. The correlation between this classification and OS was of statistical significance (P = 0.023, Table 5), and tropism growth tumor had a much shorter overall survival.


Table 5 | Tumor growth features in MRI imaging correlated with OS of 80 DIPGs.



Imaging features that correlated with overall survival were calculated separately (Table 5). No statistical significance was found between OS and these MRI features. Quantitative analysis was performed between OS and the spectrum as well as diffuse restriction parameters. A lower rate of Cho/CR indicated a worse prognosis (P = 0.023, cutoff value = 1.66, AUC = 0.709, Figure S1). Furthermore, a lower rate of Cho/CR was also correlated with H3K27 alteration status (Figure 2) and a higher tumor grade (P = 0.002, Table S2). The ADC value, representing diffuse restriction feature, failed to identify any statistical correlation with OS.




Figure 2 | ROC curve of the predictive value of Cho/Cr for H3K27 alteration status (P = 0.012, cutoff value = 2.38, AUC = 0.801).



With Cox analysis, H3K27 alteration indicated a worse prognosis and was an independent prognosis indicator for cases with H3K27 alteration test results (P = 0.004, Figure 1B).





Discussion


Correlation between clinical treatment and overall survival

Not all DIPGs were suitable for surgical removal. The exophytic portion of DIPGs could be safely resected with the use of intraoperative multimodal monitoring and neuronavigation techniques (6) (Figure 3). DIPGs with exophytic portions were more suitable for surgical resection and had a longer overall survival in this series.




Figure 3 | Cranial MRI examination revealed glioma located in the brainstem with extrapontine lesion, showing mixed hypointense and hyperintense in T1 (A) and hyperintense signal in T2 (B) and irregular enhancement (C–E) in preoperative images. Postoperative MRI confirmed partial resection (F–J). Immunohistochemistry indicates H3K27M positive (K) and Ki-67 positive (L).



Chemotherapy and radiotherapy have been recommended for DIPGs as treatment protocols for decades (7). However, resistance to chemotherapy and radiotherapy widely exists among DIPGs. Whether DIPG patients could benefit from chemotherapy and radiotherapy is still controversial. Within this series, through clinical observation, the overall survival was approximately 11 months, which was in accordance with previous reports (8). For DIPG patients who received chemotherapy and/or radiotherapy in this series, the overall survival was much longer than in the comparative groups (P < 0.001), which indicated that DIPG patients could benefit from chemotherapy and/or radiotherapy. Furthermore, we noticed from clinical practice that performing radiotherapy could induce the presence of enhancement and focal changes of DIPGs in MRI imaging, due to radiation-induced vascular changes within the tumor, which was noticed in previous case reports and needs further investigation (9).

The latest published study by our team indicates that the different locations of the brainstem tumor correlated with histone status and prognosis (3). This phenomenon did not exist in DIPGs in this series, which may be attributable to DIPGs mainly located in the pontine rather than in other parts of the brainstem.



Correlation between MRI imaging and clinical features

With the development of stereotactic techniques and open cranial techniques, stereotactic biopsy or surgical biopsy is available for many DIPG patients under acceptable risks (10). However, due to the non-invasive advantages, DIPG is still mainly diagnosed based on MRI imaging and clinical manifestation. Furthermore, many features of the tumor can be identified through MRI images, for example, tumor growth pattern, enhancement, necrosis, hemorrhage, peritumoral edema, and hydrocephalus (11, 12). A survival prediction model as well as classification systems were also mentioned in previous reports (13, 14). These MRI features could provide rather important information for clinical diagnosis and therapy.

DIPG was defined as a tumor body mainly located in the pons. Within this study, we identified that DIPGs could also have different growth patterns with an extrapontine lesion on MRI imaging, which was also identified in a recently published article (15). In this series, at least 54 extrapontine lesions were observed in 80 cases (67.5%), which was similar to the report by Makepeace et al. (15). Among this series, more than 70% (58/80) of the DIPGs were found to involve the medulla, with the pontomedullary sulcus as the main affected part of the medulla, indicating that the tumor may involve the medulla mainly through the ventral part of the medulla. More than 80% (68/80) of the DIPGs in this series were found to involve the midbrain, with the tectum and tegmentum as the main affected parts of the midbrain, indicating that the tumor may involve the midbrain mainly through the dorsal part of the midbrain. These involved areas were the main locations where cranial nerves start over from the brainstem. In contrast to Makepeace’s report, we failed to identify a statistical correlation between overall survival and extrapontine lesion numbers or involvement of the middle cerebellar peduncles. We suggest that these findings may be valuable for risk stratification and radiation therapy planning in future clinical trials. Furthermore, these findings could be helpful in explaining why the lower cranial nerves as well as the long-tract defection signs were commonly identified as the early main clinical manifestations of DIPG patients.



Correlation between MRI imaging and overall survival

Pontine stripes were distinct in the T2 series of many DIPGs, which have been mentioned previously (16) but not analyzed. This characteristic feature of DIPG was identified in more than 50% (44/80) of the cases in this study, indicating it to be a common MRI imaging feature in DIPG. We identified that the performance of pontine stripes was statistically correlated with H3K27 alteration (P = 0.006), although pontine stripes did not correlate with OS in this study.

Quantitative assessment of the spectrum and diffusion restriction has been used for the diagnosis of glioma and for the prediction of prognosis in supratentorial glioma studies (17–19). MRS was also used for differentiating brainstem glioma from non-tumoral diseases (20) and for indicating clinical progression (21). In this series, we identified that the lower rate of Cho/CR was correlated with a higher tumor grade and a shorter overall survival in DIPGs, with the tumor pathology grade an independent prognostic factor. These results indicate that a lower Cho/CR reflects malignant tumor growth features and could be used as a diagnostic indicator and a prognostic predictor.

Exophytic tumor growth has been recommended as a feature for brainstem tumor resectable indication in previous reports (22, 23). Exophytic tumor growth of DIPG accounts for 32.5% of the cases in this series (similar to 28% in previous reports (22)) and indicates a longer overall survival (P = 0.023). The reason for this may be because the exophytic growth pattern of the tumor causes less pressing or destruction of the brainstem, or because the exophytic tumor was more suitable for accepting neurosurgical resection, which provides tumor burden reduction and more tissue for pathological identification, allowing the generation of more effective, comprehensive therapy protocols. Other MRI imaging features, including enhancement, necrosis, cystic changes, and hemorrhage, did not correlate with the overall survival. Hydrocephalus and supratentorial periventricular edema were not correlated with overall survival.




Conclusion

Some DIPGs were suitable for surgical removal for the purpose of diagnosis and cytoreductive surgery of the lesion. Postoperative comprehensive therapy is beneficial for the overall survival of the patients. H3K27 alteration status was correlated with overall survival. Cho/Cr was of predictive value for H3K27 alteration status; also, pontine stripes in the MR T2 series were commonly observed and were correlated with H3K27 alteration status, which needs further study with larger samples.
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Background

Sporadic Spinal Psammomatous Malignant Melanotic Nerve Sheath Tumor (SSP-MMNST) is a rare subgroup of peripheral nerve sheath tumors arising along the spine. Only a few reports of SSP-MMNST have been described. In this paper, we review the literature on SSP-MMNST focusing on clinical, and diagnostic features, as well as investigating possible pathogenetic mechanisms to better implement therapeutic strategies. We also report an illustrative case of a young female presenting with cervicobrachial pain due to two SSP-MMNSTs arising from C5-6 right spinal roots.



Case description

We report a case of a 28-year-old woman presenting with right arm weakness and dysesthesia. Clinical examination and neuroimaging were performed, and, following surgical removal of both lesions, a histological diagnosis of SSP-MMNST was obtained.



Results

The literature review identified 21 eligible studies assessing 23 patients with SSP-MMNST, with a mean onset age of 41 years and a slight male gender preference. The lumbar district was the most involved spinal segment. Gross-total resection (GTR) was the treatment of choice in all amenable cases, followed in selected cases with residual tumor by adjuvant radiotherapy or chemotherapy. The metastatic and recurrence rates were 31.58% and 36.8%, respectively.



Conclusion

Differently from common schwannomas, MMNST represents a rare disease with known recurrence and metastatization propensity. As reported in our review, SSP-MMNST has a greater recurrence rate when compared to other forms of spinal MMNST, raising questions about the greater aggressiveness of the former. We also found that residual disease is related to a higher risk of systemic disease spreading. This metastatic potential, usually associated with primary lumbar localization, is characterized by a slight male prevalence. Indeed, whenever GTR is unachievable, considering the higher recurrence rate, adjuvant radiation therapy should be taken into consideration.
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Introduction

Malignant melanotic nerve sheath tumor (MMNST) represents a rare variant of nerve sheath neoplasms and accounts for less than 1% of all primary peripheral nerve sheath tumors (1). MMNST predominantly develops from spinal or visceral autonomic nerves (2). Considering its histological and ultrastructural traits of schwannomian differentiation, MMNST was historically considered an atypical variant of schwannoma, hence the definition of “Melanotic schwannoma” (3). However, given its recently uncovered different genetic profile, MMNST now represents a distinct malignant entity, as reported in the 2020 World Health Organization (WHO) classification of soft tissue tumors and in the 2021 WHO classification of central nervous system (CNS) tumors (4, 5). Psammomatous MMNST is an even rarer variant of MMNST, often arising along with the gastrointestinal tract-related nerves or in the extremities (6). The first reported case of MMNST was that by Millar et al. in 1932. The Authors described an uncommon pigmented neural tumor stemming from a sympathetic nerve in the thoracic region (7). The coining of the term would come later, with the 1975 Fu et al. publication (8).

MMNSTs are categorized according to two main groups. The first one is represented by its association with Carney Complex (CC). This entity features autosomal dominant inheritance and is characterized by patchy skin pigmentation, endocrine hyperactivity, and cardiac, mammary, and cutaneous myxomas (9, 10). About 50% of all MMNSTs are associated with CC (9). The second group of MMNSTs includes the presence of round concentric calcifications, known as psammoma bodies. Around 50% of all MMNSTs are psammomatous, and about half of these cases are CC-related (11). Therefore, it is crucial to rule out CC in MMNST patients and consider the possibility of sporadic cases of the disease. Additionally, few reported cases were associated with neurofibromatosis (12).

MMNST displays both malignant and metastatic potential depending on its histology. Microscopically, MMNST features spindle-shaped and epithelioid cells in intertwining fascicles, with a significant concentration of melanin both in the neoplastic cells and in the associated melanophages (1).

Clinical presentation depends on anatomical location. MMNST typically arises along the spinal nerve sheath (13), thus explaining frequent symptoms such as pain and paraesthesia (14–17).

To date, the literature has reported approximately 150 cases of MMNST. In this paper, we review the literature on SSP-MMNST in order to improve the knowledge of this disease, focusing on clinical, and diagnostic data, as well as investigating possible pathogenetic mechanisms to better implement therapeutic strategies. We also report a case of a young female presenting with cervicobrachial pain due to two SSP-MMNSTs arising from C5 and C6 right roots.



