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Introduction: To overcome the blood–brain barrier (BBB) which interferes with the effect of chemotherapeutic agents, we performed multiple disruptions of BBB (BBBD) with magnetic resonance-guided focused ultrasound on patients with glioblastoma (GBM) during standard adjuvant temozolomide (TMZ) chemotherapy [clinical trial registration no.NCT03712293 (clinicaltrials.gov)]. We report a 1-year follow-up result of BBBD with TMZ for GBM.

Methods: From September 2018 to January 2019, six patients were enrolled (four men and two women, median age: 53 years, range: 50–67 years). Of the six patients, five underwent a total of six cycles of BBBD during standard TMZ adjuvant therapy. One patient underwent three cycles of BBBD but continued with TMZ chemotherapy. The 1-year follow-up results of these six patients were reviewed.

Results: The mean follow-up duration was 15.17 ± 1.72 months. Two patients showed a recurrence of tumor at 11 and 16 months, respectively. One underwent surgery, and the other patient was restarted with TMZ chemotherapy due to the tumor location with a highly possibility of surgical complications. The survival rate up to 1 year was 100%, and the other four patients are on observation without recurrence. None of the six patients had immediate or delayed BBBD-related complications.

Conclusion: Multiple BBBDs can be regarded as a safe procedure without long-term complications, and it seems to have some survival benefits. However, since TMZ partially crosses the BBB, a further extended study with large numbers would be needed to evaluate the benefits of BBBD resulting in an increase of TMZ concentration. This study opened a new therapeutic strategy for GBM by combining BBBD with a larger molecular agent.
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INTRODUCTION

Glioblastoma (GBM) is one of the most common and malignant primary brain tumors, making up 54% of all gliomas and 16% of all primary brain tumors (1). Its survival rate is low due to its aggressive nature in spite of the numerous efforts to overcome GBM with chemotherapeutic agents. Despite the use of standard treatment regimens since the 2000s, the median survival still remains to be 14 to 15 months only (2, 3).

One of the main reasons for this ineffectiveness of the chemotherapeutic agents is the presence of the blood–brain barrier (BBB). The BBB mechanically and biochemically restricts the passage of molecules. Furthermore, the peritumoral area is commonly infiltrated with tumor cells, but the BBB of this lesion is mostly intact. The infiltrative nature of GBM makes additional difficulties for the delivery of chemotherapeutic agents into the aimed targets (4).

Tumor treating fields (TTF) lead to tumor cell death or arrest, hypothetically by disrupting mitotic spindle formation and cell division with alternating electric fields to the tumor. The TTF was introduced in a pilot clinical trial for glial tumor in 2007 as a new treatment modality that is not affected by the presence of the BBB (5). A clinical trial showed some survival benefits of TTF on newly diagnosed GBM, whereas it did not show any benefit on recurrent tumors. Thus, some neuro-oncologists and neurosurgeons are still skeptical about TTF (6).

Recently, magnetic resonance-guided focused ultrasound (MRgFUS) with low-intensity energy has been attracting attention clinically as a non-invasive means of temporarily disrupting the BBB. Since it has been found that the transcranial delivery of ultrasound into the brain is feasible and low-intensity ultrasound can temporarily open the BBB, many preclinical studies have been conducted (7, 8). In the preclinical studies, the survival rate of the animal model for glial tumor or metastatic brain tumor increased when the drug was delivered with BBB disruption (BBBD) (9, 10). Since then, many clinical studies have been conducted with MRgFUS as a new modality to overcome the BBB (11–13). With its safety and feasibility confirmed, we tried to disrupt the BBB to improve the therapeutic effect in GBM during six cycles of standard temozolomide (TMZ) chemotherapy period for the first time in the world (13). We hereby report the 1-year follow-up results of BBBD with MRgFUS on GBM.



MATERIALS AND METHODS

Six patients were enrolled from September 2018 to January 2019. The patients who underwent grossly total surgical resection (GTR) of tumor confirmed as grade IV malignant glioma by a neuropathologist were included. The patients received BBBD during the six cycles of chemotherapy of the standard TMZ treatment regimen. One cycle was defined as 28 days, and a total of six cycles were applied in the TMZ regimen of this study. On the first cycle, 150 mg/m2 of TMZ per day was taken for the first 5 days (days 1–5). On the following 2nd to 6th cycles, a dose of 200 mg/m2 was taken as maintenance dosage for the first 5 days of each cycle. BBBD was performed on the first or the second day of the 4-week chemotherapy cycle (Figure 1).


[image: Figure 1]
FIGURE 1. Overview of the study. CCRT, concurrent chemoradiation therapy; BBBD, blood–brain barrier disruption; TMZ, temozolomide; MRI, magnetic resonance imaging.


The BBBD target was selected within 2 cm of the tumor margin, mainly on white matter with high signal intensity on the fluid attenuated inversion recovery images. An average of 4.4 ± 0.9 BBBD targets was selected per patient without overlapping margin by a neurosurgeon and a neuroradiologist with a pre-sonication MRI. The BBBD was performed on 1 cm3 per target and on the same targets for every cycle. BBBD was performed using the ExAblate low-frequency MRgFUS system (ExAblate Neuro Model 4000 Type 2.0 220 kHz system, InSightec, Haifa, Israel). MRgFUS was performed with an intraoperative MRI based on the stereotactic frame. Ultrasound was delivered with an intravenous injection of microbubble. The bubble activity was monitored in real-time during sonication. Sonication was performed for about 210 s per target.

MRI was performed before and after each BBBD treatment and at 6 months after the 6th cycle of chemotherapy. The feasibility of BBB was determined by comparing T1-enhanced or T2*/GRE MRI before and immediately after the procedure. All performed MRI were used to identify the immediate or the delayed radiological adverse events and to assess tumor status according to the Response Assessment in Neuro-Oncology criteria. This study was approved by our institutional review board (1-2018-0040), and patient's informed consent was obtained [clinical trial registration no. NCT03712293 (clinicaltrials.gov)].

Five of the six patients underwent a total of six cycles of BBBD during standard TMZ adjuvant therapy. One patient dropped out after three sessions of BBBD, but the patient still continued with the TMZ chemotherapy. The 1-year follow-up results focusing on the outcome and the complications of these six patients were reviewed.



RESULTS

Six patients (four men and two women, median age: 53 years, range: 50–67 years) were followed up for an average of 12.17 ± 1.94 months from the beginning of their first BBBD. It is on average 15.17 months from the initial diagnosis of GBM (minimum 13 months, maximum 18 months). The demographics of the patients who underwent BBBD are shown in Table 1. BBBD was confirmed by post-sonication MRI in the median of 94.3% of the target (minimum 70.8%, maximum 100%) during the six cycles of BBBD (13).


Table 1. Patients demographics.
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From the more than 1 year of follow-up period, two patients showed recurrence at 11 and 16 months of follow-up, respectively. The other four patients showed no recurrence for an average of 15 months (Figure 2). The survival rate up to 13 months was 100%. None of the six patients had immediate or delayed BBBD-related complications (Table 2).
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FIGURE 2. Axial MRI images at pretreatment and at 1 year after the chemotherapy of patients 2, 3, 4, and 5. (A,B) Pre- and post-treatment MRI of patient 2, respectively. (C,D) Pre- and post-treatment MRI of patient 3, respectively. (E,F) Pre- and post-treatment MRI of patient 4, respectively. (G,H) Pre- and post-treatment MRI of patient 5, respectively.