Results

A PRISMA flowchart is presented in Figure 1. A primary search returned 449 records. After excluding 192 duplicates, 257 records were screened. After screening titles and abstracts and removing articles without full-text, 85 full-text articles were left and evaluated for eligibility. Given that 64 of them were ineligible for inclusion, we selected 21 full-text papers for the review. We identified 23 cases of SSP-MMNST, including 9 (39.13%) females and 14 (60.87%) males. The male-to-female ratio was 1.56:1, suggesting a slight male prevalence of the disease. The mean age of onset of the disease was 40.39 ± 13.11 years. Spinal localization was as follows: 4 cervical (16.67%), 7 thoracic (29.17%), 9 lumbar (37.5%), and 4 sacral (16.67%). Metastases were reported in 6 cases (4 male, 2 female) with a metastatic rate of 31.58%. Lungs were the main site of metastatization (50%), followed by spinal cord, meninges, bone, chest wall, lymph nodes, and brain parenchyma. In 83.33% of the metastatic cases, the primary tumor site was in the lumbar region, particularly in L4/L5. The mean age of metastatic patients was 37.33 ± 9.09 years. There was no significant difference between the mean age of metastatic and non-metastatic patients (p=0.519). Nonetheless, males appeared slightly more at risk of developing metastasis, with a relative risk (RR) of 1.45 (p=0.6082). Treatment approaches in patients included gross-total resection (GTR) in 17 cases (73.91%), and subtotal resection in 5 cases (22.73%), while one refused the treatment. Patients underwent adjuvant radiotherapy in 4 cases (18.18%), with only one without any recurrence. The disease recurrence rate among the 19 patients with known data was 36.84% (7/19). Of these 7 patients, 4 succumbed to the disease (57.14%), 2 were alive with disease stability (28.57%), and 1 was not reported. Of these 7 patients with disease recurrence, 4 had metastatic locations (57.14%). Finally, 3 of 5 (60%) patients who underwent subtotal resection (STR) developed disease recurrence. On the other hand, only 4 of the 17 patients that underwent GTR suffered a recurrence (23.53%). Considering all 23 patients with SSP-MMNST, the outcome was unknown in 6 patients, 9 were disease-free (52.94%), 6 died, and 2 were still affected by the disease at the time of follow-up. Follow-up was different for each of the cases.




Figure 1 | PRISMA flowchart diagram.





Case presentation

A 28-year-old woman presented with a one-year history of cervical pain radiating to the right arm. She had no history of other illnesses, surgeries, related traumas, or a family history of spinal diseases. No skin pigmentary abnormalities were observed. Neurological examination revealed mild weakness in the right arm and dysesthesia in the C5-C6 right dermatome. Electromyography (EMG) testing was performed and did not disclose any abnormality. Spinal cord Magnetic Resonance Imaging (MRI) demonstrated two right intracanal extradural and intra/extra-foraminal lesions at the cervical level: the first lesion measured 20x10mm and was located at the C6-C7 level with paravertebral extension and “dumbbell” shape; the other smaller one was located at C5-C6 level (Figure 2).




Figure 2 | Pre-operative sagittal T1-weighted (A), sagittal (B) and axial (F) post-gadolinium T1-weighted, sagittal (C), coronal (D), axial (E) T2-weighted Nuclear Magnetic Resonance (MRI) images demonstrating the presence of two right sided extradural spinal lesions (arrows) at C5-C7 levels one of which is larger with intraforaminal and paravertebral extension and “dumbbell” shape. Postoperative axial post-gadolinium T1-weighted and fat suppression (G), Gradient echo (GRE) (H), and T2-weighted (I) MRI images demonstrating gross total resection (GTR) of lesions and placement of fat tissue (asterisk) to reinforce dural closure.



The case was discussed by a multidisciplinary team which set the indication for surgical removal of the lesions. The patient gave written informed consent for the procedure. On the day of surgery, the patient was positioned supine, and a laminectomy was performed at the C5-C7 levels. Through a microscopic technique and an extended transcanalar approach, a GTR of intracanal, intra-foraminal, and paravertebral components of the two lesions was performed. Fat tissue was placed to reinforce the dural closure. The postoperative course was uneventful and characterized by strength recovery. On the other hand, dysesthesia slightly improved, but never recovered completely. The patient underwent a postoperative cervical MRI, which confirmed radical excision of both lesions (Figure 2). Surgical specimen underwent histopathological examination, which showed spindle-shaped epithelioid cells with eosinophilic cytoplasm carrying abundant melanin and scattered psammoma bodies. Neoplastic cells featured nuclear polymorphisms and evident nucleoli as well (Figure 3). Immunochemistry showed cellular positivity for “ HMB-45, S100, Synaptophysin, Melan-A and Collagen-IV “, thereby confirming a diagnosis of MNNST. MIB-1 proliferative index was 4-5%. To rule out CC, molecular screening on PRKAR1A gene was performed using Sanger sequencing, and no germline pathogenic variant in PRKAR1A was identified. Concerning the young age of the patient, research on the pathogenic variant in phacomatosis susceptibility genes (NF1, NF2, SPRED1, SMARCB1, LZTR1) and other 24 genes relevant in the pathogenesis of nervous system tumors (TP53, EGFR, PDGFRA, PTEN, PIK3CA, PIK3R, RB1, NOTCH1, CDK4, CDKN2A, CDKN2B, IDH1, IDH2, FUBP1 CIC, TACC3, TERTp, ATRX, DAXX, FGFR3, ACVR1, H3F3A, KIAA1549 BRAF), was performed using a customized gene panel on lymphocyte DNA and tumor tissue. No pathogenic variants of those genes were detected in both tissues. 30 days after the surgical procedure, a whole-body Fluorodeoxyglucose-positron emission tomography/computed tomography (FDG-PET/CT) was performed, showing no residual focal pathology nor metastasis, and an echocardiogram revealed no cardiac myxoma. One year after surgery, the patient was in clinical and radiological remission without any signs of recurrence of the disease as confirmed by a recent one-year FDG-PET/CT.




Figure 3 | (A) Malignant melanotic nerve sheath tumor (MMNST) composed by pleomorphic cells, with spindle to polygonal shape, organized on fascicles (star) or sheets of roughly syncytial epithelioid cells (arrowhead), and numerous elements with heavy pigment deposits (H&E, magnification 20x). (B) Cellular details show the presence of occasional mitoses (arrows) and brown finely granular melanin pigment (H&E, magnification 40x).





Discussion

SSP-MMNST is a rare, aggressive, and diagnostically challenging tumor of spinal nerves. We reviewed cases of SSP-MMNST by performing a literature search on PubMed and Embase databases. Their features are summarized in Table 1. It should be noted that some case reports did not include complete clinical, treatment, and genetic data of patients.


Table 1 | Reported cases of sporadic spinal psammomatous melanotic schwannoma.



MMNST, formerly known as Melanotic Schwannoma or Schwannian melanotic tumor, was classified as a malignant lesion in the 2020 WHO classification of soft tissue tumors (4). The neoplasm rarely affects children and most commonly arises in adults, presenting as a sporadic lesion or as part of CC. The mean age of presentation is 38 years and no geographic, racial, ethnic, or gender preferences have been reported so far (35, 36). MMNST development in younger patients may be related to Carney syndrome (24). Psammomatous variants may be seen in patients with CC and arise a decade earlier than isolated sporadic cases, with a prevalence peak in the third decade of life (24, 37). In our analysis, the average disease age of onset for SSP-MMNSTs was 40±13 years (range 17 to 65 years), with slight male prevalence (1.56:1, M:F ratio). This is in contrast with previous studies in which no significant sex predilection was reported.

MMNST generally arises from spinal nerves and sympathetic ganglia as a single lesion (6, 9, 23). Nonetheless, literature reports scarce occurrences in other sites such as sympathetic chains, cranial nerve roots, peripheral nerves, cerebellum, orbit, choroids, soft tissue, alveolar nerves, palate, parotid gland, heart, oral cavity, oesophageal wall, pancreas, trachea, and bones (2, 10, 38–45). Spinal MMNST occurs in the lumbosacral region in 47.2% of cases, in the thoracic tract in 30.5%, and in the cervical region in 22.2%. The tumor may grow both in an intramedullary and extramedullary pattern. Furthermore, the lesion usually moves into the vertebral foramen or paravertebrally mainly affecting the posterior nerve roots (6, 7, 20, 46–48). Our review focused on SSP-MMNST and showed that the lumbar district is the most affected one, with no significant difference between the right and left sides.

The clinical presentation of spinal MMNST is related to its anatomical location. Approximately one-third of cases are asymptomatic (9). On the contrary, symptoms of spinal nerve and spinal cord involvement, which are observed in 35.5% of patients, include radicular and back pain, dysesthesia, progressive sensory and motor deficits, ataxia, and sphincter disorders (38). The peculiar combination of radicular and back pain leads to misdiagnosis, with discopathy being the most frequent one. Mechanical dysfunction of adjacent organs due to compression is reported in 13% of cases (49). Complications vary according to tumor location and may include CC sequelae such as heart failure and stroke (1). Our case was characterized by mild weakness in the right arm and dysesthesia in the C5-C6 right dermatome with progressive deterioration within a year.

Unlike common schwannomas, MMNST is prone to local recurrence and displays metastatic potential (6, 9, 39). Metastases primarily occur in the lung and pleura but may also involve mediastinum, diaphragm, pericardium, endocardium, bone, liver, and spleen (6, 9, 38). In their studies, Torres-Mora et al. and Alexiev et al. showed local recurrence in 15 to 35% of cases and a metastasis rate of 26% to 44% (1, 6).

Our review on SSP-MMNST demonstrated metastasis occurrence in 31.58% of cases, with male prevalence (66.6%) and with no statistically significant difference from the metastatic rate of spinal MMNST (p=0.463) (40). The main metastatic site was lung parenchyma, consistent with previous literature.

In 83% of cases of metastasis, the primitive tumor developed in the lumbar region with a slightly greater risk in males (RR=1.45, p=0.608). The mean age in patients with metastatic disease was lower than non-metastatic ones (37.33 ± 9 vs 42 ± 15 years), with no significant difference.

Comparing whole-body MMNST data (6) with ours on SSP-MMNST, we observed no significant difference in the metastasic rate (44% vs 31.58%, p= 0.563) nor in the recurrence rate (35% vs 36.84%, p = 0.8833). Furthermore, when considering only sporadic spinal MMNSTs (40) and comparing them with our SSP-MMNSTs, we did not find a significant difference in the rate of metastasis (32.7% vs 31.58%, p= 0.9273) nor recurrence (25% vs 36.8%, p= 0.2639). These results seem to support the hypothesis that this histological type has no greater local or distant aggressiveness than sporadic and spinal non-psammomatous cases and whole-body MMNST. We believe that the lack of significant difference between the spinal sporadic MMNST cases and our SSP-MMNST ones may arise from the small sample size available. Nevertheless, the recurrence rate of 36.8% in SSP-MMNST versus 25% in sporadic spinal MMNST appears to be an interesting finding that, if confirmed, could reveal a greater aggressiveness of the former.