Table 2. The results of six patients who underwent BBBD.
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CASE DESCRIPTION


Patient 1

Two months after the completion of all six cycles of BBBD, patient 1 demonstrated a mild motor weakness of the right leg. Pseudoprogression (PsP) of the tumor at the site of the BBBD was observed on MRI. The neurological symptom disappeared after steroid therapy. On the 3-month follow-up MRI, the enhanced lesion showed a decrease in size (Figure 3). The symptoms reappeared over time and a follow-up MRI showed the recurrence of GBM at 16 months from its first diagnosis, i.e., 8 months from the completion of BBBD (Figure 3). The patient was restarted with TMZ chemotherapy because the surgical resection had a high possibility of complication due to the location of the tumor mass. The patient is currently under observation, with right side motor weakness.


[image: Figure 3]
FIGURE 3. Pseudoprogression and recurrence of glioblastoma (GBM) in patient 1 after six cycles of adjuvant temozolomide (TMZ) chemotherapy and blood–brain barrier disruption. After the six cycles of adjuvant TMZ chemotherapy, a newly developed enhanced lesion at the left cingulate gyrus was observed on contrast-enhanced T1-weighted MRI (A). However, relative cerebral blood volume (B) and volume transfer coefficient (Ktrans) (C) maps showed no increase of metrics, suggesting pseudoprogression. At 4 months later, MRI was performed due to the reappearance of symptoms. On contrast-enhanced T1-weighted MRI (D), a larger enhanced mass with elevated Ktrans (E) and increased cerebral blood volume (F) are shown.




Patients 2, 3, and 5

The patients completed six cycles of chemotherapy and BBBD without any adverse events or recurrence of the tumor and have been observed as in a clinically and radiologically stable disease state.



Patient 4

The patient had a GBM on the left temporal area and demonstrated a minor personality issue before enrollment. After three cycles of BBBD, the patient dropped out from the study. However, he still continued on the TMZ chemotherapy for the remaining three cycles. He has been observed as in a stable disease state without any findings of recurrence on the MRI performed at 6 months after the completion of chemotherapy and clinical evaluation.



Patient 6

After completion of the chemotherapy, the patient had no neurological deficit and showed a stable disease state without evidence of recurrence on MRI. However, at 2 months later, i.e., 11 months from the initial diagnosis of GBM, the patient complained of left motor weakness and a recurrence at the right temporal lobe was observed on follow-up MRI (Figure 4). Surgical resection was done and chemotherapy is in progress.


[image: Figure 4]
FIGURE 4. Axial MRI images of patient 6 at 3 months (before chemotherapy), 9 months (after the completion of chemotherapy), and 11 months after the initial diagnosis of glioblastoma, respectively.





DISCUSSION

GBM is one of the most common but also one of the most lethal malignant brain tumors. It occurs in the cortex, grows invasively and aggressively, invades the lobes, and affects the deep structures of the brain (14). Due to these characteristics, patients with GBM have short recurrence-free interval, short survival time, and poor prognosis. Prior to the release of the currently used drug, TMZ, its treatment consisted of surgical resection followed by radiation therapy, yielding a median survival between 9 to 12 months (15–17).

Brain tumors are not well-controlled with therapeutic agents because of the BBB. The BBB, a barrier formed by tight junctions of endothelial cells, imposes size, and biochemical restrictions on molecule passage. Therefore, large and hydrophilic molecules cannot pass through the BBB, whereas small lipid-soluble drugs below 400 Da can (18). The TMZ molecule is 194 Da in size and lipophilic, available for better central nervous system penetration compared to other alkylating agents (19). Due to these characteristics, the present standard treatment regimen for GBM is surgery, radiotherapy, and chemotherapy of concomitant and six cycles of adjuvant TMZ (20). After the introduction of TMZ and the currently used regimen, the median survival has increased up to 14.6 months, the 2-year survival rate up to 27.2%, and the 5-year survival up to 10% (20, 21).