Histologically, MMNST generally consists of a single ovoid lesion, and it is rarely multifocal. Adjacent bone erosion may be observed (6, 9, 23, 41). Although being a circumscribed tumor, MMNST does not feature any capsule, in contrast to the typical schwannoma. This characteristic may reflect the potential aggressiveness of the disease. Microscopically, spindle-shaped and plump epithelioid cells appear in intertwined fascicles or nests (1). Melanin accretions in the neoplastic cells and associated melanophages are usually identified. Cytoplasmic pigmentation is highly variable. The pigment is positive for silver Fontana-Masson melanin staining and negative for Prussian blue and periodic acid-Schiff (PAS) staining (50). Rare mitoses are discernible in most lesions. MMNSTs typically lack Verocay bodies, microcysts and thick-walled hyalinized blood vessels (42). The criteria for malignancy in MMNST are not yet fully established. Nonetheless, histological characteristics like large vesicular nuclei with macronucleoli, intense mitotic activity, and necrosis point towards aggressive behavior (6, 38). Immunohistochemical staining for S100, SOX10, HMB-45, Melan-A, p16 and vimentin yields positive results, whereas GFAP, EMA, and CK staining are mostly negative (6, 9, 20, 41–45, 49, 50). All MMNST cases display positive laminin and collagen IV linear and pericellular immunoreactions (50). Aside from our case report, we identified two other MMNST cases with a hemorrhagic presentation, one of which was a heart attack mimicker (27, 40). In our case, the histological features matched with data available in the literature (Figure 3).

MMNST pathogenesis is still poorly understood. Several theories about histogenesis of the tumor have been described. Schwann cells and melanocytes share both their neuroectodermal origin and migration routes. Given this common developmental lineage, Schwann cells may be capable of synthesizing melanin under specific circumstances (18, 51, 52). Further hypotheses point to a melanomatous transformation of neoplastic Schwann cells (53).

Genetically, MMNST features a complex karyotype with recurring 22q band monosomy, variable whole chromosomal gains, and recurrent losses usually affecting chromosomes 1 and 21 and chromosome arm 17p.45 (54). Approximately half of the psammomatous cases are associated with CC, an autosomal dominant genetic disease harboring a chromosome 17 mutation that affects the cAMP-dependent protein kinase type I regulatory subunit alpha (PRKAR1A) gene (9, 42). CC diagnosis requires at least two major clinical findings. However, a single finding is sufficient in cases of positivity for the inactivating PRKAR1A gene mutation (38). MMNST may also develop in neurofibromatosis type I (12, 48). Recent cytogenetic studies demonstrated trisomy 6p at ring chromosome 11 in MMNST, suggesting some similarities with malignant melanoma. However, MMNST lacks the prototypical BRAFV600E mutation (55).

MMNST diagnosis is based on clinical, histopathological, and instrumental findings. The histological diagnosis requires careful differential considerations between neurofibroma, pigmented dermatofibrosarcoma protuberans, melanocytoma, and malignant melanoma.

Our case matched previous literature, with both tumors being positive for HMB-45, S100, Synaptophysin, Melan-A, and Collagen-IV. MIB-1 proliferative index was 4-5%. Phacomatosis susceptibility and CNS tumorigenesis genes were also investigated with negative results. Their negativity allowed us to exclude melanoma, CC, and Neurofibromatosis.

Radiologically, SSP-MMNST is characterized by hyperintensity in T1-weighted sequences, hypointensity in T2-weighted sequences, and homogeneous post-contrast enhancement (Table 2). These features were confirmed in our case (Figure 2). By contrast, schwannomas often present hypointensity in T1 and hyperintensity in T2 (56–58). Melanin displays paramagnetic effects, leading to stable free radicals. Essentially, melanin protons have shorter T1 and T2 relaxation times. Nevertheless, melanin concentration and tumor density are not always consistent. On axial images, the tumor may appear dumbbell-shaped with varying relationships to the medulla and dura. According to the Asazuma et al. classification (59), dumbbell schwannomas are classified into 6 types with our case classified as type IIb (Extradural, inside the spinal canal, intraforaminal and paravertebral).


Table 2 | Comparison of Spinal MMNST and SSP-MMNST.



FDG PET/CT provides a unique contribution to: (a) the differential diagnosis of benign and malignant lesions, (b) the detection of covert metastases, (c) the monitoring of treatment response, and (d) the evaluation of MMNST prognosis (6, 9, 39, 60, 61). The patient in our case underwent two full-body FDG-PET-CT scans, the first in the immediate post-operative period and the second at one-year follow-up. In both cases, the scan was negative for focal uptake areas, ruling out disease recurrence and metastasis.

Surgery represents the cornerstone of treatment for MMNST, with GTR being the gold standard for all subtypes. During surgery, a residual tumor capsule may be left to prevent spinal cord injury if the tumor is closely adherent (62, 63).

In our review on SSP-MMNST, the most common approach was GTR in 73.91% of cases. Among these, only 23.53% developed disease recurrence, as opposed to 60% of patients who underwent STR. The total recurrence rate was 36.84%, and 57.14% of that percentage was associated with metastasis. This finding may suggest that recurrent SSP-MMNSTs tend to be more aggressive and, therefore more prone to spread systemically.

Given the limited number of cases, post-surgical management is controversial. No current guidelines for adjuvant treatment in MMNST are available (38, 50). Some studies show a beneficial role of adjuvant radiotherapy in post-operative tumor residuals, reducing the rate of relapse and metastasis during a 24-month follow-up (50). Fractionated radiotherapy is a suitable option for complex MMNST close to susceptible structures, such as the spinal cord, although no significant data on mortality reduction are yet available (38). Indeed, some studies have recommended 54 Gy fractionated radiation therapy applied to the spine (46). Spinal stereotactic radiosurgery may also be considered. Chemotherapy has instead demonstrated low response rates and no mortality benefit (64). In our analysis, radiotherapy was employed in only 18.18% of cases as an adjuvant treatment following STR. Given the metastatic potential of SSP-MMNST, these data seem to suggest that, whenever residual disease is left, adjuvant radiotherapy may be appropriate.



Conclusion

Differently from common schwannomas, MMNST represents a rare disease with known recurrence and metastatization propensity. As reported in our review, SSP-MMNST has a greater recurrence rate when compared to other forms of spinal MMNST, raising questions about its greater aggressiveness. We also found that residual disease is related to a higher risk of systemic spreading. This metastatic potential, usually associated with primary lumbar localization, is characterized by a slight male prevalence. Indeed, whenever GTR is unachievable, considering the higher recurrence rate, adjuvant radiation therapy should be taken into consideration.
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Exons Primer Primer sequences

direction
Exon | Forward 5'-GCGAAGACTACGGAGGTC-3'
Reverse 5 -ATGTGTCCTGCCTCAAGG-3'
Exon2 Forward 5'-CCTAGACCTCATGATCCGC-3
Reverse 5 -TTGGATAACGTGCCTGACATC-3'
Exon3 Forward 5 -GGTAGTTGTTGGCAAAGCCTC-3'

Reverse 5'-GAAACTAAGGAAGGAACCAGTCC-3'
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Number Age (y) Gender Therapy Chemotherapy Radiotherapy EFS (m) OS (m) outcome

1 2.7 F Surg (Biopsy) vs / 0.3 0.3 DOD
2 26 M Surg (Biopsy) + RT + ChT VCR + Carbo+ VP 32Gy CS1/22Gy focal boost 43 43 AWD
3¥ 20 M Surg (PR) + RT + ChT CTX + VCR 36Gy CSI/54Gy focal boost 53 6.3 DOD
4*c 34 F Surg (CR) + RT + ChT CTX + DDP + VCR 54Gy focus 6.5 9.5 DOD
o* 4.2 M Surg (PR) / / 0.9 1.2 DOD
6* 4.3 R Surg (CR) + RT + ChT CTX + DDP + VCR 54Gy focus 4.8 16 DOD
7 4.6 M Surg (PR) / / 0.8 0.9 DOD
8¢ 19 M Surg (CR) J; / 13 1.4 DOD
9 20 E Surg (PR) / / 08 0.8 DOD
10 13 M Surg (CR) + ChT CDDP + VCR + VP + CTX + MTX / 58 58 DOD
1 41 M Surg (CR) + RT / 54Gy focus 7.0 8.9 DOD
12 1.9 M Surg (PR) + ChT VCR + Carbo + VP / 14 1.4 AWD
13 21 M Surg (CR) + ChT VCR + Carbo + VP ! 0.6 0.6 NED
14 22 F Surg (Biopsy) / / 12 12 DOD
15 25 M Surg (PR) + ChT VCR + Carbo+ VP / 85 8.5 DOD
6* 14 F Surg (PR) lost lost lost lost lost

igb 36 M Surg (Biopsy) lost lost lost lost lost

/: patients did not receive the treatment; n*, patients occurred with intracranial or spinal metastasis; n°, patients occurred with relapse; 16* and 17° were patients who were lost to follow-up.
DOD, die of disease; AWD, alive with disease; NED, no evidence of disease; y, years; m, months; Surg, surgery; PR, partial resection; CR, complete resection; ChT, chemotherapy; RT,
radiotherapy: O, verall:sutvival RS eventsfes survival;
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Number Morphology Mitoses/10 HPFs Ki67 index LIN28A IHC C19MC GFAP NeuN Specimen obtained method

amplification
1 ETANTR 8 40% + yes - + at diagnose
2 ETANTR 15 60% + yes + - at diagnose
3 ETANTR 35 80% + yes + + at diagnose
47 ETANTR 28 (primaries) 60% + yes + + at diagnose
30 (relapse) (primaries)
80% (relapse)
5% ETANTR 38 90% + yes + + at diagnose
6* ETANTR 30 80% e yes + - at diagnose
7% ETANTR 39 70% + yes + + at diagnose
8 ETANTR 35 (primaries) 70% + yes + + at diagnose
37 (relapse) (primaries)
75% (relapse)
9 ME 28 80% + no + + at diagnose
10 ETANTR 39 40% + yes + - at diagnose
11* ETANTR 32 80% + yes + - at diagnose
12 ETANTR 26 70% + yes + + at diagnose
13 ETANTR 45 60% + yes + + at diagnose
14 ETANTR 42 70% + yes + = at diagnose
15 ETANTR 36 80% + yes + = at diagnose
16™ ETANTR 15 (primaries) 40% + yes + + relapse
35 (relapse) (primaries)
50% (relapse)
175 ETANTR 30 80% + yes + + at diagnose

/: patients did not receive the treatment; n*: patients occurred with intracranial or spinal metastasis; n: patients occurred with relapse; 16* and 17° were patients who were lost to follow-up.
ETANTR, embryonal tumors with abundant neuropil and true rosettes; ME, medulloepithelioma.
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markers / lesions KI67 P53 THC TP53 gene N-MYC NRAS CDKé6

primary 70%+ - wild-type increased copy numbers no mutation no amplification

relapsed 75%+ - wild-type increased copy numbers no mutation no amplification
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age (years) / Metastatic status aged <3 (n=11) aged >3 (n =6) X* =9.97 P = 0.002

metastasis (n =6 ) 1
without metastasis (n = 6 ) 10 1

Total (n = 17) 11 6
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Age at treatment (year)
>30
Sex
Male
Criteria for NF2 diagnosis
Bilateral VS
Unilateral VS with other multiple tumors
Phenotype
Wishart
Feiling-Gardner
Laterality
Left
Indication for treatment
Primary
Tumor growth
Tumor volume