Many efforts have been made to increase the survival rates, but they have been unsuccessful. Changing the dose frequency or delivery method, such as intra-arterial delivery with chemotherapeutic agents, resulted in higher toxicity rates without improving patient outcome (22, 23). In addition, spatially non-specific methods, such as convection-enhanced delivery or wafer, had adverse effects on normal brain tissue (4). Recently, several studies have shown that a very low intensity of ultrasound can disrupt the BBB without damaging the surrounding brain tissues (8, 11). Since then, many studies have been conducted using MRgFUS as a non-invasive means of temporarily disrupting the BBB.

Although TMZ can pass through the BBB, the concentration of TMZ in brain tumor tissue is about 20% of the plasma level (19). Even with the concurrent radiation therapy which is performed to improve the BBB penetration of TMZ, the concentration may rise only up to 35% of the plasma level (24). A previous study demonstrated that BBBD has made a 7.7-fold difference of TMZ concentration between the sonicated and the unsonicated areas of a patient (12). Therefore, we tried to increase the effect of tumor control by BBBD using MRgFUS.

Previous studies postulate that GBM generally recurs at a median of 7–7.5 months after a primary treatment and has an average survival of 12.8–14.6 months (25, 26). A recent meta-analysis showed that the progression-free survival (PFS) is 66.5% at 6 months and 46.8% at 1 year, with 55.9% of 1-year overall survival rate when total gross removal is performed for GBM (27). When GBM is subtotally removed, this is lowered to 51.3, 23.3, and 39.8%, respectively. All six patients in this study underwent GTR of tumor. Although two of the six patients had a recurrence, they showed 100% of 6-month PFS and 83.3% of 1-year PFS, which is better than the previously reported meta-analysis. The average PFS of the patients who had a recurrence was 13.5 months, whereas the others showed a median PFS of at least 15 months. This is twice the previously reported PFS and is likely to increase. In addition, the 1-year overall survival was 100%. Regarding these results, the survival benefit of additional BBBD to increase TMZ concentration may be considered.

One of the factors affecting the effect of TMZ is the presence of O6-methylguanine-DNA methyltransferase (MGMT) gene methylation. The MGMT is a DNA repair protein. The methylation of MGMT promoter is associated with the loss of MGMT expression, diminished DNA repairing activity induced by alkylating agents, and longer survival (28, 29). Of the four patients without progression during the follow-up period, three patients had MGMT methylated status. In addition, of the patients with recurrent GBM, one patient with methylated MGMT promoter had a recurrence at 16 months and the other patient with unmethylated MGMT promoter had a recurrence at 11 months after the initial diagnosis. Thus, even with BBBD, patients with methylated MGMT promoter seem to show a better clinical course and treatment results despite the fact that it is difficult to identify the significant correlation between MGMT promoter methylation and recurrence or survival due to the small size of the study. However, our study results show that 75% of patients (3/4) with methylated MGMT promoter had no evidence of recurrence for an average of 14.7 months, whereas 50% of patients (1/2) with unmethylated MGMT promoter had no recurrence for an average of 16 months. Therefore, the increased survival benefits of elevated TMZ concentration due to BBBD in patients with unmethylated MGMT promoter should be emphasized.

Despite that the results of multiple BBBDs in addition to TMZ have been positive to date with survival benefit, a more careful approach is needed to evaluate the benefits of BBBD, resulting in an increase of TMZ concentration. A long-term follow-up study beyond the commonly reported median survival period and a further extended study with a larger number would be needed to determine how positively BBBD affects the survival period of GBM.

There were no short-term or long-term complications associated with BBBD during the 15 months of median follow-up period in this study. Many studies have reported that BBBD with MRgFUS is safe without complications (11, 12). It has also been reported that multiple BBBDs have been performed without short-term complications (13). This study confirmed that the long-term follow-up result of multiple BBBDs is safe and without complications such as radiological adverse events or TMZ-related neurotoxicity or clinically adverse events.