Adjuvant or secondary (prior surgery)

Hearing function before SRS (Gardner-Robertson grade)

1

s

jiss
WorVv

VS (n=41) in NF2 patients

37 [29, 50]
29 (71)

21 (51)

34 (83)
7 (17)

27 (66)
14 (34)

17 (41)

13 (32)
21 (51)
7(17)

2(5
8(20)
3(7)
28 (68)

Values are numbers (%) or a median [range]. Data are given for each treated case. VS,
vestibular schwannoma; NF2, neurofibromatosis 2; SRS, stereotactic radiosurgery.
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Cases treated with SRS for VS
(n=1125 lesions)

Excluded:
- Non-NF2 patients
(n=1068 lesions)

Cases in NF2 patients
(n=57 lesions) Evcluded:

- MRIs not available
(n=8 lesions)
- Lost to follow-up

Cases included in study (n=8 lesions)

(n=41 lesions in 33 patients)

- Bilateral VS treated with SRS
for both lesions
(n=16 lesions in 8 patients)
Bilateral VS treated with SRS
for one lesion
(n=18 lesions in 18 patients)
Unilateral VS
(n=7 lesions in 7 patients)
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Age at diagnosis (years)
<40
> 40
Sex
Male
Female
Pathology grade

11
i

Intracranial location
Supratentorial
Infratentorial
Both

Extent of resection
GTR
STR
Unknown

Recurrence times
0
1

(VAR

3

Liver metastasis
No
Yes

Bone metastasis
No
Yes

Other metastasis
No
Yes

IMRT, intensity-modulated radiotherapy; SRS, stereotactic radiosurgery; GTR, gross total resection; STR, subtotal resection.

*P values are statistically significant.

All(n=42)

No. (%)

20 (47.62)
22 (52.38)

25 (59.52)
17 (40.48)

2 (52.38)
0 (47.62)

30 (71.43)
6 (14.29)
6 (14.29)

22 (52.38)
15 (35.71)
5 (11.90)

20 (47.62)
13 (30.95)
4(9.52)
5 (11.90)

41 (97.62)
1(2.38)

39 (92.86)
3(7.14)

40 (95.24)
2 (4.76)

IMRT
(n=20)

No. (%)

11 (47.83)
12 (52.17)

15 (65.22)
8 (34.78)

12 (52.17)
11 (47.83)

19 (82.61)
2(87)
2(87)

13 (56.52)
7 (30.43)
3(13.04)

18 (78.26)
3 (13.04)
1(435)
1(4.35)

23 (100)
0(0)

21 (91.3)
2(87)

22 (95.65)
1(4.35)

SRS
(n=22)

No. (%)

9 (47.37)
10 (52.63)

10 (52.63)
9 (47.37)

10 (52.63)
9 (47.37)

11 (57.89)
4(21.05)
4(21.05)

9 (47.37)
8 (42.11)
2(10.53)

2(10.53)
10 (52.63)
3(15.79)
4(21.05)

18 (94.74)
1(5.26)

18 (94.74)
1(5.26)

18 (94.74)
1(5.26)

0.976

0.408

0.976

0.211

0.629

< 0.001%

0.265

0.667

0.890
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Variable

Age
Treatment technique
IMRT
SRS
Sex
Male
Female
Tumor location
Supratentorial
Infratentorial
Both
Pathology grade

I
itk

Recurrence times

1

(VAR
w

N of patient

42

20
22

25
17

30

22
20

13

N of events

22

12
10

12
10

Disease-Free Survival HR (95% CI) p

1.00 (0.96-1.06)

1.00
14.17 (1.78-112.63)

1.00
0.24 (0.08-0.79)

1.00
0.75 (0.19-2.96)
0.61 (0.16-3.17)

1.00
0.40 (0.11-1.52)

1.00
2,52 (0.57-11.07)
1.10 (0.27-4.46)

N, number; HR, hazard ratio; CI, confidence interval; IMRT, intensity-modulated radiotherapy; SRS, stereotactic radiosurgery.

*P values are statistically significant.

0.791

0.012*

0.019*

0.641

0.647

0.180

0.729
0.896
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Variable N of patient N of events Disease-Free Survival HR (95% CI)p

Age 22 11 1.00 (0.90-1.12) 0.897
Treatment mode
Surgery 10 7 1.00
Surgery+radiotherapy 8 2 0.18 (0.02-1.64) 0.129
Others 4 2 10.93 (1.01-117.91) 0.049*
Sex
Male 12 7 1.00
Female 10 4 0.27 (0.05-1.47) 0.130

Tumor location

Supratentorial 13 6 1.00

Infratentorial 5 3 1.24 (0.15-10.08) 0.838

Both 4 2 0.74 (0.07-7.48) 0.796
Pathology grade

11 12 6 1.00 0.635

111 10 5 0.66 (0.12-3.71)

Others contain 3 cases received radiotherapy alone and 1 case received symptomatic treatment.
N, number; HR, hazard ratio; CI, confidence interval.
*P values are statistically significant.
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VS (n=41) in NF2 patients

Maximal extrameatal diameter (cm) 2.0 [1.1, 23]
Extrameatal extension (Koos grade)
i 5(12)
I 15 (37)
I 16 (39)
v 5(12)

Target volume (cc)

Number of fractions

3.06 (1.00, 6.00]

Single 39 (93)
Fractionated 3(7)
Marginal dose (Gy) per fraction 12.0 [12.0, 12.5]
Less than 12.0 5(12)
12.0-13.0 35 (86)
More than 13.0 1(2)
Tumor control
At 12 months 24 (59)
At 24 months (n=36) 21 (58)
At 36 months (n=35) 26 (74)
At 60 months (n=27) 23 (85)
At 120 months (n=11) 9 (82)

Pseudoprogression (n=12)
Peak volume increase (%)
Time-to-peak volume (month)
Hearing preservation (n=10)
Serviceable
Non-serviceable
Other comorbidities
Vestibulopathy
Facial nerve palsy
Trigeminal neuralgia

Symptomatic hydrocephalus (n=33)

29.2 [22.4, 36.6]
173 [11.0, 35.4]

8 (80)
2 (20)

13)

Values are numbers (%) or a median [range]. Percentages are based on the total number
of treated lesions (n=41), unless otherwise specified. VS, vestibular schwannoma; NF2,
neurofibromatosis 2.
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Pathway name Gene number ES NES NOM FDR

of pathway p-value  g¢-

value

Small cell lung 82 0.652 1.628 0.000 0.605

cancer

Pathways in cancer 311 0.545 1.604 0.000 0.516

P53 signaling 63 0.675 1.579 0.002 0.328

pathway

Steroid hormone 45 0.506 1.550 0.004 0.234

biosynthesis

Cytokine-cytokine 240 0.656 1.548 0.004 0.200

receptor interaction

Tgf beta signaling 82 0.568 1.523 0.008 0.217

pathway

Riboflavin 15 0.621 1.572 0.009 0.299

metabolism

KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis;
ES, enrichment score; NES, normalized enrichment score; NOM, nominal; FDR, false
discovery rate.
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Gene

SHH
CDH1
WNT5A
ACTIN

Forward primer

AGGAGTGAAACTGCGGGTGA
ATTGCTCACATTTCCCAACTCC
TGCAATGTCTTCCAAGTTCTTCCT
CACCCAGCACAATGAAGATCAAGAT

Reverse primer

CACCGAGCAGTGGATATGTGC
CTCTGTCACCTTCAGCCATCCT
ATTCATACCTAGCGACCACCAAG
CCAGTTTTTAAATCCTGAGTCAAGC
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Incidence-SEER Research Plus Data, Nov 2021 sub(1975-2019)

1 . Primary site label : brain (C71.9)
2. Behavior code ICD-0-3 : malignant
3. Lymphoid neoplasm recode 2021
revision . lymphoid neoplasm
N=1245

Kaplan-Meier and
Log-rank test for
survival analysis

based on risk score

Excluded:
1. Ann Arbor stage is unknown

2. survival time is unknow

3. therapeutic schedule missing
N=326

ROC . AUC,

DCA
Predictive nomograms
for OS and CSS

Univariate and
Multivariate Cox
regression analyses

Age . Race. Sex. Year of Diagnosis.
Ann Arbor stage. Radiation, Surgery.
Chemotherapy. COD. Survival months.
Martial status. Vital status

N=919

Development group . Verification group
7:3
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Histology

Neurocutaneous

Location

Resection

Complications

Schwannoma

Neurofibroma

Plexiform Neurofibroma

Plexiform Schwannoma

Malignant Peripheral Nerve Sheath Tumor
(MPSNT)

Fibrolipoma
Branchial cyst
Lipoma
Nodular fascitis
Lymphoma

Total

86
(60%)

37
(26%)

9 (6%)

3 (2%)

2 (1.5%)

1(0.7%)
1(0.7%)
1(0.7%)
1(0.7%)
1(0.7%)

142

syndromes

5 Schwannomatosis
2 NF1
1 NF2

27 NF1
1 Schwannomatosis

9 NF1

none

2 NF1

none

none

none

none

none

40 NF1
6 Schwannomatosis
1 NF2

36 Inferior
Limbs

23 Superior
limbs

15 Intracanalar
12 Brachial
Plexus

13 Superior
limbs

7 Inferior limbs
5 Chest

4 Head

3 Brachial Plexus
3 Back
2 Intracanalar

4 Inferior limbs
3 Superior limbs
1 Chest

1 Intracanalar

2 Superior limbs
1 Inferior limbs

2 Brachial Plexus

Superior limbs
Brachial plexus
Neck

Inferior limbs
Neck

49 Inferior limbs
42 Superior
limbs

18 Brachial
Plexus

18 Intracanalar
6 Chest

4 Head

3 Back

2 Neck

79/86
Total (92%)
7/86 Subtotal (8%)

36/37 Total (97%)
1/37 Subtotal (3%)

4/9 Total (44 %)
5/9 Subtotal
(56 %)

3 Total (100%)

2 Subtotal (100%)

Total
Total
Total
Total
Total

127/142 Total (89%)
15/142 Subtotal
(11%)

1 permanent sensory
deficit

1 permanent motor
deficit

3 transient sensory
deficits

2 transient motor deficits
2 dural tear

1 permanent sensory
deficit

1 permanent motor
deficit

1 transient sensory deficit

no

no
no
no
no
no

12/142 (8.5%)
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Histology N° Neurocutaneous Location Resection Complications

syndromes
Schwannoma 91 9 Schwannomatosis 39 Inferior 87/91 Total 4 transient sensory deficits
(64%) 7 NF2 Limbs (95,6%) 2 transient motor deficits
3 NF1 21 Superior 4/91 Subtotal 1 dural tear
limbs (4,4%)

18 Intracanalar
12 Brachial

Plexus
Neurofibroma 17 10 NF1 7 Intracanalar 15/17 Total (88%) 1 transient sensory deficit
(12%) 4 Head 2/17 Subtotal 1 permanent motor deficit
3 Superior (12%)
limbs
2 Back
1 Inferior
limbs
Plexiform Neurofibroma 12 8 NF1 5 Head 8/12 Total (66%) 1 worsening of a pre-existing
(85%) 3 Rasopathy 5 Inferior 4/12 Subtotal hypostenia
limbs 34%)
1 Brachial
plexus
1 Superior
limbs
Malignant Peripheral Nerve Sheath Tumor 5 1 NF2 4 Brachial 1/5 Total (20%) no
(MPSNT) (3.5%) Plexus 4/5 Subtotal (80%)
1 Intracanalar
Hybrid PNS tumor 3 2 Schwannomatosis 2 Superior 1/3 Total (33%) 1 transient motor deficit
1 Rasopathy limbs 2/3 Subtotal (66%)
1 Inferior
limbs
Follicular lymphoma 2 none 2 Superior Total no
limbs
|
LN hyperplasia it none Superior limbs Total no
Plexiform Schwannoma 1 none Inferior limbs Total no
Ganglioneuroma 1 none Intracanalar Subtotal no
Lypomatosis of the nerve 1 none Superior limbs Subtotal no
Perineurioma 1 none Intracanalar Subtotal no
Steatonecrosis 1 none Inferior limbs Subtotal no
Ganglion cyst 1 none Inferior limbs Total no
Epithelioid hemangioendothelioma 1 none Superior limbs Total no
Mesenchymal tissue tumor 1 none Brachial Plexus ~ Total no
Nodular tenosynovitis 1 none Inferior limbs Total no
Solitary fibrous tumor 1 none Superior limbs Total no
Mixopapillary Ependimoma 1 none Intracanalar Total no
Total 142 21 NF1 49 Inferior 122/142 Total 11/142 (7.7%)
12 Schwannomatosis limbs (86%)
8 NF2 33 Superior 20/142 Subtotal

4 Rasopathies limbs (14%)
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Publication
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2013
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TSC phenomena

Facial angiofibroma; hypopigmented macule; shagreen
patch; ungual fibroma

Hypopigmented macules; shagreen patch; family history

Subependymal glial nodules; cutaneous hypopigmented
patches; shagreen patch; family history; delayed cognitive
development

Shagreen patches; periungual fibroma; subependymal
glial nodules; family history.

Seizure; shagreen patches; subependymal giant cell
astrocytoma

NF1 phenomena

Café-au-lait macules; segmental freckling
Café-au-lait macules; optic glioma; family history

Family history; Café-au-lait macules; right orbit superior
(suspect of plexiform neurofibroma); delayed cognitive
development
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None
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None
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Major
Features

Minor
Features

Diagnosis
Criteria

Neurofibromatosis type 1

1. Six or more café-au-lait macules (>5 mm in diameter
in pre-pubertal children or >15mm in post-pubertal
children);

2. Freckling in the axillary or groin;

3. Two or more neurofibromas of any type or one
plexiform neurofibroma;

4. Optic glioma;

5. Two or more Lisch nodules;

6. A distinct osseous lesion such as sphenoid dysplasia;
7. A first-degree relative with neurofibromatosis type 1;
8. A pathogenic NF1 variant revealed by genetic testing.

An individual must have two or more of these features.

Tuberous sclerosis complex

1. Facial angiofibromas or forehead plaque;

2. Two or more non-traumatic ungual or periungual fibroma;
3. Three or more hypomelanotic macules (=5 mm diameter);
4. Shagreen patch;

5. Three or more cortical dysplasias (includes tubers and perebral while matter radial migration
lines);

6. Two or more subependymal nodules;

7. Two or more subependymal giant cell astrocytoma;

8. Multiple retinal nodular hamartomas;

9. Cardiac rhabdomyoma (single or multiple);

10. Lymphangioleiomyomatosis (LAM);

11. Angiomylipoma.

1. “Confetti” skin lesions;

2. Hamartomatous rectal polyps;

3. Gingival fibromas;

4. Pits in dental enamel;

5. Cerebral white matter radial “migration tracts”

6. Retinal achromic patches;

7. Bone cysts.

Definite TSC: Two major features or a major feature with two minor features; probable TSC: one
major feature and one minor feature; possible TSC: one major feature or two or more minor
features.
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Preserved sensation only - no motor function below the level of the injury
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Back and/or limb pain 72%

Motor deficit 66%

Sensory symptoms +/- signs 32%
Bowel and/or bladder dysfunction 40%
Gait disturbances NP

Back and/or limb pain 53%

Motor deficit 93%

Sensory symptoms +/- Signs 61%
Bowel and/or bladder dysfunction 50%
Gait disturbances NP

Back and/or limb pain 83%

Motor deficit 83%

Sensory symptoms +/- signs 50%
Bowel and/or bladder dysfunction 36%
Gait disturbances NP

Back and/or limb pain 45%

Motor deficit 40%

Sensory symptoms +/- signs 80%

Bowel and/or bladder dysfunction 40% and 13% respectively
Gait disturbances 68%

Sensory symptoms +/- signs 87%
Bowel and/or bladder dysfunction 40% and 8% respectively
Gait disturbances 80%

Back and/or limb pain 47%
Motor deficit and sensory symptoms +/- signs 84%
Gait disturbances 83%

Back and/or limb pain 42%

Motor deficit 64%

Sensory symptoms +/- signs 50%

Bowel and/or bladder dysfunction 16% and 6% respectively
Gait disturbances 47%

Back and/or limb pain 87%

Motor deficit 78%

Bowel and/or bladder dysfunction 9%
Asymptomatic 9%

Gait disturbances NP

Back and/or limb pain 60%

Motor deficit 80%

Sensory symptoms +/- signs 80%
Bowel and/or bladder dysfunction 60%
Gait disturbances 93%

Back and/or limb pain 75%

Motor deficit 33%

Sensory symptoms +/- signs 16%
Bowel and/or bladder dysfunction 11%
Gait disturbances NP
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7 Brain invasion
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3. Prominent nucleoli
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S. Foci of spontaneous
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Papillary
Rhabdoid
Anaplastic (malignant)

> Overtly maligant cytology
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7 Markedly increased mitoses
higher than 20 mitoses/ 10
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Patients with intracranial histologically

confirmed MM between
2004-2018 (n=941)

Unknown tumor size, metastasis, | n=245 | 1 58 | Unknown marital, race, and
and Laterality age <18 years old

Surgery code 0, 10, 22, 90;
Unknown cancer specific survival status; n=51 | Radiotherapy record including :

One patient ID has 2 records of MM; 0 preoperative and intraoperative radiotherapy,
Unsure follow-up record; Not first

meningioma in SEER

radioactive implants, radioisotopes,
and unknown method

Patients with surgery record
of 20, 21, 30, 40, and 55
between 2004-2018 (n=520)

Patients diagnosed between n=225

2004-2010 Ll Surgery code 40 and 55

Final study population with
surgery record of 20, 21, and

30 between 2011- 2018
(n=275)
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Patient groups

EOR <65 years
265 years
PORT <65 years
265 years

GTR

Biopsy

STR

GTR

Biopsy

STR
No/unknown
Beam radiation
No/unknown
Beam radiation

Univariate Analysis
HR (95% CI)

1 [Reference]
4.23 (1.13-15.81)
2.66 (0.93-7.69)

1 [Reference]
2.07 (0.89-4.82)
1.09 (0.51-2.35)

1 [Reference]
1.36 (0.56-3.31)

1 [Reference]
1.06 (0.53-2.13)

P-value

0.032"
0.069

0.091
0.808

0.493

0.865

Multivariable Analysis

HR (95% CI)

1 [Reference]
6.47 (1.42-29.44)
277 (0.81-9.48)
1 [Reference]
3.72 (1.35-10.21)
0.83 (0.37-1.86)
1 [Reference]
2.29 (0.27-19.05)
1 [Reference]
0.94 (0.42-2.12)

P-value
0.018"
0.103

o011t
0.653

0.442

0.888

P < 0.05, statistically significant.

FOR, extent of surgery; GTR, gross total resection; STR, subtotal resection; PORT, postoperative radiotherapy.
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Overall [n (%)] <65 years [n (%)] 265 years [n (%)] P-value
No. 275 (100) 152 (100) 123 (100)
Gender 0.052
Male 133 (48.4) 65 (42.8) 68 (55.3)
Female 142 (51.6) 87 (57.2) 55 (44.7)
Race 0.85
Other 33 (12.0) 17 (11.2) 16 (13.0)
Black 43(15.6) 23(15.1) 20 (16.3)
White 199 (72.4) 112 (73.7) 87 (70.7)
Marital <0.001*
Single 64 (23.3) 48(31.6) 16 (13.0)
Divorced 29 (10.5) 12(7.9) 17 (13.8)
Married 159 (67.8) 86 (56.6) 73 (59.9)
Widowed 23 (8.4) 6(3.9 17 (13.8)
Site 0.506
Meninges 267 (97.1) 149 (98.0) 118 (95.9)
Other 8 (2.9 3(2.0) 5(4.1)
Laterality 0.182
Unilateral 253 (92.0) 136 (89.5) 117 (95.1)
Bilateral 2(0.7) 1(0.7) 1(0.8)
Midline 20(7.3) 15(9.9) 5(4.1)
Histology 0.577
9530/3 216 (78.5) 117 (77.0) 99 (80.5)
Other 59 (21.5) 35 (23.0) 24 (19.5)
Other tumors 0.068
One primary 203 (73.8) 120 (78.9) 83 (67.5)
Before MM 51 (18.5) 21(13.8) 30 (24.4)
After MM 21(7.6) 1(7.2) 10 (8.1)
Size 0.998
>4.9cm 133 (48.4) 73 (48.0) 60 (48.8)
<4.9cm 142 (51.6) 79 (652.0) 63 (51.2)
Metastasis 0.627
No 268 (97.5) 147 (96.7) 121 (98.4)
Yes 7(2.5) 5(3.3) 2(1.6)
Surgery code 0.04"
GTR 144 (52.4) 78 (51.3) 66 (53.7)
Biopsy 38 (13.8) 15(9.9) 23 (18.7)
STR 93 (33.8) 59 (38.8) 34 (27.6)
Chemotherapy 0.607
Yes 12 (4.4) 8(5.3) 4(33)
No/Unknown 263 (95.6) 144 (94.7) 119 (96.7)
PORT 0.237
Beam radiation 149 (54.2) 77 (60.7) 72 (68.5)
No/Unknown 126 (45.8) 75 (49.3) 51 (41.5)

'P < 0.05, statistically significant.