In one patient, PsP was observed at the site of the BBBD after six cycles of adjuvant TMZ chemotherapy. The PsP is a subacute treatment-related effect, which usually occurs within 3 months of completion of chemoradiation in 15 to 30% of patients (30, 31). It likely reflects an inflammatory post-procedure tissue reaction after a successful local treatment, followed by long-lasting tumor control. The presence of MGMT promoter methylation is associated with PsP (30). A patient with PsP in this study had MGMT methylated status. However, it took 8 months before PsP was observed after the completion of chemoradiation, whereas it usually occurs within 3 months after chemoradiation. Recurrence was noted afterwards. There are several possibilities on whether PsP occurs as a local inflammation related to tumor control of BBBD or is caused by BBBD regardless of the underlying disease and whether BBBD affects the timing of PsP or recurrence. Therefore, additional follow-up will be needed and further research on the relationship and the mechanism between BBBD and PsP would be required.

In conclusion, multiple BBBDs can be regarded as a safe procedure without long-term complication, and it seems to have some survival benefits. This study opened a new therapeutic strategy for GBM by combining BBBD with a therapeutic agent which could not be used due to BBB.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by severance hospital institutional review board 1-2018-0040. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

JC and EZ contributed to the conceptualization of the study and the development of the methodology. SP, MK, HC, and IR performed formal analysis and investigation. SP wrote the original draft preparation. JC, HJ, and WC wrote, reviewed, and edited the manuscript. JC took charge of funding acquisition and supervised the study. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by a grant of the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic of Korea (Grant No. HI19C0060).



REFERENCES

 1. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolinsky Y, et al. CBTRUS statistical report: primary brain and central nervous system tumors diagnosed in the United States in 2006-2010. Neuro Oncol. (2013) 15 (Suppl. 2):ii1–56. doi: 10.1093/neuonc/not151

 2. Thakkar JP, Dolecek TA, Horbinski C, Ostrom QT, Lightner DD, Barnholtz-Sloan JS, et al. Epidemiologic and molecular prognostic review of glioblastoma. Cancer Epidemiol Biomarkers Prev. (2014) 23:1985–96. doi: 10.1158/1055-9965.EPI-14-0275

 3. Hanif F, Muzaffar K, Perveen K, Malhi SM, Simjee SHU. Glioblastoma multiforme: a review of its epidemiology and pathogenesis through clinical presentation and treatment. Asian Pac J Cancer Prev. (2017) 18:3–9. doi: 10.22034/APJCP.2017.18.1.3

 4. Song KH, Harvey BK, Borden MA. State-of-the-art of microbubble-assisted blood-brain barrier disruption. Theranostics. (2018) 8:4393–408. doi: 10.7150/thno.26869

 5. Kirson ED, Dbaly V, Tovarys F, Vymazal J, Soustiel JF, Itzhaki A, et al. Alternating electric fields arrest cell proliferation in animal tumor models and human brain tumors. Proc Natl Acad Sci USA. (2007) 104:10152–7. doi: 10.1073/pnas.0702916104

 6. Shah PP, White T, Khalafallah AM, Romo CG, Price C, Mukherjee D. A systematic review of tumor treating fields therapy for high-grade gliomas. J Neurooncol. (2020) 148:433–43. doi: 10.1007/s11060-020-03563-z

 7. Hynynen K, Jolesz FA. Demonstration of potential noninvasive ultrasound brain therapy through an intact skull. Ultrasound Med Biol. (1998) 24:275–83. doi: 10.1016/S0301-5629(97)00269-X

 8. O'reilly MA, Hynynen K. Blood-brain barrier: real-time feedback-controlled focused ultrasound disruption by using an acoustic emissions-based controller. Radiology. (2012) 263:96–106. doi: 10.1148/radiol.11111417

 9. Kinoshita M, Mcdannold N, Jolesz FA, Hynynen K. Noninvasive localized delivery of herceptin to the mouse brain by MRI-guided focused ultrasound-induced blood-brain barrier disruption. Proc Natl Acad Sci USA. (2006) 103:11719–23. doi: 10.1073/pnas.0604318103

 10. Fan CH, Ting CY, Chang YC, Wei KC, Liu HL, Yeh CK. Drug-loaded bubbles with matched focused ultrasound excitation for concurrent blood-brain barrier opening and brain-tumor drug delivery. Acta Biomater. (2015) 15:89–101. doi: 10.1016/j.actbio.2014.12.026

 11. Lipsman N, Meng Y, Bethune AJ, Huang Y, Lam B, Masellis M, et al. Blood-brain barrier opening in Alzheimer's disease using MR-guided focused ultrasound. Nat Commun. (2018) 9:2336. doi: 10.1038/s41467-018-04529-6

 12. Mainprize T, Lipsman N, Huang Y, Meng Y, Bethune A, Ironside S, et al. Blood-brain barrier opening in primary brain tumors with non-invasive MR-guided focused ultrasound: a clinical safety and feasibility study. Sci Rep. (2019) 9:321. doi: 10.1038/s41598-018-36340-0

 13. Park SH, Kim MJ, Jung HH, Chang WS, Choi HS, Rachmilevitch I, et al. Safety and feasibility of multiple blood-brain barrier disruptions for the treatment of glioblastoma in patients undergoing standard adjuvant chemotherapy. J Neurosurg. (2020) 1–9. doi: 10.3171/2019.10.JNS192206. [Epub ahead of print].

 14. Omuro A, Deangelis LM. Glioblastoma and other malignant gliomas: a clinical review. JAMA. (2013) 310:1842–50. doi: 10.1001/jama.2013.280319

 15. Miralbell R, Mornex F, Greiner R, Bolla M, Storme G, Hulshof M, et al. Accelerated radiotherapy, carbogen, and nicotinamide in glioblastoma multiforme: report of european organization for research and treatment of cancer trial 22933. J Clin Oncol. (1999) 17:3143–9. doi: 10.1200/JCO.1999.17.10.3143

 16. Capocaccia R, Gatta G, Roazzi P, Carrani E, Santaquilani M, De Angelis R, et al. The EUROCARE-3 database: methodology of data collection, standardisation, quality control and statistical analysis. Ann Oncol. (2003) 14 (Suppl. 5):v14–27. doi: 10.1093/annonc/mdg751

 17. Ohgaki H, Dessen P, Jourde B, Horstmann S, Nishikawa T, Di Patre PL, et al. Genetic pathways to glioblastoma: a population-based study. Cancer Res. (2004) 64:6892–9. doi: 10.1158/0008-5472.CAN-04-1337

 18. Pandey PK, Sharma AK, Gupta U. Blood brain barrier: an overview on strategies in drug delivery, realistic in vitro modeling and in vivo live tracking. Tissue Barriers. (2016) 4:e1129476. doi: 10.1080/21688370.2015.1129476

 19. Portnow J, Badie B, Chen M, Liu A, Blanchard S, Synold TW. The neuropharmacokinetics of temozolomide in patients with resectable brain tumors: potential implications for the current approach to chemoradiation. Clin Cancer Res. (2009) 15:7092–8. doi: 10.1158/1078-0432.CCR-09-1349

 20. Stupp R, Mason WP, Van Den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

 21. Stupp R, Hegi ME, Mason WP, Van Den Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. (2009) 10:459–66. doi: 10.1016/S1470-2045(09)70025-7

 22. Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA, et al. Dose-dense temozolomide for newly diagnosed glioblastoma: a randomized phase III clinical trial. J Clin Oncol. (2013) 31:4085–91. doi: 10.1200/JCO.2013.49.6968

 23. Muldoon LL, Pagel MA, Netto JP, Neuwelt EA. Intra-arterial administration improves temozolomide delivery and efficacy in a model of intracerebral metastasis, but has unexpected brain toxicity. J Neurooncol. (2016) 126:447–54. doi: 10.1007/s11060-015-2000-1