FOR, extent of surgery; GTR, gross total resection; STR, subtotal resection; PORT, postoperative radiotherapy; MM, malignant meningioma.
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Univariate Analysis Multivariable Analysis
HR (95% CI) P-value HR (95% CI) P-value

Age

<65 years 1 [Reference] 1 [Reference]

>65 years 273 (1.57-4.74) 3.56 x 1074 3.41 (1.86-6.23) 6.81 x 107
Size

<4.9cm 1 [Reference] 1 [Reference]

>4.9cm 1.77 (1.04-3.04) 0.036" 1.78 (1.01-3.16) 0.048"
Extent of resection

GTR 1 [Reference] 1 [Reference]

Biopsy 262 (1.29-5.31) 0.007" 3.03 (1.43-6.44) 0.004"

STR 1.40(0.77-2.53) 0.262 1.23 (0.67-2.27) 0.497
PORT

No/Unknown 1 [Reference] 1 [Reference]

Beam radiation 1.29 (0.81-2.38) 0.235 0.81(0.44-1.49) 0.503

'P < 0.05, statistically significant.

EOR, extent of surgery; GTR, gross total resection; STR, subtotal resection; PORT, postoperative radiotherapy.
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Overall Survival using COX regression

Cancer-Specific Survival using COX regression

Univariate Analysis

Multivariate Analysis Univariate Analysis Multivariate Analysis
(Development)
(Development) (Development) (Development)
95% P 2 9 2
HR 95%Cl HR  95%Cl
(@] value value value
Age
<60 ref ref ref ref
o0 Lreg | MO ASSell o LASM 12009 07904 0512
- ' 2.092 ’ 2.0688 : 1124 ;
‘ Sex
Female ref ref
Male 1055 | 088 0.556 1.538 1271 9-4de-06 Lisst | 9% 0739
1.26 1.861 b 1.4477
‘ Race
Black ref ref
0.89644- 04644- | 0.000688 0.6504-
Other Lisad | O 0.254 06149 | o e 0872 ROl 035986
0.09432-
kn 0.6803 0.702
Unknown 4.906 / / / / / /
; 0.72963- 03264- | 0.000532 0.5147-
White 1.061 e 0.756 04892 | T en 07858 | "o, | 026418
Year of Diagnosis
1989-1983 ref ref
0.6473- 0.8113- 0.8074-
1990-1 881 42 1.1361 457764 114 4424
990-1999 0.88 {50 0. 36 1670 045776 78 e | 044247
0.6565- 0.3940- 0.5572-
2000-2009 0.9062 0.549 0.5657 0.002026**  0.8158 029509
1.251 08123 1.1943
0.8530- 03282- 0.5117-
2010-201 12022 5 4 0.000156** 0. 204
010-2015 0: by 0.293 048 | T 000156 07686 | o, | 020483
Histology
NHL ref ref ref ref
DLBCL 08227 P o739 roo0s P og90as | rater | 01 0729 Lssas | P g gsa08
: 33077 : : 4.0669 ’ ’ 10.105 : : 11.8074 :
Lymphoid 08143 %2 oot %Y ooiess | 1me2 | P gsse0o ross2 | %89 g60a0s
neoplasm 0.9707 1.4037 2.077 1.2932
1.0899-  0.00936 1.0124- | 0.04045 0.6677- 0.6391-
HL 14194 1.32 9117 561 0.88 0.450
2 1.8485 i 325985 | ) 7368 * 02 1245 0:26, 8831 2200 e
Ann Arbor stage
Stage 1 ref ref
Stage I L7901 | 08481 0.127 05465 | 0226% 0.179
3.778 1320
0.3092- 0.2872-
Stage I1I 08278 o 0.707 08044 | o 0.847
0.7688- 0.8468-
Stage IV 0.949 0.626 1.0607 0.608
1171 1329
Radiation
NO ref ref
0.7311- 0.8783-
YES 0.861 Lot 0.0728 09552 | e 0.609
Surgery
NO ref ref ref ref
04372- | 4.57e-07 0.4963- | 0.00263 0.4365- 7.03¢-06 0.5280- | 0.00633
YE! 5511 6542 5614 X
2 922 0.6947 0654283 ) 866 * 938 07222 068954 9004 >
Chemotherapy
No/Unknown ref ref ref ref
Yes o335 | 03048 <2el6 oo 08374 <2ed6 o 02875 e, 03572 842el2
0.4336 0.4930 04197 05653 il
Marital status
Single ref ref ref ref
) 0.5648- 0.6471- 0.6022- 0.7783-
Married 07795 | e 0.1298 0.8982 Loags | 05214 0se2 | Y 035115 L82 | e 054563
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Widowed 1.054 0.8807 1.0101 097728 | 12469 051813 1.2103 058271
2.095 20129 2435 2.3907
§ 0.2195- 0.2563- 0.2283- 0.2694-
Divorced 15957 | Tooo | 06443 L8864 Vol 083317 Lesas o 061523 20404 Sl 048995
Unmarried or 0.8183- 0.8011- 0.8582- 0.8176-
Somesiic Pattner L2 O 0.3026 1.2287 Lssas | 034534 13386 | Tl 0.19856 L2886 e | 027459

*P<0.05, **p<0.005, ***p<0.0005.
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Development Cohort Verification Cohort P Value

N=643(70%) N=276 (30%)

Age 0.202
<60 ‘ 573(62.3%) ‘ 410 (63.8%) 163 (59.1%)
>=60 346(37.7%) 233 (36.2%) j 113 (40.9%)

Race 0.981
Black 103(11.2%) 71 (11.0%) 32 (11.6%)

Other ‘ 80(8.8%) 56 (8.71%) 24 (8.70%)
Unknown 1(0.10%) 1(0.16%) 0 (0.00%)
White 735(80.0%) 515 (80.1%) 220 (79.7%)

Sex: ‘ 0.005
Female 310(33.7%) 198 (30.8%) 112 (40.6%)

Male 609(66.3%) 445 (69.2%) 164 (59.4%)

Year of Diagnosis: 0.005
1989-1983 ‘ 66(7.2%) 49 (7.62%) 17 (6.16%)

1990-1999 398(43.3%) 292 (45.4%) 106 (38.4%)
2000-2009 265(28.8%) 189 (29.4%) 76 (27.5%)
2010-2015 190(20.8%) 113 (17.6%) 77 (27.9%)

Histology: 0.387
DLBCL 462(50.3%) 316 (49.1%) 146 (52.9%)

HL 2(0.2%) 2(0.31%) 0 (0.00%)
Lymphoid neoplasm* 346(37.6%) 252 (39.2%) 94 (34.1%)
NHL ‘ 109(11.9%) ‘ 73 (11.4%) 36 (13.0%)
Ann Arbor stage: 0.921
‘ Stage T 729(79.3%) 512 (79.6%) 217 (78.6%)
Stage I 11(1.2%) 7 (1.09%) 4 (1.45%)
Stage 11T 6(0.7%) 4 (0.62%) 2 (0.72%)
Stage IV 173(18.8%) 120 (18.7%) 53 (19.2%)
Surgery: 0.977
NO . 767(83.4%) 536 (83.4%) 231 (83.7%)
YES 152(16.6%) 107 (16.6%) 45 (16.3%)
‘ Radiation: 0.303
NO 465(50.6%) 333 (51.8%) 132 (47.8%)
YES 454(49.4%) 310 (48.2%) 144 (52.2%)

Chemotherapy: 1 0974
No/Unknown 547(59.5%) 382 (59.4%) | 165 (59.8%) ‘
Yes 372(40.5% 261 (40.6%) 111 (40.2%) ‘

COD: ‘ ‘ ‘ 0.342 ‘
Alive 98(10.7%) 66 (10.3%) 32 (11.6%)

NHL 371(40.4%) 252 (39.2%) | 119 (43.1%)
other ‘ 450(49.0%) 325 (50.5%) 125 (45.3%)

‘ Marital status: 0.141

Divorced 75(8.2%) 49 (7.62%) 26 (9.42%)
Married 387(42.1%) 275 (42.8%) 112 (40.6%)
Separated ‘ 6(0.7%) 3 (0.47%) 3 (1.09%)

Single (never married) 361(39.3%) 262 (40.7%) 99 (35.9%)
Unknown 21(2.3%) 11 (1.71%) 10 (3.62%)
Unmarried or Domestic Partner 1(0.10%) ‘ 1 (0.16%) 0 (0.00%)

Widowed ‘ 78(7.3%) ‘ 42 (6.53%) 26 (9.42%)

Status: 0.63
Alive 98(10.7%) 66 (10.3%) 32 (11.6%)

Dead ‘ 821(89.3%) 577 (89.7%) 244 (88.4%)

Overall Survival

1-year 270(29.5%)
3-year 190(21.0%)
5-year 131(16.1%)

Cancer-specific Survival

1-year 225(27.5%)
3-year 156(19.3%)
5-year 104(14.6%)

*Lymphoid neoplasm is a group of malignant neoplasm originated from all lymphocytes.
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D;t:gﬁzzs(r(gzggf ) Duplicate records removed
Embase (n =46) before screening (n =192)

Records excluded after
title/abstract screening
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Other languages = 2
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Characteristics No. (%) of patients P-value

Midbrain involvement 68 (85.0) 0.320
Tectum 34 (50.0) 0.385
Tegmentum 63 (92.6) 0.816
Crus cerebri | 10 (14.7) 0.381
Medulla involvement | 59 (73.8) 0.205
Pontomedullary sulcus | 53 (89.8) 0.079
Fourth ventricle fundus 33 (55.9) 0.433
Thalamus involvement 4 (5.0) 0.556
Brachium involvement 70 (87.5) 0.527
Cerebellum involvement | 19 (23.8) 0.045
Classification based on growth pattern in MRI imaging 0.023
Without exophytic growth part 26 (32.5)

With exophytic growth part 54 (67.5)
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Characteristics

P-value

MRS parameters

No. (%) of patients

Cho/Cr - 0.037
Cho/NAA - 0.138
NAA/Cr - 0.840
ADC value 0.055
Enhancement 0.571
Yes 52 (65.0)
No 28 (35.0)
Necrosis 0.696
' Yes 25 (31.3)
No 55 (68.7)
Intratumoral bleed 0.777
Yes 7 (8.8)
No 73 (91.2)
Cystic changes ” 0.793
Yes 10 (12.5)
No 70 (87.5)
Peritumoral edema 0.425
Yes 25 (31.3)
No 55 (68.7)
Hydrocephalus 0.681
Yes 68 (85.0)
No 12 (15.0)
Paraventricular edema 0.571
Yes 62 (77.5)
No 18 (22.5)
Pontine stripes 0.556
Yes 44 (55.0)
No 36 (45.0)






OPS/images/fonc.2023.1007393/table3.jpg
Parameters

X=£S 4.54 + 5.69 6.15 * 3.65 13.60 + 10.58 16.71 = 15.89
Group A - 0.24 0.002 0.000*
Group B 0.24 - 0.000% 0.000%

| Group C 0.002 0.000* = 0.000*

| Group D 0.000* 0.000* 0.000* -

Group A, clinical observation; group B, stereotactic biopsy or open cranial surgery; group C,
stereotactic biopsy plus radiotherapy and/or chemotherapy; group D, open cranial cytoreductive
surgery plus radiotherapy and/or chemotherapy.