 24. Ostermann S, Csajka C, Buclin T, Leyvraz S, Lejeune F, Decosterd LA, et al. Plasma and cerebrospinal fluid population pharmacokinetics of temozolomide in malignant glioma patients. Clin Cancer Res. (2004) 10:3728–36. doi: 10.1158/1078-0432.CCR-03-0807

 25. Kelly C, Majewska P, Ioannidis S, Raza MH, Williams M. Estimating progression-free survival in patients with glioblastoma using routinely collected data. J Neurooncol. (2017) 135:621–7. doi: 10.1007/s11060-017-2619-1

 26. Majewska P, Ioannidis S, Raza MH, Tanna N, Bulbeck H, Williams M. Postprogression survival in patients with glioblastoma treated with concurrent chemoradiotherapy: a routine care cohort study. CNS Oncol. (2017) 6:307–13. doi: 10.2217/cns-2017-0001

 27. Brown TJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rakszawski KL, et al. Association of the extent of resection with survival in glioblastoma: a systematic review and meta-analysis. JAMA Oncol. (2016) 2:1460–9. doi: 10.1001/jamaoncol.2016.1373

 28. Qian XC, Brent TP. Methylation hot spots in the 5' flanking region denote silencing of the O6-methylguanine-DNA methyltransferase gene. Cancer Res. (1997) 57:3672–7.

 29. Hegi ME, Diserens AC, Godard S, Dietrich PY, Regli L, Ostermann S, et al. Clinical trial substantiates the predictive value of O-6-methylguanine-DNA methyltransferase promoter methylation in glioblastoma patients treated with temozolomide. Clin Cancer Res. (2004) 10:1871–4. doi: 10.1158/1078-0432.CCR-03-0384

 30. Brandes AA, Franceschi E, Tosoni A, Blatt V, Pession A, Tallini G, et al. MGMT promoter methylation status can predict the incidence and outcome of pseudoprogression after concomitant radiochemotherapy in newly diagnosed glioblastoma patients. J Clin Oncol. (2008) 26:2192–7. doi: 10.1200/JCO.2007.14.8163

 31. O'brien BJ, Colen RR. Post-treatment imaging changes in primary brain tumors. Curr Oncol Rep. (2014) 16:397. doi: 10.1007/s11912-014-0397-x

Conflict of Interest: IR and EZ are employees of InSightec.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Park, Kim, Jung, Chang, Choi, Rachmilevitch, Zadicario and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-01663-t001.jpg
Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6

Age

53
62
53
67
50
50

Sex

mEEz=zE

Location

LtF
RLT
Rt.P
LT
P
Rt.P

IDH

Wild
Wild
Wild
Wild
Wild
Wild

mMGmMT
methylation

+

+

+ o+

1p19q
codeletion

IDH, Isocitrate dehydrogenase; MGMT, Methylguanine-DNA methyltransferase promoter: EGFR, Epidermal growth factor receptor.

EGFR

Neurological
status

No deficit
No deficit
No deficit
No deficit
No deficit
No deficit





OPS/images/fonc-10-01663-t002.jpg
Follow-up Survival  Recurrence  MRgFUS related

period complications
(months)
Patient 1 18 + + N
Pationt 2 15 + - -
Patient 3 16 + - -
Patient 4 15 + = =
Patient 5 14 L = =
Pationt 6 13 + + -

BBBD, blood-brain barier disruption; MRGFUS, Magnetic resonance  guided
focused ultrasound.





OPS/images/fonc-10-01663-g003.gif





OPS/images/fonc-10-01663-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		One-Year Outcome of Multiple Blood–Brain Barrier Disruptions With Temozolomide for the Treatment of Glioblastoma



		Introduction



		Materials and Methods



		Results



		Case Description



		Patient 1



		Patients 2, 3, and 5



		Patient 4



		Patient 6







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

One-Year Outcome of Multiple
Blood-Brain Barrier Disruptions With
Temozolomide for the Treatment of

Glioblastoma





OPS/images/fonc-10-01663-g001.gif





OPS/images/fonc-10-01663-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