*Indicates P <0.001.
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et No. (%) of =
Characteristics ( i
patients  value
Path.ologlcal 0.043*
findings
Astrocytoma (WHO grade II) 8 (14.3)
Oligodendroastrocytoma(WHO 5 (8.9)
grade II)
Anaplastic
oligodendroastrocytoma (WHO 12 (21.4)
grade III)
Diffuse midline glioma with
H3K27 alteration (WHO grade 31 (68.9)
V)
H3K27M 0.003
Alteration 31 (68.9)
Wild type 14 (31.1)

*Indicates overall survival was significantly different between low-grade glioma (WHO grade II)
and high-grade glioma (WHO grades III and IV).
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Characteristics

patients sl
Sex 0.684
Male | 48 (60.0)
Female | 32 (40.0)
Symptom duration time before diagnosis | 0.048
<1 month | 29 (51.8)
| >1 month | 27 (48.2)

Neurological findings

Cranial nerve palsy 40 (50.0) 0.731
Limb weakness | 33 (41.2) | 0.839
Limb sensory disturbance 10 (12.5) 0.249
Ataxia | 26 (32.5) 0.452
Treatment | | | 0.00*
Clinical observation 24 |

Open cranial cytoreductive

e 18
surgery or stereotactic biopsy
Stereotactic biopsy plus
radiotherapy and/or 6
chemotherapy
Open cranial cytoreductive
surgery plus radiotherapy and/or 32

chemotherapy

*Indicates P <0.01.
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Markers Correlation coefficients 95% confidence interval p-value
p-MEK 0.5519 0.3358 t0 0.7128 0.0001***
CD34 0.3695 0.1156 to 0.5781 0.0055*
Ki67 0.4105 0.1629 to 0.6094 0.0019*

*p<0.01, **p<0.001 (Pearson correlation analysis, n= 55)
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Base Amino acid Functional

Transcript changes changes regions Variation frequency/copy number
PAXS NM_016734.1 CT7TT>G PV26G EX2 45.8%
PAX5 NM_016734.1 ¢913_923del CGTGACTTGGC pR30SEf*32 EX8 33.8%
TP53 NM_000546.5 €969_971del GGAInsAGGC p.D32AGE*3 EX9 3.8%
XPO1 NM_003400.3 C1711G>A p.ES7IK EX15 13%
CDKN2A NM_000077.4 missing = 9p21.3 0.5
CDKN2B NM_004936.3 missing = 9p21.3 04

1. The table only lists the functional variations in the coding regions of important genes; 2. Mutation frequency refers to the proportion of mutations found at this locus in the total of wild type and
mutant alleles during allele testing; 3. The normal value of copy number is 1.

"*" is used for nucleotide numbering and indicates the translation termination codon.

"-" means blank.
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Citation Patient Age at Sex Pathological diagno- Initial treat- Method Recurrence  Treatment for
diagnosis sis ment used to recurrence

(years) (morphological) diagnose
MN7-altered
CNS tumors

(6) 1 6 Female = Anaplastic GTR DNA and Yes Multiple 7 Months 10
astroblastoma RNA resections; RT Years
sequencing, and TMZ for
RT-PCR, 2nd recurrence;
FISH CCNU/TMZ
Patient for 3rd
determined recurrence.
to have
MNI1:
BEND2
fusion
(7) 2 9 Female = Recurrent SR DNA Yes RT Unknown = +27
astroblastoma Methylation, Years
FISH
(7) 3 10 Female = Anaplastic SR with RT DNA No N/A +2.8 +2.8
astroblastoma and TMZ Methylation, Years Years
FISH
7) 4 31 Female | Malignant glioma, SR with RT DNA No N/A +1 Year +1
features suggestive of ~ and TMZ Methylation, Year
astroblastoma FISH
(8) 5 4 Female = Low-grade GTR DNA No N/A +21 +21
astroblastoma Methylation Months Months
) 6 4.8 Female | “Four of 10 GTR with RT  Genome- No N/A +11 +11
supratentorial lesions (Focal, 59.4 wide Months Months
were initially Gy) methylation
diagnosed arrays/RT-
morphologically as PCR
anaplastic 2 patients
ependymoma. Other determined
diagnoses included to have
peripheral primitive MNI:
neuroectodermal BEND2
tumors (one), fusion **

embryonal tumor not
otherwise specified
(NOS) (one), atypical
glial neoplasia (two),
malignant tumor
with rhabdoid
characteristics (one),
and astroblastoma
(two). All three
spinal tumors were
morphologically
consistent with
ependymoma.” **

) 7 5.8 Female | see above “**” GTR Genome- No N/A +24 +24
wide Months Months
methylation
arrays/RT-

PCR
see above

wrnn

9) 8 8.9 Female = see above “**” GTR with RT  Genome- No N/A +9.6 +9.6
(Focal, 50 wide Years Years
Gy) and methylation
VAC/ arrays/RT-
VAdriaC PCR
see above

P

©9) 9 5: Female | see above “**” STR Genome- Yes STR with RT 15 +18
wide (Focal, 45 Gy) Months Months
methylation
arrays/RT-
PCR

see above
wxun

) 10 4.5 Female = see above “**” GTR with RT  Genome- Yes GTR with CP/ 26.4 354
(Focal, 54 wide celecoxib Months Months
Gy) methylation
arrays/RT-
PCR
see above

o

) 11 7 Female | see above “**” GTR with RT  Genome- Yes GTR with RT 3 Years 6 Years
(Focal, 59.4 wide (CS1, 36 Gy +
Gy) methylation Boost)
arrays/RT-
PCR
see above

n

) 12 3.6 Female | see above “**” STR Genome- Yes GTR with RT 6 Months  +16
wide (Focal, 54 Gy) Years
methylation and VCR/VP/
arrays/RT- cp
PCR
see above

e

©9) 13 6.7 Female | see above “**” GTR with RT ~ Genome- No N/A +25 +25
(CSL 36 Gy +  wide Months Months
Boost) and methylation
SJMB12 arrays/RT-
PCR
see above

wn

9) 14 14.6 Male see above “**” STR with RT Genome- Yes RT (CSL, 36 Gy | 23 7.3
(Focal, 45 wide + Boost) and Months Years
Gy) methylation Oral VP
arrays/RT-
PCR
see above

xn

) 15 13 Female | see above “**” GTR Genome- No N/A +24 +24
wide Months Months
methylation
arrays/RT-

PCR
see above

n

) 16 36 Male see above “**” STR with RT Genome- Yes STR 5 Years +11
(CyberKnife) wide Years
methylation
arrays/RT-
PCR
see above

n

) 17 10 Female = see above “**” GTR Genome- No N/A +8.3 +8.3
wide Years Years
methylation
arrays/RT-

PCR
see above

wprn

) 18 8 Female | see above “*” GTR with RT ~ Genome- Yes GTR with RT 5.2 Years +7.5
(CSL, 23.5 Gy  wide (Focal, 50.4 Years
+ Boost) and methylation Gy) and 5D
SJMB-96 arrays/RT-
PCR
see above

nn

) 19 14 Female | see above “**” GTR Genome- No N/A +53 +53
wide Years Years
methylation
arrays/RT-

PCR
see above

P

(10) 20 9 Female = Yolk sac carcinoma STR with RT-PCR Yes Gamma knife 8 Months ~ +12
chemotherapy ~ Patient radiosurgery Months
determined and
to have chemotherapy
MNI1: - GTR
BEND2 following
fusion recurrence

(11) 21 24 Female = High-grade GTR with RT  FISH Yes GTR 12 Years +13
astroblastoma (Local, 50 Patient Years
Gy) determined
to have
MNI1:
BEND2
fusion

(12) 2 36 Female = Low-grade GTR Not Yes RT for 1% 24 +15
astroblastoma Reported progression Months Years
STR for 2"
progression
Hypo-
fractionated
stereotactic
radiosurgery
for 3rd
progression,
followed by
Temozolomide
X 6 cycles.
GTR for 4th
progression
followed by
bevacizumab
and lomustine
X 4 cycles.

(13) 23 13 Female = Astroblastoma GTR ‘Whole No N/A +36 +36
Genome Months Months
Sequencing
(WGS)

Patient
determined
to have
MNI1:GTSE1L
and EWSRI:
PATZ1
fusions

(14) 24 9 Female = Malignant tumor GTR with RT ~ DNA No N/A +10 +10
with papillary and (Focal, 50 methylation Years Years
rhabdoid pattern Gy) and Patient

VAC/ determined

VAdriaC to have
MNI1:
BEND2
fusion

(14) 25 10 Female = Gliofibroma GTR RT-PCR No N/A +2 Years +2
Patient Years
determined
to have
MNI:

BEND2
fusion

(14) 26 6 Female = PXA vs ABM; non- GTR DNA No N/A +3 Years +3
typical tumor methylation Years

Patient

determined

to have

MNI:

BEND2

fusion

(14) 27 4.9 Female = Ependymoma vs GTR with RT = RT-PCR No N/A +2 Years +2
ABM vs HGNET- (Focal, 59.4 Patient Years
MNI1 tumor Gy) determined
to have
MNI1:
BEND2
fusion

This 28 5 Female = Ependymoma SR DNA Yes SR for 1st ~24 +21
Manuscript methylation, recurrence, RT  Months Years

RNA (59.4 Gy) for

sequencing 2nd recurrence,

Patient GTR for 3rd

determined recurrence.

to have

MNI:

BEND2

fusion

This 29 27 Female = Astroblastoma SR with RT DNA No N/A +28 +28
Manuscript and TMZ methylation, Months Months

RNA

sequencing

Patient

determined

to have

MNI:

BEND2

fusion

This 30 33 Female = CNS embryonal SR with RT DNA Yes GTR, CIS and ~7 29
Manuscript tumor with rhabdoid  (30.6 Gy + methylation, CCNU, and Months Years
features Boost) RNA RT for 1st

sequencing recurrence.

Patient STR for 2nd

determined recurrence with

to have checkpoint

MNI: inhibitor

BEND2

fusion

SR, Surgical Resection; GTR, Gross Total Resection; STR, Subtotal Resection; TMZ, Temozolomide; R, Radiation Therapy; VAC, vincristine-actinomycin D-cyclophosphamide; VAdriaC,
vincristine-adriamycin-cyclophosphamide; VCR, vincristine; VP, etoposide; SMBI2, St Jude medulloblastoma regimen; SMB-96, St Jude medulloblastoma-96 regimen; CP, cyclophosphamide;
5D, five drugs; CIS, cisplatin; CCNU, lomustine; FISH, Fluorescence In Situ Hybridization.
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Patient 1 Patient 2 Patient 3
Surveillance Surveillance Treatment initiation

Overall symptom factor 37 14 34
Affective factor 84 1.6 52
Cognitive factor 15 28 45
Neurologic factor 45 0.8 35
Treatment-related factor 4.0 13 20
General disease factor 1.0 1.0 25
Gastrointestinal factor 0.0 0.0 05
Number of moderate-severe symptoms 7 0 6

Overall interference 53 1.0 58
Activity-related interference 40 13 67
Mood-related interference 6.6 0.7 50
Moderate-severe interference Yes No Yes
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Characteristics Numbers (%)
Age (years)
20-40 11 (28.9%)
41-60 24 (63.2%)
>61 3 (7.9%)
Median 45.5
Range 28-66
Gender
Male 15 (39.5%)
Female 23 (60.5%)
Location of tumor
Supratentorial 24 (63.2%)
Infratentorial 14 (36.8%)
Size
<5 cm 17 (44.7%)
>5 cm 21 (55.3%)
Mean 51+22
Extent of surgery
GTR 29 (76.3%)
STR 9 (23.7%)
Radiotherapy
Yes GTR (range, 55-62 Gy; 1.8-2.3 Gy/fractionation) 6 (15.8%)
STR (range, 53-65 Gy; 1.8-2.2 Gy/fractionation) 5 (13.2%)
Total 11 (28.9%)
No 27 (71.1%)
WHO grade
1 12 (31.6%)
2 17 (44.7%)
3 9 (23.7%)
Ki-67 index
1-5% 21 (55.3%)
6-10% 9 (23.7%)
>10% 8 (21.1%)
CD34
Positive 28 (73.7%)
Weak positive 5 (13.2%)
Negative 5 (13.2%)
Recurrence
Local 13 (34.2%)
Regional 3 (7.9%)
Distant 2 (5.3%)
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Factors

Age

Gender (female vs. male)

Location (Infratentorial vs. Supratentorial)
Size (=5 cm vs. <5 c¢cm)

WHO grade (3 vs. 1/2)

The extent of surgery (STR vs. GTR)
Radiotherapy (Yes vs. No)

Factors

Age

Gender (female vs. male)

Location (Infratentorial vs. Supratentorial)
Size (=5 cm vs. <5 cm)

WHO grade (3 vs. 1/2)

The extent of surgery (STR vs. GTR)
Radiotherapy (Yes vs. No)

PFS-Univariate Analysis

HR

1.00
1.05
1.08
047
3.36
11.94
157

HR
1.02
1.16
1.80
0.82
8.38
16.75
1.56

95%Cl

0.95-1.05
0.40-2.80
0.41-2.85
0.17-1.29
1.07-10.6
3.50-40.85
0.60-4.15
0S-Univariate analysis
95%Cl
0.93-1.10
0.20-6.47
0.36-8.98
0.18-3.69
1.44-48.7
1.85-151.4
0.34-7.12

P* values are statistically significant. HR, hazard ratio; Cl, confidence interval.

P-value

0.960
0.916
0.876
0.134
0.044*
<0.001*
0.368

P-value
0.703
0.866
0.479
0.796
0.014*
0.004*
0.570

PFS-Multivariate Analysis

HR

95%Cl

1.29-13.91
3.90-47.03

0S-Multivariate analysis
95%Cl

1.81-193.4
2.447-515.6

P-value
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Investigator, year Patients Total Margin Median target Median Tumor control at 5 year OS 1year PFS 3year PFS

(n) tumors (n)  dose (Gy) volume (mL) follow-up (mos) last FU (%) (%) (%)
Kano, 2008 (6) 20 29 15 4.5 37.9 72.4 85.9 89 66.7
Kim, 2010 (16) 9 17 18.1 22 33.8 82.4 NA 100 NA
QOlson, 2010 (5) 21 28 17 4.6 68 46.4 81 60 60.3
Veeravagu, 2011 (15) 14 24 21.2 9.2 37 81.8 81 95 7.5
Tsugawa, 2014 (7) 7 10 16.5 4.1 521 70 85.7 100 92
Cohen-Inbar 2017 (8) 90 133 16 4.9 59 55 82 92 70
Kim, 2017 (14) 18 40 NA NA 1847 80 85.6 NA NA

NA, Not available.
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Epidemiology

Spinal MMNST

3555 years

40£13

Associated Carney’s complex Sporadic: PRKARIA, NF2 and BRAFv606 negative. No evidence of skin lesions,

syndromes myxomas nor endocrinological tumors.

Location Thoracic (33.8%), lumbar (27.3%), cervical (26%), sacral Lumbar (37.5%), thoracic (29.17%), cervical (16.67%), sacral (16.67%)

(13%)

Sign and Dysesthesia, pain Dysesthesia, pain

symptoms

Neuroradiology T1 hyperintense, T2 hyperintense T1 hyperintense, T2 hyperintense

Treatment GTR if symptomatic, consider adjuvant chemotherapy or GTR if symptomatic, consider adjuvant chemotherapy or radiotherapy
radiotherapy

Recurrence 25% 36.8%

Metastasis 32.7% 31.5%
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Clinical

Killg 1.
e(i"g)e te 1988 F 26 S st 5-year lombalgia and leg pain NA GTR NO  Resolution
Hollinger et al. s ,
(19) 1999 M 47 T T12 3-year back and leg pain NO GTR NO Resolution
Vallat-
Decouvelaere 1999 F 35 L 14 3-year lombalgia Bone, lymph nodes GTR 6-year 72/DOD
et al. (20)
Vallat-
Devouvelaere 1999 M 27 L L5 lombalgia Lung, pleura GTR NO 72/DOD
etal. (20)
C i Declined
UmTIngS 1 j000 | M | 51 | s 52 8-month lombalgia NA ceine NA NA
etal. (21) Surgery
Kuchelmeist 2-year brachialgia with radicular
“ct ;’:’;z‘j 2004 F 53 | C c6 radiation of pain into the right digits NO GTR NO  Resolution
. L1
L L5-S1 + 25
Buhletal.(23) | 2006 M 28 s, multiple small 4-week lombalgia and sciatalgia NO GTR m 30/AWD
lesions )
M: i 12-
atonetal. | 07 F | 30 | C cs 6-month neck pain and spasms NO GTR 12/AWD
(24) month
ASicsi
AP 2000 M 37 L 12 8-month lombalgia NA GIR NA NA
et al.(25)
Arvanitis (14) 2010 M 36 L L3 Back pain, weakness, weight loss NA STR x2 NA NA
Izquierdo 2010 F 2 T T8 Leg paresthesia, gait disturbance, NO GTR NO Resolution
et al.(26) muscle spasms
. GTR .
Zhao et al. (27) | 2011 M 46 C c7 1-year neck pain, hand weakness NO +RAD NO Resolution
Shields et al. STR 8-
2011 F 65 T T7 Back pai NO 8/DOD
(11) ackipain +RAD month 4
Shields et al. Lombalgia with radicular irradiation STR
2011 M 33 L L5 L 2+ 48/DOD
an on the leg ung +RAD year D8
Mahesh et al. 2014 M 67 T T8T12 2-week pamparesls., constipation, NO GTR NO Resolution
(28) dysuria
Bakan et al.
® ?'l’; # 2005 | F 31 | T T4 Back pain NO GTR NO | Resolution
Shabani et al. 2015 M 54 c cs Incidental, on. momtm"mg. developed  Lower spinal nerve GTR 3- 7/DOD
(29) cervicobrachialgia root month
Guzel et al. N .
a7 2016 M 36 L L5 3-month lombalgia NO GTR NO Resolution
Khoo et al. Brain and 10-
201 F L K 4- hi I i TR x2 NA
g 016 36 5 year hip and leg pain reninges STR x month
Mahmood 2016 M - T 3 6-months Pam and discomfort in the NO GTR NO NA
etal.(31) right upper chest
3 Lungs, spinal cord,
Takat STR
atort 200 M 39 L 14 Lombalgia, numbness chest wall, NO | 22/DOD
et al.(32) +RAD
stomach
Nagashima o s : :
tal. (33) 2020 M 48 S S2 6-month lombosciatalgia, dysuria NO GTR NO Resolution
etal.
Yeom et al. 2022 F 58 T TIL-T12 Low bacl.c pain, paresthesia and cold NO GTR NA NA
(34) sensation in both legs for years

L, location; NR, nerve root; Met, metastasis; T, treatment; R, recurrence; O, outcome; DOD, Death of Disease; AWD, Alive with Disease; RAD,Radiation; NA, Not Applicable.
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Caseno. Age(yrs),  Presenting  Location Size(em) HD Growthpattern Extentof  Complication Adjuvant therapy ~ FU

sex signs resection (mos),

status

1 69,F Headache, ~ 4thV 40 Y Soltarynodulr  GTR Lung ND 15,
dizziness infection died

2 35,M Dizziness, LV, 4th v/ 70 Y Clusterlike PTR N ND 2, died
vomiting

3 52,M Unsteady 4thv 30 N Soltary nodulr  STR N CMT+RT 36, alive
gait

4 68, M Dizziness, 4thv 31 Y Soltarynodulr  GTR N OMT+RT 18, died
vomiting

5 39, M Headache v 3.0 N Solitary nodular GTR Subdural CMT4+RT 48, alive

hematoma

6 64,M Decline in % 32 N Clusterlike PR N ND 4, died
memory,

7 52,M Dizziness, 4thv 3.1 Y Soltarynodulr  GTR Respiratory  ND Give up
unsteady failure treatment
gat,
vomiting

8 67,M Unsteady LV, 4th v 12 N Diffuse type PTR N ND 1, died
gait

M, male; F, female; 4th V. fourth ventricle; LV, lateral ventricle; HD, hydrocephalus; Y, yes; N, no; GTR, gross total resection; STR, subtotal resection; PTR, partial resection; CMT,
chemotherapy; RT, radiotherapy; ND, not did;: FU, follow-up.
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WHO 1/2 WHO 3 P-value

STAT6 =
Positive 26 9

Negative 3 0

VIM 0.423
Positive 28

Negative 1 1

S-100 0.273
Positive 13 2

Negative 16 v

EMA -
Positive 9 ]

Negative 20 9

GFAP -
Positive 2 0

Negative 27 9

CD34 0.011*
Positive 23 5

Weakly positive 5 0

Negative 1 4

P* values are statistically significant.
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NAB2-STAT6 Fusion Type

EX4-EX2
EX6-EX17
EX6-EX16
Not applicable
Total

%

15.2%
27.3%
36.4%
21.2%
100%






OPS/images/fneur-13-920505/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-920505/fneur-13-920505-g001.gif
dentifcaion

67 recons enuad through

sz sesrcnng. 3 s records deniied
35 Pubmed heogh othersouces
2 webof scence

I

Incuded

Recores ferdupeonss remoned
Tnea)
. recorts exluied
“2nongnlshanice
Recortssrconed o
L by
Tnedt)
[rE———
L with mmunodet ey
[ —— e
Torsignity "] CTewmintonfordcoses
028 ) 2 without clinical doaof
St incuded in
auniaive syesis
=34






OPS/images/fonc.2022.915273/table3.jpg
GTR PORT (+)
PORT (-)
STR PORT (+)
PORT (-)
p-value

Local

1 (16.7%)
6 (26.1%)
2 (40%)
4(100%)

0.026*

Regional

1(16.7%)
1(4.3%)
1 (20%)
0
0.340

Distant

1(16.7%)

0
1 (20%)
0
0.149

Chi-square test (or Fisher’s exact test). *P < 0.05.





